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Abstract: At present, the selection of lunar landing areas is mostly determined by experts’ argumen-
tation and experience. Generally, it is artificially limited to a small zone, and there are few effective
quantitative models for landing areas. Under the premise that big data, artificial intelligence, and
other technologies are becoming increasingly mature, with in-depth analysis and the mining of
lunar-related digital data, it is possible to automatically optimize the landing zones in the whole
moon. Factors such as engineering constraints, scientific goals, and resource requirements are com-
prehensively considered. This paper proposes a new method that strategically applies the weights
of evidence (WoE) and fractals to optimize the landing area of the detector in the whole moon. The
method takes the thickness of the lunar crust, roughness, slope, digital elevation model, gravity
gradient, iron oxide distribution, and lunar soil optical maturity as evidence layers, and known
landing sites as the target layer. After all moon data are divided into grids, the prior probability of
each evidence factor, the in-cell weight of each evidence factor, and the Bayesian posterior probability
are calculated. According to the semi-parabolic distribution in the fuzzy distribution, the fuzzy
membership degree of the impact crater radius is presented and the complexity of the number of
impact craters in a cell is calculated. The distribution complexity of impact craters in each cell is
calculated according to the fractal. The result of the weights of evidence is further constrained by the
complexity of the number of cells and the complexity of the distribution, and the posterior probability
map of suitable landings is finally obtained. When comparing and analyzing the posterior probability
map of the landing zones with the known landing points and the artificially preferred landing zones,
it is found that 84% and 82.6% fall within the suitable landing zones, respectively. Among them, the
first gradient is 58% and 58.7%, and the second gradient is 26% and 23.9%. The results at different
resolutions are relatively stable and are consistent with the distribution of craters or basins in the
lunar mantle and the spatial distribution of olivine, which proves the effectiveness and feasibility
of this method. This method is a typical application of lunar big-data-driven knowledge discovery
and will help promote the transformation of lunar landing area selection from traditional qualitative
analyses to automated intelligence optimization.

Keywords: weights of evidence; fuzzy membership degree; fractal; landing zones selection; moon

1. Introduction

As a celestial body revolving around the Earth, human exploration on the moon has
never stopped. As early as the 1950s, many countries proposed plans for lunar exploration
and resource utilization [1–3], and the United States achieved manned moon landings
through the Apollo program [3]. In the 21st century, the US NASA Artemis mission
also focuses on lunar resources and related research on probe landing (https://www.
nasa.gov/specials/artemis/ (accessed on 20 March 2022)). In recent years, with China’s
successful landing on the lunar surface and scientific exploration and sampling through

Remote Sens. 2022, 14, 4623. https://doi.org/10.3390/rs14184623 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14184623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-4467-1290
https://orcid.org/0000-0002-3093-7545
https://www.nasa.gov/specials/artemis/
https://www.nasa.gov/specials/artemis/
https://doi.org/10.3390/rs14184623
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14184623?type=check_update&version=2


Remote Sens. 2022, 14, 4623 2 of 20

the “Chang’E (CE) Project” [4], a new upsurge in lunar resource development has been
set off internationally [1,5]. China has designed a three-phase development plan for
lunar exploration of “circling”, “falling”, and “returning” [2,6,7] from unmanned lunar
soft landing to manned lunar soft landing [8]. From the probe landing to the base site
selection [9,10], it is necessary to break through various technical indicators such as scientific
goals and engineering constraints [11,12]. The proper selection of lunar surface landing
areas directly affects the safety of the implementation of engineering missions and the
scientific research objectives [13]; hence, choosing the proper landing zones is an important
way to ensure the success of the lunar exploration mission.

The choice of landing zones is mainly constrained by three factors: engineering, sci-
ence, and resources. The engineering constraints often consider factors such as impact
craters, topography (such as slope, DEM) [14–17], etc., often starting from the safety of
the lander, which involves the design of the lander’s structure size and safety param-
eters [18–20], the coupling relationship between the lunar soil and the lander [21], the
landing uncertainty of the probe, etc. [22]. Science and resource constraints focus on the
geological background of the landing area, regolith, lunar surface rocks and lunar soil, and
other geological features [23–27]. In addition, the polar region may contain a variety of
minerals and other potentially valuable resources (such as water ice in the permanently
shadowed region of the Antarctic), which has high scientific detection value [28,29]. There-
fore, polar region exploration has also become one of the new hot spots in international
lunar exploration [30]. However, the environment in the polar region is more severe than
that in the middle and low latitudes, and the landing difficulty is higher.

At present, some of the landing zone methods are only analyzed through engineering
or scientific methods. For example, Liang He’s vision-based hazard detection realizes
safe site selection and the real-time dynamic addressing of spacecraft on the lunar sur-
face [19]. J. Flahaut uses integrated remote sensing observations to identify and characterize
scientifically rich landing sites [23]. In addition, many landing zone methods focus on
analyzing a local area (North and South Poles, and impact craters). For example, Zhang He
preliminarily selected 4 regions and 10 landing sites in the lunar South Pole region after
comparing, discussing, and analyzing the environment around the impact crater under the
premise of meeting the needs of scientific goals and engineering achievability [31].

It has always been the goal of landing zone selection to select a region with a flat
surface and concentrated scientific research content as the location of the lunar landing. To
achieve this goal, it is necessary to pay attention to engineering constraints and science and
resource constraints at the same time. At present, although there are methods that consider
the above two aspects together [31], there are few methods for an automatic comprehensive
analysis of the whole moon and optimization of landing areas.

