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Abstract

The Chinese lunar probe Chang’E-4 successfully landed in the  lander has excellent visibility to the Sun and relay satellite;
Von Kdrmdn crater on the far side of the Moon. This paper the lander is on a slope of about 4.5° towards the southwest,
presents the topographic and geomorphological mapping and  and the rock abundance around the landing location is al-
their joint analysis for selecting the Chang’E-4 landing site most 0. The developed methods and results can benefit future
in the Von Kdrmdn crater. A digital topographic model (DTM) soft-landing missions to the Moon and other celestial bodies.

of the Von Kdrmdn crater, with a spatial resolution of 30 m,
was generated through the integrated processing of Chang’E-2

images (7 m/pixel) and Lunar Reconnaissance Orbiter (LRO) Introduction

Laser Altimeter (LOLA) data. Slope maps were derived from On 3 January 2019, the Chinese lunar probe Chang’E-4, carry-
the DTM. Terrain occlusions to both the Sun and the relay ing the Jade Rabbit-2 lunar rover, successfully landed in the
satellite were studied. Craters with diameters > 70 m were Von Karmaén crater in the northwestern South Pole-Aitken
detected to generate a crater density map. Rocks with diam- (SPA) basin on the far side of the Moon (Figure 1). Chang’E-4
eters > 2 m were also extracted to generate a rock abundance was the first spacecraft to make a soft landing on the lunar far
map using an LRO narrow angle camera (NAC) image mosaic. side. The Chang’E-4 lander and the Jade Rabbit-2 rover are
The joint topographic and geomorphological analysis identi- now exploring the surface and subsurface of the Von Karman
fied three subregions for landing. One of them, recommended  crater’s mare-covered floor with their onboard scientific in-
as the highest-priority landing site, was the one in which struments. Their tasks include investigating the compositions

Chang’E-4 eventually landed. After the successful landing of of mare basalt and the subsurface structure of the regolith of
Chang’E-4, we immediately determined the precise location of  this far side region (Wu et al. 2017), and finding clues that
the lander by the integrated processing of orbiter, descent and  could provide insight into the early geologic history of the
ground images. We also conducted a detailed analysis around ~ Moon (Wilhelms, John, and Trask 1987; Huang et al. 2018; Li
the landing location. The results revealed that the Chang’E-4 et al. 2019; Di et al. 2019).
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(a) (b)
Figure 1. The Chang’E-4 landing site. (a) The landing site shown in a global view of the far side of the Moon; (b) an enlarged
view of the landing site inside the Von Kédrmén crater shown in a Chang’E-2 image, with the green box indicating the targeted
landing region; and (c) a further enlarged view of the landing site shown in a LRO NAC image.
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Chang’E-4 is part of the second phase of the Chinese Lunar
Exploration Program (Wu et al. 2017; Jia et al. 2018). This
probe is a former backup of the Chang’E-3 probe (Jia et al.
2018), which made a successful lunar landing in the Sinus
Iridum region in the Mare Imbrium on 14 December 2013 (Wu
et al. 2014a). Unlike the landing site of the Chang’E-3, the
targeted landing region of Chang’E-4 is on the far side of the
Moon; therefore, a relay satellite was sent to the Earth-Moon
Lagrangian Point 2 (L2) halo orbit in May 2018, which serves
as a communication relay station between Earth and the lunar
far side (Jia et al. 2018).

The selection of the Chang’E-4 landing site includes sev-
eral steps. In the first step, two craters located inside the SpA
basin, including the Von Kdrman crater and the nearby Chre-
tien crater, were selected. This is because a similar latitude to
the Chang’E-3 landing site was preferred (i.e., at about 45°S in
latitude) and due to the temperature and communication con-
straints. At the latitude of about 45°S inside the SPA basin, the
Von Kérmadn crater and Chretien crater are superior to others
in terms of crater size and roughness of the crater floor. In the
second step, two candidate landing regions located inside the
Von Kérmén crater and Chretien crater, each covering an area
of about 50 x 30 square kilometers, were selected for detailed
analysis in terms of surface elevations, terrain slopes, and ter-
rain occlusions to sun illumination and telecommunication.
The candidate landing region located in the southeast floor
of the Von Karmaén crater, outlined in Figure 1b by the green
box, was chosen based on its superiority in all these aspects.