This paper proposes a new method to select the suitable landing space range of the
whole moon by combining the weights of evidence and fractals. It aims to scientifically
optimize the lunar landing prospect area with minimal human intervention. Drawing on the
idea of selecting favorable metallogenic areas by the method of weights of evidence [32,33],
the whole moon is divided into several grid units. The prior probability of each evidence
factor, the intra-cell weight of each evidence factor, and the Bayesian posterior probability
are calculated using the weights of evidence. According to the automatically calculated
posterior probability results, the suitable landing areas within the whole moon can be
effectively delineated. The nonlinear impact craters (taking different crater radii as a
threshold, the distribution of the total number of lunar craters with radii larger than the
threshold is nonlinear) all over the moon greatly affect the safety of landing on the lunar
surface, and the fractal can effectively deal with the nonlinear field [34,35]. Therefore, using
fractals to calculate the distribution complexity of impact craters and further optimizing
the suitable lunar landing area can effectively improve the safety of lunar probe landing.
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2. Materials and Methods
2.1. Relevant Work

At present, the main method of landing zone selection at home and abroad is the
mutual iteration of engineering constraints and scientific needs. From the analyses of
key links, such as scientific research and application value, scientific goals and tasks,
aircraft constraints, lunar resident, activity support capabilities, etc., experts have put
forward suggestions on the selection of lunar landing areas [6]. Xiao Long focused on the
composition of the deep lunar crust and mantle, volcanic activity and thermal history, early
and present lunar impact fluxes, the size of the lunar core and the structure of the lunar
mantle, the distribution of water and volatiles, the properties of lunar soil and lunar dust,
lunar resources and environment, etc., and 18 alternative landing areas are recommended
(five on the back side, five on the front side, and eight in the polar area) [36]. Meng et al.
briefly analyzed the topography, composition, deep structure, and brightness temperature
distribution of the Von Karman impact crater located in the middle of the South Pole–
Aiken Basin on the far side of the moon and its scientific significance, and proposed three
pre-selected landing areas [37]. Ma Zexiang proposed a multi-mode obstacle detection
and identification method for lunar soft landings, which uses the data collected by CCD
cameras and LIDAR sensors at different heights to perform helical search-style lunar
obstacle identification to ultimately select a safe landing point [38]. Wei Ruoyan proposed
a method for selecting the landing area on the star surface based on a single image and
avoiding a closed environment and selecting an area with few obstacles to avoid the lander
from falling into a closed environment [39]. Eckart demonstrated the elements of lunar
landing zone site selection based on scientific objectives, system capabilities, and empirical
data [10]. Li Zhijie conducted a systematic study on the Apollo lunar landing program
and proposed four basic principles for the location of lunar bases: strategic goals, scientific
goals, operational constraints, and resource development [11].

The weights of evidence method is an effective method commonly used in the field
of mineral prediction to delineate prospects [32,33]. The Hongtoushan massive sulfide
copper deposit in Fushun–Qingyuan area was predicted based on the MRAS weights of
evidence method [40]. Quantitative prediction of lead–zinc mineralization was used in the
Hongluoshan–Wuzhishan area [41]. A good forecast is given for any future exploration
of the gold deposit in the middle section of Xuefeng Mountain and so on [42]. No studies
have been identified using the weights of evidence approach to the siting of the lunar
landing zones.

2.2. Selecting Whole-Moon Landing Zones Based on Weights of Evidence
2.2.1. General Framework

Figure 1 shows the overall framework of the whole-moon landing area selection
based on the weights of evidence and fractals, which mainly includes data input, data
preprocessing, calculation of the weights of evidence, fractal calculation, and result output.
These five items are explained as follows.

(1) Data input mainly includes two types of data: the evidence layer and the target layer.
Since our theme is to screen suitable landing zones for the whole moon, we need
to ensure that the resolution and accuracy of the selected data are acceptable for
the whole moon. Evidence layers mainly include lunar crust thickness, roughness,
slope, digital elevation model, gravity gradient, impact crater radius being iron oxide
distribution, and lunar soil optical maturity. Target layers are Apollo (Nos. 11–17),
Luna (Nos. 16, 17, 20, 21, 23, 24), Surveyor (Nos. 1, 2, 3, 5, 6, 7), Chang’E 3, Ranger
(No. 6–9), CRAIL, and LADEE. There are a total of 50 potential human landing sites
in the target layer.

(2) Data preprocessing: grid division on the evidence layer data for the whole moon is
performed. After cropping the edge pixels, the mean value of the pixels in each cell
is calculated and the correlation coefficient test is carried out on the evidence layer.
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Then, each evidence layer and the landing point layer are represented by two-state
variables, respectively.

(3) Calculation of the weights of evidence: calculate the prior probability of each evidence
factor, the weight in each evidence factor cell, and the Bayesian posterior probability
and judge the landing suitability of the area according to the final posterior probability
in each cell.

(4) Fractal calculation: according to the semi-parabolic distribution in the fuzzy distri-
bution, the complexity of the number of impact craters in each cell is determined
by the fuzzy membership degree. According to the total number of cells containing
more than the number of impact craters in the cells, the linear regression fitting of the
double logarithmic plot is used to determine the threshold, and then the distribution
complexity of impact craters in each cell is calculated by the threshold. According
to the number complexity and distribution complexity of each cell, the posterior
probability calculated by the weights of evidence is changed subsequently.

(5) Result output: the final result is a posterior probability map based on weights of
evidence and fractal calculations, which represents the whole-moon landing zones
suitability. The manually preselected landing zones and impact crater data are super-
imposed on it to verify the correctness of the results.
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Figure 1. The overall framework of the whole-moon landing zones selection based on the weights of
evidence and fractals.

2.2.2. Datasets Introduction

The input dataset is whole-moon geological data in tiff format, mainly including
whole-moon roughness [43], slope [44], lunar soil optical maturity (OMAT) [45], lunar
crust thickness [46], digital elevation model (DEM) (https://astrogeology.usgs.gov/search/
details/Moon/LRO/LOLA/Lunar_LRO_LOLA_Global_LDEM_118m_Mar2014/cub (ac-
cessed on 2 February 2021)), gravity gradient (https://pgda.gsfc.nasa.gov/products/50
(accessed on 10 February 2021)) and FeO content distribution [47], TiO2 [47], and tempera-
ture [48]. These data reflect the changes in topography and stratum materials throughout
the moon and can constrain the selection of landing areas from an engineering and scientific
perspective. It has important reference significance for the selection of landing areas, so
it is used as the evidence layer. Fifty human landing sites such as Apollo and Chang′E in
SHP format are considered. These sites mainly include Apollo 11, 12, 13, 14, 15, 16, and 17,
Luna 16, 17, 20, 21, 23, and 24, Surveyor 1, 2, 3, 5, 6, and 7, Chang’E-3, Ranger 6, 7, 8, and 9,

https://astrogeology.usgs.gov/search/details/Moon/LRO/LOLA/Lunar_LRO_LOLA_Global_LDEM_118m_Mar2014/cub
https://astrogeology.usgs.gov/search/details/Moon/LRO/LOLA/Lunar_LRO_LOLA_Global_LDEM_118m_Mar2014/cub
https://pgda.gsfc.nasa.gov/products/50
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CRAIL, and LADEE. These are areas that have had successful landings throughout human
history, which make them a good choice for the target layer.

2.2.3. Evidence Factor Selection Based on Correlation Coefficient

The application of the weights of evidence method must first ensure that the evidence
factors are independent of each other. The correlation coefficient was first proposed by
statistician Carl Pearson. It is a measure of the degree of linear correlation between variables
and is commonly used to test the independence of variables. This relationship is represented
by the letter ρ:

ρ(X, Y) =
cov(X, Y)

σXσY
=

E[(X− µX)(Y− µY)]√
∑n

i=1(Xi − µX)
2
√

∑n
i=1(Yi − µY)

2
, (1)

where cov(X, Y) is the covariance of X and Y, σX is the variance of X, and σY is the
variance of Y. The correlation coefficient ρ of Pearson defines the degree of correlation
between two variables. The closer it is to 1, the stronger the degree of correlation between
the variables; the closer it is to 0, the weaker the degree of correlation between the two
variables. Correlation tests were performed on the nine pieces of candidate evidence data
mentioned in the dataset introduction. The calculated correlation coefficient results are
shown in Figure 2.
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Figure 2. Using nine pieces of candidate evidence data of lunar crust thickness, roughness, slope,
digital elevation model, gravity gradient, iron oxide content distribution, lunar soil optical maturity,
titanium dioxide, temperature, and rock abundance, we calculated correlation coefficient for the
whole moon.

The correlation coefficient between FeO and TiO2 is 0.93, indicating that the correlation
coefficient between the two is very high, and FeO is used to present these two pieces of data.
The correlation coefficient between temperature and lunar soil optical maturity is 0.63. The
correlation between the two is relatively high and the connotation is very close in nature.
The lunar soil optical maturity layer is retained. The slope and roughness have a correlation
coefficient of 0.74, which indicates a strong relationship between the two. However, both
are retained because they characterize two different important factors that are of interest to
the probe during landing. From the original nine options for evidence layers, seven layers
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of lunar crust, thickness, roughness, slope, digital elevation model, gravity gradient, iron
oxide content distribution, and lunar soil optical maturity, were selected as evidence layers.

2.2.4. Site Selection Method Based on Weights of Evidence

The WoE method adopts the Bayesian statistical analysis mode to calculate the prior
probability and posterior probability of each evidence factor, and then divides the prospect
areas of I, II, and III [32,33,40–42]. For the definition of the I, II, and III levels, it can
be divided artificially according to the size of the posterior probability value from large
to small.

Figure 3 shows a schematic diagram of a simulation of suitable landing zones calcu-
lated using the weights of evidence. First, we calculate the average value of the pixel points
in the cell after the whole-moon data are divided into grids. Then, we use the two-state
variable divide to represent each evidence layer and landing point layer. Next, we calculate
the prior probability of each evidence factor and the weight in each evidence factor cell to
obtain the Bayesian posterior probability map. Therefore, applying the weights of evidence
method to the selection of the landing zones can delineate favorable areas for landing. In
short, it is a method of performing statistical operations on the selected evidence layer, and
of ultimately obtaining the posterior probability value at each point on the divided grid
and inferring whether it meets the requirements according to the posterior probability.
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2.2.5. Calculate the Posterior Probability of a Single Evidence Factor

In the data preprocessing, the edge pixel points of each layer are clipped and the inde-
pendence test is performed, and the mean value layer of each grid and the human landing
point layer are expressed as binary variables. The prior probability P(D) is determined
according to the total number of divided cells and the number of cells with landing sites,
and the conversion to prior odds is O(D).

P(D) =
D
N

, (2)

O(D) =
P(D)

(1− P(D))
, (3)

where N is the total number of cells divided into the prediction area, and D is the number of
cells containing the landing point. P(D) is the probability that any unit contains a landing
site, and O(D) is another form of P(D), which is convenient for subsequent calculations.