To ensure a safe and successful landing, a careful analysis
of the topography and geomorphology (De Rosa et al. 2012;
Wau et al. 2014a) of the targeted landing region for further se-
lecting a suitable landing site is critical. Topographic features,
such as surface slopes and occlusions, along with geomor-
phological features such as the distributions of craters and
boulders/rocks, were mapped and analyzed to identify the
best suitable site for landing. In this research, we created digi-
tal topographic models (DTMs) of the Von Kdrman crater at a
spatial resolution of 30 m through the integrated processing of
Chang’E-2 images and Lunar Reconnaissance Orbiter (LRO) La-
ser Altimeter (LOLA) data (Wu, Hu, Guo 2014b). Based on the
DTMs, we scrutinized the surface slopes and terrain occlusions
to the solar illumination and the relay satellite. Based on the
Chang’E-2 images and the high-resolution LRO narrow angle
camera (NAC) images, we analyzed the crater distribution and
rock abundance inside the targeted landing region. The topo-
graphic and geomorphological features were then analyzed
jointly to identify three subregions for landing. Chang’E-4
eventually landed in the subregion of the highest priority on
3 January 2019. After the landing, we precisely located the
lander by using the images collected both in orbit and during
the descent phase, together with a ground panorama collected
by the lander’s overhead camera upon landing. A detailed
terrain occlusion analysis around the landing location was
performed, and a 1.5 m/pixel DTM was generated using the
shape-from-shading (Sfs) approach (Wu et al. 2018a). This
made it possible to conduct detailed topographic analyses to
support the surface operations of the lander and rover.

This paper focuses on the targeted landing region inside
the Von Karmdn crater. It is organized as follows. The next
section describes the methods and results regarding topo-
graphic mapping, with the topic of geomorphological map-
ping reserved for the section “Geomorphologic Mapping and
Analysis of the Landing Region”. The joint topographic and
geomorphological analysis with the purpose of identifying
subregions for landing are presented in the subsequent sec-
tion. The section “Landing Site Localization and Analysis”
includes further results regarding the precision localization
of the lander and a detailed analysis of the surface slopes and
occlusions around the landing site. Finally, the last section
offers concluding remarks and discussion.
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Topographic Mapping and Analysis of the Landing Region

Topographic Mapping

High-resolution DTMs are the vital data resources for topo-
graphic analysis of the targeted landing region. Currently, the
Selenological and Engineering Explorer (SELENE) and LRO digi-
tal elevation model (SLDEM) generated by the co-registration of
the photogrammetric results from the SELENE imagery and the
LOLA measurements (Barker ef al. 2016), provides full cover-
age of the targeted landing region at a spatial resolution of
about 60 m. The SLDEM offers a typical vertical accuracy of 3 to
4 m. The SLDEM has favorable geometric accuracies but sparse
spatial resolution. In this research, we used the Chang’E-2
images (7 m/pixel) covering the Von Kdrmadn crater to gener-
ate a DTM with a spatial resolution of 30 m by the integrated
processing with the LOLA measurements (Wu, Hu, Guo 2014b).

The Chang’E-2 camera consists of two linear push broom
sensors with a convergence angle of about 25° that are used
to formulate an along-track stereo configuration of the im-
ages (Wu, Hu, Guo 2014b). There is an overlap of about 50%
between the images in the adjacent tracks. We developed
a combined block adjustment approach for the integrated
processing of the multiple-track Chang’E-2 images and the
LOLA measurements to generate high-precision DTMs. By doing
so, inconsistencies can be reduced between the multiple-
track Chang’E2 images, and between the three-dimensional
(3D) measurements from the Chang’E-2 images and the LOLA
measurements. This approach was used for the integrated
processing of the Chang’E2 images and LOLA measurements
covering the Von Karman crater and thus improved the orien-
tation parameters of Chang’E-2 images. Dense image matching
was carried out on the stereo Chang’E-2 images to generate
dense matches, using a texture-aware semiglobal matching
algorithm (Hu et al. 2016). 3D point clouds were then gener-
ated from the matching results based on the improved image
orientation parameters, and finally, a DTM of the region with a
spatial resolution of 30 m was interpolated from the 3D point
clouds. The generated DTM was compared with the SLDEM cov-
ering the same region. The results indicated that the former
has a degree of geometric accuracy similar to the latter but
offers better spatial resolution (Hu and Wu 2019).

Figure 2a shows a 3D view of the generated DTM covering
the Von Kdrmédn crater. The right column shows an enlarged
view of the targeted landing region as marked with a red box
in the left column. Based on the generated DTM, the Von Kar-
mén crater measures about 180 km in diameter, with a rim-
to-floor depth of about 5 km. The crater floor has a diameter
of about 140 km, and there is a central peak of about 1.55 km
in height in the middle part of the crater. Within the targeted
landing region, the terrain surface has a minimum height of
—6076 m and a maximum height of -5776 m, respectively,
with respect to a reference sphere of radius 1737.4 km. Figure
2b shows the generated ortho-image mosaics. Based on the
generated DTM, the Chang’E-2 images were ortho-rectified and
mosaicked to generate an orthographic image mosaic covering
the Von Kdrmdn crater, as shown in the left column of Figure
2b, which has the same resolution of 7 m/pixel as the original
Chang’E-2 images. Inside the targeted landing region, LRO NAC
images were collected to generate an image mosaic with a
higher spatial resolution (1.5 m/pixel), as shown in the right
column of Figure 2b.

Slope Analysis

Surface slope is an important engineering constraint in land-
ing site evaluation to ensure the stability of the lander during
touchdown, which is the magnitude of the derivatives of the
gridded topographic model (i.e., the DTM) at a specific base-
line. With two grid cells required for slope calculation along
one direction, the corresponding baseline for slope analysis
is two times the spatial resolution of the DT™, which is 60
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m for the DTM generated from the
Chang’E-2 images. For any point in
the DTM, slopes along the east-west
and north-south directions are
calculated based on the distance
and elevation difference of the
two neighboring grid cells, and
the square root of the sum of their
squares is calculated as the maxi-
mum slope at that point. The slope
calculation method is consistent
with those provided in popular
software systems, such as ArcGIS.
After the slopes of all the points
in the DTM have been calculated, a
slope map can be generated. Figure
3 shows the slope map and statis-
tics of the targeted landing region
at a baseline of 60 m. It can be seen
that most of the region (99.7%) has
slopes of less than 15°, and 96.9%
of the region has slopes of less than
8°. Only 3.1% of the region has
slopes larger than 8°, and those
areas are mainly distributed inside
some craters.

A baseline of 8 m is further

178 1782 1784 1786

(b)

Figure 2. Topographic mapping results of the Von Kdrmén crater. (a) 3D view of the
DTM (30 m/pixel), (b) 3D view of the orthographic image mosaics projected on the DTM.
The left column shows the Chang’E-2 image mosaic (7 m/pixel), and the right column
shows the LRO NAC image mosaic (1.5 m/pixel) in the targeted landing region. The red
cross indicates the landing location.

imposed for slope analysis, consid-

ering the lander footprint size of

about 4.5 m plus a buffer for attitude adjustment of the lander
before touchdown. However, slope analysis at an 8-m baseline
requires a higher resolution DTM. There is only one stereo pair
of LRO NAC images covering a small portion of the middle-
north part of the landing region that could be used to generate
a DTM of 4 m resolution. No high-resolution DTMs are available
for other areas inside the landing region. In our previous work
(Wang and Wu 2017), we presented a correlation analysis of
slopes derived from the same terrain surface with different
baselines. The results indicated that it is possible to estimate
slopes at short baselines from slopes calculated from relative-
ly longer baselines. The same method was used here for the
estimation of slopes at different baselines. The 4-m resolution
DTM from the stereo NAC images and the corresponding 30-m
resolution DTM from the Chang’E-2 images, both covering

the same local area inside the landing region, were used for
correlation analysis of slopes at baselines of 8 m and 60 m. A
slope amplification function with multipliers in the range of
[1.1, 1.6] was obtained from the correlation analysis in this
local area, which was then used for estimation of slopes at
8-m baseline in other areas inside the landing region, based
on the assumption that the influences of different baselines
on slopes should be similar for this local area and its nearby
region. Therefore, we also compute an aggressive (the lower
amplification bound of 1.1) and a conservative (the upper
amplification bound of 1.6) estimation of the slopes at the 8 m
baseline based on the original slopes at 60 m baseline. In the
case of conservative estimations, about 3.4% of the areas have
slopes larger than 8°, and this value only rises to about 5%,
even in the aggressive case. Similarly, the areas with larger
slopes are located inside the craters.