The presence and absence of evidence factors are represented by A and A, respectively,
and the presence and absence of the cell is represented by D and D, respectively. The cell
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situation is divided into evidence factor and landing site co-existence, which is represented
by P(D|A). P

(
D
∣∣A) indicates that the evidence factor and the landing point do not exist

at the same time. P
(

D
∣∣A) indicates that the evidence factor exists but the landing point

does not exist. P
(

D|A
)

indicates that the evidence factor does not exist but the landing
point exists. The following compute the conditional probabilities for the four cases:

P(D|A) =
P(A ∩ D)

P(A)
, (4)

P
(

D
∣∣A) = P

(
A ∩ D

)
P(A)

, (5)

P
(

D|A
)
=

P
(

A ∩ D
)

P
(

A
) , (6)

P
(

D
∣∣A) = P

(
A ∩ D

)
P
(

A
) , (7)

where P(A ∩ D) = N(A ∩ D)/N. N(A ∩ D) is the total number of cells with both evidence
factors and landing sites. The posterior probability can be understood as the probability
that there is a landing point in the presence of the evidence factor A P(D|A) and the prior
odds O(D|A). Similarly, the probability P

(
D|A

)
when the evidence factor does not exist

can be obtained and the prior odds O
(

D|A
)
.

P(D|A) =
P(A|D)

P(A)
P(D), (8)

P
(

D|A
)
=

P
(

A
∣∣D)

P
(

A
) P(D), (9)

O(D|A) =
P(D|A)

P
(

D
∣∣A) = O(D)

P(A|D)

P
(

A
∣∣D) , (10)

O
(

D|A
)
=

P
(

D|A
)

P
(

D
∣∣A) = O(D)

P
(

A
∣∣D)

P
(

A
∣∣D) , (11)

Take the natural logarithm on both sides of the equations O(D|A) and O
(

D|A
)
:

ln(D|A) = ln(D) + ln
P(A|D)

P
(

A
∣∣D) , (12)

ln
(

D|A
)
= ln(D) + ln

P
(

A
∣∣D)

P
(

A
∣∣D) , (13)

Computing weights for a single evidence factor:

W+ = ln
P(A|D)

P
(

A
∣∣D) , (14)

W− = ln
P
(

A
∣∣D)

P
(

A
∣∣D) , (15)

where W+ and W− represent the weight values in the presence and absence of the evidence
factor in the evidence weights model, respectively. C = W+−W−, C represents the landing
favorable degree, a positive value of C means favorable landing, and a negative value of C
means unfavorable landing.

Converted to a posterior probability linear model:

ln(D|A) = ln(D) + W+, (16)
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ln
(

D|A
)
= ln(D) + W−, (17)

In the case of synthesizing multiple evidence factors, the metallogenic factors are set
to be A1, A2, . . . , An, and similarly, it is calculated according to the single evidence factor
calculation steps. Assuming that the evidence factors A1, A2, . . . , An are conditionally
independent, the posterior probability of whether it is suitable for landing can be obtained
when the evidence factors A1, A2, . . . , An exist.

P(D|A1 A2 · · · An) =
P( A1 A2 · · · An|D)

P(A1 A2 · · · An)
P(D), (18)

P
(

D
∣∣A1 A2 · · · An

)
=

P
(

A1 A2 · · · An|D
)

P(A1 A2 · · · An)
P
(

D
)
, (19)

ln
(

D|Ak
1 ∩ Ak

2 . . . Ak
n

)
= ln(D) + ∑n

j=1 Wk
j , (20)

P
(

D|Ak
1 ∩ Ak

2 . . . Ak
n

)
=

exp
(

ln
(

D|Ak
1 ∩ Ak

2 . . . Ak
n

))
1 + exp

(
ln
(

D|Ak
1 ∩ Ak

2 . . . Ak
n
)) , (21)

2.2.6. Data Preprocessing

The grid pixel average layer of the seven evidence layers after correlation coefficient
screening is expressed as a 0–1 variable. Traverse the mean gird layer of each evidence
layer. For some layers where the larger the pixel value is, the better; if it is greater than the
threshold, set it to “1”. If it is less than the threshold, set to “0”. On the contrary, for some
layers whose pixel value is as small as possible, if it is less than the threshold, it is set to
“1”, and if it is greater than the threshold, it is set to “0”. Since the set grid subscript starts
from 0, change the coordinate range of the lunar landing point from −90◦ to 90◦, −180◦

to 180◦ to 0◦ to 180◦, 0◦ to 360◦. According to the coordinate information of the landing
point on the moon, traverse the divided grid to determine whether the unit grid contains a
landing point. This cell is set to “1” if it contains one or more landing points, otherwise it is
set to “0”. In this way, the coordinates of the landing points are represented by two-state
variables, and the grid layer of the landing points is output.

Traverse the divided grid to determine whether the unit grid contains a landing point.
Traverse the coordinates of the landing site in binary variables. Counting the total number
of cells with landing sites is to calculate the total number of cells in the grid layer of the
landing sites denoted as “1”. Calculate m/n to obtain a priori probability of suitable
landing for any cell, where n is the total number of cells divided in the whole moon. Get
the prior odds based on the prior probability.

Traverse the divided grids to determine the state of the grid pixel mean layer at the
corresponding position of the cell and the grid layer of the landing point. There are a total
of four cases: (1) the grid’s mean value layer and the grid layer of the landing point are
both “1”; (2) the grid’s mean value layer and the grid layer of the landing point are both
“0”; (3) the grid pixel mean layer is “1” and the grid layer of the landing point is “0”; and (4)
the mean layer of grid pixels is “0”, and the grid layer of the landing sites is “1”. Calculate
the total number of cells in the four cases and obtain w+ when the number of cells at the
landing site appears in the evidence layer and obtain w− when the number of cells at the
landing site does not appear in the evidence layer. Calculate the sum of the superimposed
weights of each cell, add them to the prior probability, and obtain the anti-value, which is
recorded as Q, and then calculate Q/(1 + Q) to obtain the posterior probability.

Determine the prior probability based on the total number of cells divided and the
number of cells with landing sites. Use the weights of evidence method to calculate the prior
probability of each evidence factor. Then, the weight of each cell of each evidence factor is
calculated, and the Bayesian posterior probability is ultimately calculated. The higher the
probability, the better the landing. The more evidence layers and the larger the volume of
statistical data, the better the statistical results will be. The addition of sufficient evidence
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layers can make the landing zones selection calculate a more accurate posterior probability.
With the addition of sufficient evidence layers, more accurate posterior probabilities can be
calculated to delineate possible landing zones.

2.3. Optimizing Whole-Moon Landing Zones Based on Fractals
2.3.1. Impact Crater Distribution Complexity Determination

Impact craters are the most common and significant geomorphological units and
geological structures on the lunar surface and are important objects for planetary geology
research (such as impact crater dating, lunar performance history, the process of lunar
soil impact transformation, etc.) [49]. These craters also have a great impact on the safety
of landing on the lunar surface. When the number or size distribution of impact craters
in an area is complex, it means that that area has a relatively complex terrain, and the
landing difficulty will increase. Conversely, it is relatively easy to land in an area with flat
terrain and a simple surface. In general, the size of an impact crater largely determines the
relief and slope of the terrain near it. In addition, if the larger impact crater is flat in the
middle, but the surrounding terrain is high, the lighting, communication, and temperature
conditions will also be poor. These conditions would make it difficult for the probe to
survive for a long time if it landed in the impact crater [37]. In short, the lunar probe should
avoid terrain with a complex distribution of impact craters and seek to land in areas with a
less complex distribution of impact craters.

2.3.2. Fuzzy Membership to Determine the Complexity of Impact Crater
Number Distribution

In fuzzy weights of evidence, fuzzy membership is used to classify variables, instead
of directly using binary variables in the weights of evidence method, to achieve multi-
classification [50]. The fuzzy membership function is introduced into the weights of
evidence to form the fuzzy weights of evidence method [33]. The posterior probability
is more accurate than the ordinary weights of evidence method, and the influence of the
non-independence of the evidence factors is reduced. The fuzzy membership degree is
calculated by the number of impact craters, and it can be seen from the analysis that the
distribution trend is that the semi-paraboloid is smaller (Figure 4a).
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First, determine the set A1 with a high degree of correlation between the evidence
factor and the training point (membership function value µA = 1); second, determine the
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set A2 with a low degree of correlation (membership function value µA = 0). The function
value of 0 < µA < 1 can be obtained through the membership function.

µA(x) =
C−minx∈A2 C

minx∈A1 C−minx∈A2 C
, (22)

The fuzzy membership degree is introduced into the data processing of impact craters
to characterize the distribution complexity of the number of impact craters in the grid
divided by the whole moon. The higher the number of impact craters that are in the cell,
the more complex the terrain is, and the higher risk that area is for landing. The fewer
the number of impact craters that are present in a cell, the simpler the terrain is, and the
safer that area is for landing. Figure 5 shows the 10 selected area samples, and Figure 5a
shows the distribution of impact craters. The lighter the background color, the lower the
posterior probability. Furthermore, the distribution of impact craters is becoming more
and more complex, which helps to verify the accuracy of the obtained posterior probability.
As shown in Figure 5b, as the distribution of impact craters shown in Figure 5a becomes
more complex, the geological properties of each evidence layer (such as roughness, slope,
etc.) are more complex, and the area becomes more challenging for landing. At the same
time, Figure 5c also quantifies the changes of other evidence layers caused by the complex
distribution of impact craters. The abscissa of the line graph in Figure 5c is the average pixel
value of each evidence layer, and the ordinate is the serial number of the corresponding
point. It can be observed from the line chart that as the distribution of impact craters
becomes more complex, slope, roughness, and DEM values in the cell gradually increase,
while the FeO content and the thickness of the lunar crust decrease. The OMAT increases
variably and the gravity value decreases variably. The layers of evidence that reflect a
strong correlation with crater complexity are slope, roughness, DEM, FeO content, and
lunar crust thickness.

The concept of fuzzy membership is introduced to indicate whether the distribution
of impact craters in a cell is “complex” or “simple”. Figure 4 shows the statistical results of
the total number of cells containing more than the number of impact craters in the cells
under different conditions. The segment nodes are obtained by fitting the second half
of the semi-parabolic distribution with a smaller size. In Figure 4b, when the number of
impact craters is nine, it corresponds to the fitting inflection point y in Figure 4a. Similarly,
when the number of impact craters is close to zero, it corresponds to the fitting point x in
Figure 4a. Based on this fitting idea, the size and complexity of the impact crater can be
determined according to the inflection point. After this, the posterior probability map can
be generated.
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2.3.3. Using the Fractal Method to Determine the Complexity of Impact Crater
Size Distribution

The process of local high enrichment and continuous superposition of metallogenic
elements such as Au and Cu can form a multifractal field. The element concentration-area
C-A fractal model is good at dealing with such nonlinear fields [51]. The area of the area
where the element content A is greater than a certain content threshold c is expressed as:

A(ρ > c) ∝ c−β, (23)

where β is the singularity index—that is, the fractal dimension of the element in a scale-free
region. Transform Equation (23) and take the logarithm to get:

ln(A(ρ > c)) = −βln(c) + ln(K), (24)

where K is the proportional coefficient. In the double logarithmic coordinate, when the
element concentration is greater than a certain threshold, the area value has a linear
relationship with this concentration. The resulting slope β is known as the fractal dimension.
In the synthesis of multi-metallogenic element geochemical anomalies, different thresholds
obtained by least squares fitting can be used to determine the lower limit of the anomaly
and then effectively delineate the range of the corresponding geochemical anomaly [52].