Occlusion Analysis

As the targeted landing region is on the floor of the Von
Kérmaén crater and the height difference from the floor to the
crater rim is about 5 km, it is crucial to analyze the possible
terrain occlusions to solar illumination and communication
signals from the relay satellite. The lander and rover rely on
solar energy to charge the batteries of the onboard instru-
ments. Also, communications and data transfer between the
Earth control center and the lander require that the latter stays

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

Slope(°’)

Percentage (%)

0.0
Stops(®) [_0-2 2-4 4-6

| —
68 [ 810 | 10-15 [ 1520 | 2025 | >25 |

(b)
Figure 3. Slope map and statistics of the targeted landing
region. (a) The slope map at a baseline of 60 m and (b)

histogram of the slope statistics.

in the sight of the relay satellite. Therefore, areas with maxi-
mum visibility of the Sun and the relay satellite, that is, areas
that feature the least amount of occlusion from the terrain, are
preferred when evaluating landing site suitability.

In the analysis of the occlusion conditions caused by the
terrain, a search radius of 200 km surrounding the targeted
landing region is considered, to enclose the entire rim of the
Von Kérmén crater and some high mountains outside the
crater that may cause occlusions. Due to the long distances
involved when calculating terrain occlusion angles, the cur-
vature of the lunar surface cannot be ignored. An approach
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based on the geodesic line (Karney 2013) was developed to
analyze the altitude angles of terrain occlusions, as illustrated
in Figure 4. For each target point A(4,, ¢,) at longitude 1, and
latitude ¢, in the landing region, a geodesic line I is deter-
mined by a specific azimuth angle a. Given a specific distance
s,,, the geographic coordinates of the search point B(4,, ¢,)
can be determined based on the geodesic line (Karney 2013).
The height of point B can be sampled from the bT™. Then,

the 3D coordinates of B can be projected to a local Cartesian
coordinate system of the target point A, in which the altitude
and distance of B, with respect to the target point A, can

be determined, and an altitude angle § can be calculated to
represent the terrain occlusion of point B to A. The process
just described is repeated for all of the azimuth angles and the
entire search radius of 200 km. The intervals for the azimuth
angle o and geodesic distance s,, are set to be 1° and the spa-
tial resolution of the DTM, respectively, considering the accu-
racy in capturing the topographic features and the processing
time. Next, the maximum occlusion angle for point A along
each azimuth direction can be determined, and the maximum
occlusion angle among all the azimuth directions from 0° to
360° can be obtained. This procedure is further repeated for
each grid point in the targeted landing region to generate the
terrain occlusion map shown in Figure 5.

Figure 5 shows the terrain occlusion maps of the targeted
landing region. Figure 5a shows the maximum altitude angle
of terrain occlusion for each point inside the region, and
Figure 5b shows the corresponding azimuth of the maximum
altitude angle for each point. For most of the flat areas inside
the landing region, the maximum terrain altitude angle is
less than 10°. Also, most of the maximum altitude angles are
caused by the rims of the Von Karmadn crater in the southeast
and east parts, as indicated by the azimuth map of terrain oc-
clusion in Figure 5b. In the targeted landing region located in
the southeast part of the crater floor, as shown in Figure 1, the
southeast and east parts of the crater rim create larger terrain
occlusions because they are closer to the landing region. In
contrast, terrain occlusions in the northwest corner of Figure
5b show that the terrain occlusions in this part come from
the northwest direction, either from the rim of the Von Kér-
man crater far to the northwest at a far distance or from the
nearby central peak of Von Karmén crater, also located in the
northwest of the landing region. The large terrain occlusions
indicated in red or yellow in Figure 5a are inside the craters
and along the slopes of the hills.

For a period of six months after the landing of Chang’E-4,
from 3 January to 3 July 2019 (the designed working period of
Chang’E-4), the solar azimuth and altitude of each point inside
the landing region can be obtained from ephemeris informa-
tion and compared with the altitude angle of the terrain occlu-
sion along the same azimuth. The solar occlusion conditions
are derived for each point by summarizing the possible occlu-
sions of all the solar azimuth directions. Figure 6a presents
the resulting percentage of visibility of the Sun during the
six-month period over the entire region, with red representing
occlusions to the Sun. It should be noted that the lander and
rover hibernate during the lunar night and they will automati-
cally wake up when the solar altitude angle is greater than
10°; therefore, only the time slots with solar altitude angles
greater than 10° (43.7% of the designed working period of six
months) were considered in the above occlusion analysis. It
can be seen from Figure 6a that a majority (99.8%) of the land-
ing region has 100% visibility of the Sun during the six-month
period (excluding the time when the solar altitude angles are
<10°); however, in some areas, especially inside small craters
and near hills, the solar visibility is as low as 86%.