The spectral density-area (S-A) is an extension of the C-A model in the frequency
domain, and the multifractal theory proves that the exponential relationship of the fractal
field of a geological body with self-similarity is [53]:

A(≥ S) ∝ S−α, (25)



Remote Sens. 2022, 14, 4623 12 of 20

where A(≥ S) is the area occupied by the energy greater than the threshold S in the
frequency domain and α is the fractal dimension.

The threshold of the double logarithmic plot is usually calculated by linear regression,
polynomial regression, neural network, and other methods [54,55]. Using a linear regression
method for machine learning, the threshold is automatically calculated by fitting one or
more segments [56]. The essence of the linear regression fitting algorithm is the least
squares method. Let the original dataset be {(xi, yi)}; when the threshold of the lower
limit of abnormality is set, this should make the sum of squared of the fitting differences
become the smallest:

‖δ‖2
2 = min

(
∑n

i=0 δ2
i

)
= min

(
∑n

i=0(s ∗ (xi)− yi)
2
)

, (26)

where the s(x) polynomial is:

s(x) = a0 ϕ0(x) + a1 ϕ1(x) + . . . + aj ϕj(x) + b(i < n), (27)

where δ is the fitting difference, xi and yi are each data point in the dataset, s(x) is the
fitting line polynomial, ϕj(x) is the piecewise fitting line, and aj is the piecewise fitting line
slope. b is the piecewise fitted line intercept.

Due to the continuous formation of all-moon impact craters, the process is similar
to the superposition of fields in geology. The distribution complexity of impact craters
in each cell is determined according to the fractal—that is, the total number of impact
craters containing larger than different impact crater radii under different circumstances is
calculated by fractals. In this paper, the database of impact craters with a radius of 5–20 km
is used [57], and the total number of impact craters S larger than the radius threshold is
counted with different radius A as the threshold. Figure 6 shows the log(S)− log(A) double
logarithmic plot linear regression fitting results. The threshold is determined by calculating
the inflection point value, and the lower limit of complexity can be determined by taking
the threshold as the demarcation point. The fractal calculation result can be roughly divided
into three segments and the absolute value of the slope of the fitting straight line of the
three segments is the fractal dimension α. The size distribution complexity of the impact
crater in the cell is judged with the threshold as the limit, and the probability of the cell
with the more complex impact crater is reduced. Conversely, raising the probability that the
crater situation in the cell is simpler changes the posterior probability calculated by weights
of evidence. When the fractal dimension α is small, it indicates that the distribution of
impact craters in the cell is relatively simple, and the posterior probability should therefore
be larger. When the fractal dimension α is large, it indicates that the distribution of impact
craters in the cell is complex, and the posterior probability should be smaller.
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3. Results
3.1. The Optimized Method of Lunar Zones Based on Weights of Evidence and Fractal

After the correlation coefficient selection and preprocessing, the dataset used in this
paper is shown in Table 1. The resolution, range and source of the data used are listed in
the table. We conducted experiments with these datasets, according to which the whole
moon is divided into 72 × 144 grids, and the width of the cells is 278.3 km. We considered
factors such as slope and roughness in engineering constraints and iron oxide, OMAT and
other factors in scientific constraints, and conducted experiments with two, five, and seven
evidence layers, respectively. Based on the weight of evidence method and the fractal
method, the posterior probability indicating the suitability of the full lunar landing area is
automatically calculated quantitatively. The specific results and analysis are as follows.

Table 1. Display of relevant parameters of the dataset used.

Evidence Layers Resolution Range Data Sources

Slope 60 m Whole moon [44]
Roughness 1.8 km Whole moon [43]

DEM 60 m Whole moon USGS
Gravity gradient 1200 a Whole moon NASA

FeO 400 m Partially [47]
Lunar crust thickness 60 km Whole moon [46]

OMAT 200 m Whole moon [45]
Database of 5–20 m impact craters 5–20 m Whole moon [57]

Figure 7 shows that with the gradual increase in the evidence layer, the selection of the
suitable landing area is more accurate, which fully proves the mathematical characteristics
of the weights of evidence algorithm. That is, when the volume of statistical data is
sufficient, better statistical results can be obtained.
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Figure 7. Posterior probability results from the weights of evidence applied to whole-moon landing
zones selection. (a) Posterior probability results from two evidence layers (lunar crust thickness and
roughness); (b) five evidence layers (thickness, roughness, slope, DEM, and gravity anomalies of the
lunar crust); (c) the posterior probability results of the seven evidence layers; and (d) the posterior
probability map overlays the distribution of impact craters/basins that may have excavated and
exposed the lower lunar crust or lunar mantle material.