Figure 6b presents the terrain occlusions to the relay
satellite. As mentioned earlier, a relay satellite was sent to
the Earth-Moon L2 point and stayed there in a halo orbit
to provide continuous communication between the Earth
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Figure 4. Computation of terrain occlusions based on the
geodesic line. (a) The terrain occlusion is searched along the
geodesic line for a specific target point A and sampled by a
uniform interval. (b) The searched point B is projected to the
local Cartesian coordinate system of target point A and the
altitude angle of terrain occlusion is calculated.
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Figure 5. Terrain occlusion maps of the targeted landing
region. (a) The maximum altitude angles of terrain
occlusions for each point in all azimuth directions, (b) the
corresponding azimuth angles for the maximum occlusion
of each point.

control center and the Chang’E-4 lander on the far side of the
Moon. For the same period of six months after the landing of
Chang’E-4, the azimuth and altitude of the relay satellite with
respect to each point inside the landing region were estimated
from the orbit design of the relay satellite. An occlusion map
to the relay satellite for the entire landing region was gener-
ated following the same process as for occlusion to the Sun, as
shown in Figure 6b. As before, the time slots with solar alti-
tude angles less than 10°, when the lander and rover hibernate,
were ignored in the occlusion analysis. From Figure 6b, the
relay satellite is 100% visible over the majority (99.98%) of the
landing region during the six-month period of interest. Never-
theless, there are several places, shown in red, where the relay
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Figure 6. Visibility maps of the targeted landing region for
the six-month period after the landing of Chang’E-4 from 3
January to 3 July 2019. (a) Visibility map to the Sun and (b)
visibility map to the relay satellite.

satellite is visible only for 95.8% of the time. Fortunately, these
places are rare and are distributed mainly inside a few craters
or around the foot of the hill in the northwest of the landing
region. The occlusions to the relay satellite are less severe
compared with the occlusions to the Sun, as can be noted from
Figure 6. This is reasonable considering that the altitudes of
the relay satellite, with respect to the targeted landing region,
are consistently larger than ~25° by the design of the halo orbit.

Geomorphologic Mapping and Analysis of the Landing Region

Crater Distribution

Craters are common geomorphologic features on the Moon.
Craters are considered possible hazards in landing site
evaluation due to their internal slopes and protuberant rims.
Therefore, a lower crater density is preferred in selecting the
landing site. Also, Chang’E-4 had to avoid landing in any
small craters (a few meters to dozens of meters in diameter)
to allow the maximum maneuvering capability of the rover
(Brady et al. 2009; Wu et al. 2014a).

We developed an active machine-learning algorithm (Wang
and Wu 2019) for automatic crater detection in the targeted
landing region. The 7 m/pixel Chang’E-2 image mosaic was
used for crater detection inside the landing region. We aimed
to identify all craters larger than 70 m in diameter, which is
equivalent to 10 pixels on the image, as the performance of
our algorithm decreases for craters smaller than 10 pixels in
diameter. It should be noted that the LRO NAC image mosaic
was not used for crater detection here. Even though it offers
higher resolution, LRO NAC imagery has varying illumination
conditions and unbalanced image contrasts, as shown in the
right column of Figure 2b, which will influence the crater
detection and result in biases in crater density analysis across
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Figure 7. (a) Distribution of craters (> 70 m in diameter)

in the targeted landing region. The red cross indicates the
landing location, and the inset figure on the right shows an
enlarged view of the detected craters around the landing
location. (b) The crater density map in terms of crater
numbers calculated using a moving circular window.

the landing region. By contrast, the Chang’E-2 image mosaic
has consistent illumination and contrast conditions, as can
be seen in the left column of Figure 2b. After the automatic
crater detection on the Chang’E-2 image mosaic using the
algorithm (Wang and Wu 2019), a manual checking process
was further carried out to ensure the reliability of the detected
craters, by digitizing missing craters and removing artifacts
with the assistance of a grid with a cell size of 70 m x 70 m
overlaid on the image mosaic. Ultimately, 9391 craters with
diameters ranging from 70 m to 1405 m were detected in the
landing region. Figure 7a shows the distribution of those
detected craters.

To understand the crater distribution in the targeted land-
ing region, a crater density map depicting crater numbers in a
unit area was generated, as shown in Figure 7b. The map was
obtained by using a moving circular window with an area of
10 km? to count the numbers of craters. Smaller density rep-
resents a sparser distribution of craters and thus a relatively
safer situation for landing. Figure 7b shows that the eastern
part of the targeted landing region has relatively higher crater
density compared with the central and western parts. The
average crater density in the targeted landing region is about
60 craters over a circular window of 10 km? area.

Rock Abundance

Rocks are another type of major feature on the lunar surface
that can be hazardous for the lander and rover. Rock abun-
dance, defined as the cumulative fractional area covered by
rocks with respect to their diameters, is another crucial factor
in evaluating the suitability of finding a landing site for any
landing mission (Golombek and Rapp 1997; Golombek et al.
2003; De Rosa et al. 2012; Wu et al. 2018b). For example, one
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criterion for selecting the landing site of National Aeronau-
tics and Space Administration’s (NASA’s) InSight mission on
Mars was that the rock abundance had to be less than 10%
(Golombek et al. 2017); and for the ExoMars mission of the
European Space Agency, the rock abundance must be less
than 7% (Pajola et al. 2017). In this research, a rock abun-
dance constraint of 7% was considered in landing site evalu-
ation given the ability of the lander and rover to tolerate rocks
during their maneuvering.

We developed a rock detection algorithm (Li and Wu 2018)
to extract rocks from the LRO NAC image mosaic. The algorithm
detects rocks based on their particular brightness distribu-
tions and relief properties presented in the image. The details
pertaining to this rock detection algorithm can be found in
our previous work. Using the algorithm, a total of 21 004
rocks were identified from the LRO NAC image mosaic (1.5 m/
pixel) covering the targeted landing region. The minimum
size of rocks that were detected is 2 m (the longest diameter
of the rock boundary), and the maximum size is 17.24 m. The
detected rocks were manually checked by two independent
operators to further ensure the reliability of rock detection. The
distribution of the final detected rocks is shown in Figure 8a.

Figure 8a shows the distribution of rocks larger than 2 m
within the targeted landing region. However, for landing site
assessment, we will need to understand the overall distribu-
tion of rocks of all sizes. A rock abundance model developed
by Li and Wu (2018) is used here, which allows us to infer
the overall distribution of rocks of all sizes from rocks above a
particular size. The rock abundance model has the following
exponential format:

025 5 10 km

177Ic E 17BI° E
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Figure 8. Rock abundances in the targeted landing region.
(a) Distribution of rocks larger than 2 m in diameter overlaid
on the LRO NAC image mosaic. The red cross indicates
the landing location, and the inset figures on the right
show enlarged views of the detected rocks. (b) The rock
abundance map showing the cumulative fractional area of

rocks in the region.
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where D is the rock diameter, k is rock abundance, and

F, = (D) is the fractional area covered by rocks with diameters
larger than D. Based on the rock detection result, the rock
abundances were estimated using the above rock abundance
model to generate a rock abundance map of the targeted land-
ing region, as shown in Figure 8b. It should be noted that the
rock abundance model can only be used to estimate the over-
all distribution of rocks in an area from the size-frequency
distribution of the detected rocks. If no rock is detected from
the image in a local area, this either indicates that the area is
indeed rock-free, or there might be smaller rocks, but they are
ignored. The latter case requires higher-resolution image data
for checking the existence of smaller rocks. Nevertheless, the
rock abundance map generated from the method above can
still be used to analyze the relative rock abundances of differ-
ent local areas in the targeted landing region.

The rock abundance map shown in Figure 8b was generat-
ed by calculating the fractional area of detected rocks within
each tile of 250 m x 250 m inside the landing region and by
further extrapolating the rock abundance values for each
tile based on Equation 1. The tile size of 250 m was selected
considering its statistical significance (Li and Wu 2018) and
meaningfulness for comparing with LRO Diviner Radiometer
data, as described below. According to the rock abundance
map and the rock distribution map, as shown in Figure 8,
most rocks are located around rocky impact craters and slopes
of hills. Within the targeted landing region, 99.9% of the
region has a rock abundance of < 7%, and 97.1% of the region
has a rock abundance of < 1%. The highest rock abundance in
the region is 18.21%, appearing on the slope of a rocky crater
close to the south-western boundary of the target landing
region located at (176.4488°E, 45.8222°S).