Figure 7a shows the posterior probability results obtained by the participation of two
evidence layers of thickness and roughness of the lunar crust. Since only two evidence
layers are selected, the constraints that play a role are relatively small, so the demarcated
suitable landing area is large. The central region of the moon is more suitable for landing,
which is more consistent with the general knowledge that the middle of the moon is flatter.

Figure 7b shows the posterior probability results of five layers of evidence including
thickness, roughness, slope, DEM, and gravity anomalies of the lunar crust. Comparing
with the results in Figure 7a, after adding the evidence layers of slope, DEM, and gravity
anomaly, the demarcated area is more accurate. At the same time, a clearer landing zones
level is further divided into categories such as suitable landing zones, more suitable landing
zones, and unsuitable landing zones.

Figure 7c shows the posterior probability results for seven layers of evidence. The
change in results is not particularly large compared to Figure 7b, but still excludes some
regions in the middle of the moon (indicated by the orange arrows).

Figure 7a–c show the mathematical characteristics of the weights of evidence algorithm
by increasing the number of evidence layers layer by layer. That is, when the volume of
statistical data is sufficient, better statistical results can be obtained. For the selection of the
landing zones, with the addition of sufficient evidence layers, a more accurate posterior
probability can be calculated to provide a quantitative basis for site selection.

Figure 7d shows the superimposed effect of the distribution of impact craters/basins
that may have excavated and exposed the lower lunar crust or mantle material and the
posterior probability map. The green circled area is the impact basin where the lunar
mantle material is exposed, the white circled area is the impact basin where the lower
lunar crust material is exposed, and the yellow triangle is the olivine detected by “Moon
Goddess”. By comparison, white circles and yellow triangles are distributed in the central
part of the low-latitude area (the lunar sea area), indicating that there may be a lower lunar
crustal material impact basin and olivine here. At the same time, the posterior probability
here is higher, which is more suitable for landing to carry out scientific research related
to impact. The lunar mantle material and the lower lunar crust material are distributed
in the high and middle latitudes. These delineated areas have certain scientific research
value, and the calculated posterior probability is high, which is suitable for landing. The

Figure 7. Posterior probability results from the weights of evidence applied to whole-moon landing
zones selection. (a) Posterior probability results from two evidence layers (lunar crust thickness and
roughness); (b) five evidence layers (thickness, roughness, slope, DEM, and gravity anomalies of the
lunar crust); (c) the posterior probability results of the seven evidence layers; and (d) the posterior
probability map overlays the distribution of impact craters/basins that may have excavated and
exposed the lower lunar crust or lunar mantle material.

Figure 7a shows the posterior probability results obtained by the participation of two
evidence layers of thickness and roughness of the lunar crust. Since only two evidence
layers are selected, the constraints that play a role are relatively small, so the demarcated
suitable landing area is large. The central region of the moon is more suitable for landing,
which is more consistent with the general knowledge that the middle of the moon is flatter.

Figure 7b shows the posterior probability results of five layers of evidence including
thickness, roughness, slope, DEM, and gravity anomalies of the lunar crust. Comparing
with the results in Figure 7a, after adding the evidence layers of slope, DEM, and gravity
anomaly, the demarcated area is more accurate. At the same time, a clearer landing zones
level is further divided into categories such as suitable landing zones, more suitable landing
zones, and unsuitable landing zones.

Figure 7c shows the posterior probability results for seven layers of evidence. The
change in results is not particularly large compared to Figure 7b, but still excludes some
regions in the middle of the moon (indicated by the orange arrows).

Figure 7a–c show the mathematical characteristics of the weights of evidence algorithm
by increasing the number of evidence layers layer by layer. That is, when the volume of
statistical data is sufficient, better statistical results can be obtained. For the selection of the
landing zones, with the addition of sufficient evidence layers, a more accurate posterior
probability can be calculated to provide a quantitative basis for site selection.

Figure 7d shows the superimposed effect of the distribution of impact craters/basins
that may have excavated and exposed the lower lunar crust or mantle material and the
posterior probability map. The green circled area is the impact basin where the lunar
mantle material is exposed, the white circled area is the impact basin where the lower
lunar crust material is exposed, and the yellow triangle is the olivine detected by “Moon
Goddess”. By comparison, white circles and yellow triangles are distributed in the central
part of the low-latitude area (the lunar sea area), indicating that there may be a lower lunar
crustal material impact basin and olivine here. At the same time, the posterior probability
here is higher, which is more suitable for landing to carry out scientific research related
to impact. The lunar mantle material and the lower lunar crust material are distributed
in the high and middle latitudes. These delineated areas have certain scientific research
value, and the calculated posterior probability is high, which is suitable for landing. The
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suitable landing zones for the whole-moon posterior probability map—the dark blue
cell—is roughly delineated, especially in the South Pole region.