Our rock abundance map is further compared with the
rock concentration map obtained from the LRO Diviner Ra-
diometer data. Based on the contrasting thermal conductivi-
ties between rocks and lunar regolith, Bandfield et al. (2011)
derived a rock concentration map (http://ode.rsl.wustl.edu/
moon/index.aspx) using the LRO Diviner Radiometer data. The
same reference system (Mean Earth/Polar Axis) and the same
map projection (Mercator) were used for the Diviner map and
the LRO NAC image mosaic, and we found that the two maps
matched well in general by referring to the locations and
shapes of some big craters commonly visible on them. The
Diviner map has a spatial resolution of 128 pixels per degree
(~250 m at the equator), and each pixel presents an aerial
fraction of rocks with diameters larger than ~1 m. To compare
with the Diviner map, the areal fraction of rocks > 1 m was ex-
trapolated from our detected rocks (> 2 m in diameter), which
were then binned into pixels of the same scale of the Diviner
bins, using the rock abundance model as shown in Equation
1. The differences between our results and the Diviner map
in the landing region are shown in Figure 9a. The average
absolute difference between our map and the Diviner map
is 0.25%. The greatest positive difference is 12.8%, and the
greatest negative difference is —2.2%, as shown in Figure 9b.
The first row in Figure 9b shows the case in which the great-
est positive difference appears. The fraction area of rocks (> 1
m) derived from our rock detection result is as high as 15.1%,
while the Diviner result is only 2.3%, leading to a positive
difference of 12.8%. Our higher value is more reasonable than
the Diviner result considering that the areal fraction of the
detected rocks (> 2 m) already reaches 8.2%. The reason for
this kind of discrepancy might be that craters with various
slopes may show a range of temperatures with the Diviner
measurements, which may consequently lead to uncertainties
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and errors (Li and Wu 2018; Bandfield et al. 2011). The sec-
ond row in Figure 9b shows the greatest negative difference
of —2.2%. This type of discrepancy can be attributed to the
unfavorable illumination conditions in which rocks cannot be
identified in the dark shadows. Fortunately, such shadowed
areas cover less than 1% of the landing region.

Joint Topographic and Geomorphological

Analysis for Landing Site Selection

The previously described topographic factors, including
surface slopes and occlusions, and the geomorphologic fac-
tors, including crater distribution and rock abundance, are
critical considerations when selecting suitable landing sites
for Chang’E-4 to avoid hazards during touchdown and ensure
favorable maneuverability of the robotic rover. Therefore, we
carried out a joint topographic and geomorphologic analysis
to identify subregions inside the targeted landing region that
could be favorable for a safe landing.

The Chang’E-4 lander had an orbital inclination angle rang-
ing from 80° to 100° from the east by orbit design dependent
on the launching window. There were various uncertainties
in orbit determination which might affect the actual landing
(Li et al. 2017). In the longitude direction, considering the
influence of midcourse orbit correction, near-Moon braking,
and other orbit control errors, there were certain errors in the
orbital inclination relative to the nominal design, which would
be propagated along the longitude direction. In addition, simu-
lation analysis of the powered descent phase also revealed
kilometer-scale deviations in the longitude direction caused by
the powered descent. In the latitude direction, uncertainties
included the prediction error of the start point of the powered
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Figure 9. Comparison between the rock abundances
from our results and the LRO Diviner Radiometer data in
the targeted landing region. (a) Difference map of rock
abundances (ours minus the Diviner map) and (b) enlarged
views of examples for detailed comparison.

descent phase and the thrust deviation of the 7500 N motor
onboard the lander, which were also in kilometer scale. Con-
sidering the above engineering factors, a rectangle centered at
the orbit track with a width of + 5 km across the orbit direction
and a length of + 15 km along the orbit direction was defined
as a subregion for landing. The targeted landing region was
then divided into 25 subregions for detailed analysis, as shown
in Figure 10a. There was a 2 km offset between any two neigh-
boring subregions, and the areas beyond the targeted landing
region were ignored in the analysis.