3.2. Landing Zones Analysis Results of Grids with Different Granularities

To make the results more intuitive, the calculated posterior probability is rendered
in color, and the attached drawing is rendered in blue. The darker the shade of blue,
the more suitable the landing. Figure 8 shows the superposition result of the posterior
probability map and the artificial expert screening layer for a total of 50 points and the
impact crater database. The red points in the figure are the landing points, and the green
points are the landing areas manually selected by experts. The data range of the whole
moon is 20,037.396 km × 40,074.968 km, and the common divisor of the number of rows
and columns of the pixel matrix of each layer is taken as the divided grid size. If the
pixel value of some layers cannot be divisible by the grid size, the edge pixels need to
be cropped. When the whole moon range is divided into 72 × 144 cells, each cell size is
278.30 × 278.30 km (Figure 8a). When divided into 288 × 576 cells, the size of each cell
is 69.57 km × 69.57 km (Figure 8b). Comparing Figure 8a,b, it can be clearly seen that the
smaller the divided cells, the finer the determined posterior probability map, and the more
accurate the area suitable for landing. After increasing the number of grid divisions, the
general shape of the posterior probability results does not change significantly, indicating
that the calculation results of the weights of evidence method are generally stable.
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Table 2 shows the statistical results of the posterior probability statistics of the optimal
landing zones for the whole moon based on the weights of evidence and fractal when the
whole moon range is divided into 288× 576 cells. Landing sites (red dots) are distributed in
the first gradient (posterior probability 1.000), with statistical probability 0.58 distributed in
the second gradient (posterior probability 0.999), and statistical probability 0.26 distributed
in the third gradient (posterior probability 0.999). The statistical probability is 0.16 (with a
posterior probability of 0.112) and there are no landing sites distributed on the fourth gradi-
ent (with a posterior probability of 0.000). The expert manually selected the landing zones
(green points) with a statistical probability of 0.587 for the distribution in the first gradient
(posterior probability 1.000) and a statistical probability of 0.239 for the distribution in the
second gradient (posterior probability 0.999). The statistical probability of distribution in
the third gradient (posterior probability 0.112) and the statistical probability of distribution
on the fourth gradient (posterior probability 0.21) are both 0.086. It can be observed that
the statistical probability of distribution in the first two levels exceeds 80%, which again
verifies the effectiveness of the method. In addition, it is found that when the accuracy is
higher (when more cells are divided), the landing area and the expert’s manually selected
landing area are better dispersed in different cells, and the statistical probability of the
landing area distributed in the first two levels improves significantly.
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Table 2. The statistical results of the posterior probability statistics of the whole-moon landing zone
selection based on weights of evidence and fractals. (288 × 576).

Posterior Probability
Number of Occurrences

of Landing Sites
(Red Points)

Statistical Probability
Number of Occurrences
of Expert Pre-Selected
Points (Green Points)

Statistical
Probability

1.000 29 0.580 27 0.587
0.999 13 0.260 11 0.239
0.112 8 0.160 4 0.086
0.000 0 0.000 4 0.086

3.3. Analysis of Suitable Landing Zones in the Pole Region

In recent years, scientists at home and abroad have developed a strong interest in polar
landings on the moon. To better understand the possible landing areas in the polar regions,
the polar slope and the posterior probability are compared and displayed. Figure 9a shows
the Antarctic slope data under polar projection, and the calculated posterior probability is
shown in Figure 9b. It can be seen from the figure that where the gray value of Figure 9a is
higher (that is, where the slope is lower), the posterior probability in Figure 9b correspond-
ing to the posterior probability is larger. The area delineated by the red fan-shaped box
in Figure 9b has a relatively dense distribution of cells with a large posterior probability.
This area also forms a continuous sector locally, which can be used as a candidate area for
future lunar probe landings. Similarly, Figure 9c shows the arctic slope data under polar
projection, and the calculated posterior probability is shown in Figure 9d.
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4. Discussion

Although the proposed method in this paper can automatically select the space areas
suitable for landing on the whole moon, it is relatively simple and various assessment
indicators still need to be further refined and optimized.

(1) The whole-moon landing area optimization method based on the weights of evidence
and fractals can delineate the range of suitable landing areas for the whole moon, but
its accuracy is limited by the resolution of the original data involved in the calculation,
so data with higher precision are required to initiate the calculation.

(2) At present, this method can only use the data of the whole moon for calculation, and
this limitation will need to be improved in the future. It needs to be able to calculate
any area and select the area that meets the landing conditions within the selected
space.

(3) At present, the calculations of the landing areas have not been carried out for specific
scientific targets, and only involves a small amount of content such as iron and gravity
anomalies. In the future, it is necessary to integrate the 1:2.5 million lunar geological
map completed in 2021 [58] and other datasets for further lunar geological scientific
research. Future researchers may carry out one or more in-depth scientific research
assignments that consider the moon’s geological structure and mineral resources.

5. Conclusions

Since engineering constraints, science, and resource constraints should be considered
in the selection of landing areas, a new method based on the weights of evidence and
fractals is proposed to select suitable landing areas for probes throughout the moon.

Seven types of data such as lunar crust thickness, roughness, slope, digital elevation
model, gravity gradient, iron oxide content distribution, and lunar soil optical maturity
were selected as evidence layers, and existing landing sites were used as the target layer.
First, all evidence layers and the target layer as original data are preprocessed. Next, the
weights of evidence method is used to calculate the posterior probability that characterizes
the suitability of the landing zones. Finally, the distribution complexity of impact crater data
is calculated by fractal to further limit the posterior probability calculated by the weights
of evidence. A technical route is implemented: from data entry, to data preprocessing, to
weights of evidence and fractal calculations, and finally to obtaining the suitability of the
landing zone results.

By comparing and analyzing the posterior probability map of the landing areas with
the landing points and manual optimal landing areas, most of the landing points or areas
reflecting the optimal knowledge of the landing areas fall within the suitable landing areas,
and the calculation results of different resolutions are relatively low. It is stable and is
aligned with the scientific research area of the distribution of impact craters/basins of the
lower lunar crust or mantle material, which proves the feasibility of this method.

The method of quantitatively and automatically calculating and delineating suitable
landing areas for the whole moon can greatly reduce artificial pressure and subjective
factors, which is conducive to changing the traditional experts’ qualitative selection of
landing areas. The intelligence optimization of landing areas has been beneficially explored.
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