For all the 25 subregions, we examined five specific crite-
ria to evaluate their suitability for a safe landing, including
surface slopes, terrain occlusions to the Sun, terrain occlu-
sions to the relay satellite, crater densities, and rock abun-
dances. For each criterion, we set a soft threshold and scored
the subregion based on the percentage of areas that exceed
the threshold. For the slope threshold, 8° was applied on the
slopes at the 8 m baseline. For the crater density, the average
crater density of the landing region plus its standard devia-
tion was used as the threshold, which was 78 craters (> 70
m in diameter) per 10 km? For the rock abundance, 7% was
used as the threshold. For the occlusions to both the Sun and
relay satellite, we directly counted the percentages of areas
with any occlusions during the six-month period after land-
ing with respect to the total area of the subregion. It should
be noted that some of these threshold parameters (e.g., slopes
and rock abundance) were considered mainly based on the
engineering constraints described previously. Some threshold
parameters (e.g., the crater density) might not directly relate

0 25 5 10 km

T T
177° E 178°E

(b)
Figure 10. Joint analysis for selecting the subregion for
landing. (a) 25 subregions covering the targeted landing
region; (b) the three short-listed subregions, with 11 being
the highest priority, where Chang’E-4 actually landed. The
red cross indicates the exact landing location of Chang’E-4.
The underlying image is a shaded relief of the DT™ of the
targeted landing region.
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Table 1. Statistics of slopes, crater densities, rock abundances, and occlusions of the three short-listed subregions.

Slope Crater density Rock abundance .
Occlusion
Average % of Average (no. % of areas > 78 | Average % of areas | Occlusion to | to the relay Priority as
Subregion ©) areas > 8° | craters per 10 km”) craters per 10 km* (%) > 7% the Sun (%) | satellite (%) | landing site
4 2.39 2.37 58 0.00 0.04 0.031 0.44 0.02 3
11 2.32 1.96 46 0.00 0.00 0.000 0.32 0.00 1
24 2.65 3.04 81 0.38 0.00 0.011 0.41 0.00 2

(a) (b)
Figure 11. Localization of the Chang’E-4 lander. (a) Three small craters marked as red dots on the ground panorama image. (b)
The corresponding positions of the craters marked on the descent image, which was geo-referenced with the LRO NAC image. The
red cross indicates the lander location obtained by optimal cartographic triangulation. (c) The LRO NAC image (M1303619844LR)
taken on 1 February 2019, showing the real locations of the lander and rover as indicated by the white arrows.

to an engineering constraint, but they worked fine as we were
interested in the subregions of relatively favorable conditions.

We carried out the above analysis for all 25 subregions.
The subregions (1-8) in the western part of the targeted land-
ing region have relatively large slopes and rock abundances.
Their crater densities are all below the threshold. The subre-
gions (9—15) in the middle part have fewer slopes and rock
abundances. Their crater densities are gradually increased.
The subregions (16—25) in the eastern part have relatively
large crater densities and slopes. Their rock abundances are
moderate. For the occlusions to the Sun and the relay satel-
lite, the first two subregions in the west and several subre-
gions in the east (e.g., 19—23) have relatively large occlusions
compared with other subregions. Comparing the subregions
in the western, central, and eastern parts of the landing
region, subregions 4, 11, and 24 show overall superiorities as
compared with others in their neighborhoods. Therefore, they
were short-listed for further consideration. The locations of
the three short-listed subregions are shown in Figure 10b.

Table 1 lists the statistics of slopes, occlusions, crater
densities, and rock abundances of the three short-listed
subregions 4, 11, and 24. Their average slopes, crater densi-
ties, rock abundances, and occlusions to the Sun and relay
satellite were further compared. From Table 1, it can be seen
that subregion 11 shows the best performance in terms of all
the aspects. Subregion 4 was ranked as the last, as it has a
relatively high rock abundance and more serious occlusions
to both the Sun and relay satellite. Subregion 11 was finally
selected as the landing site with the highest priority, and
Chang’E-4 actually landed in this subregion, with the exact
location marked by a red cross in Figure 10b.

254 April 2020

Landing Site Localization and Analysis

Localization of the Chang’E-4 Lander

On 3 January 2019, Chang’E-4 successfully landed in the Von
Kérmadn crater. Identifying the exact location of the lander
within the landing region and with respect to other surface
features as soon as possible after landing was critical for plan-
ning science and engineering activities in the initial stages

of surface exploration. The identification of other nearby fea-
tures was also needed in traverse planning for the rover over
the course of the mission. This was accomplished within two
hours of landing before the rover drove off the lander. The
related procedures involved Doppler positioning of the orbit
track, reconstructing the entry, descent, and landing (EDL)
process using returned descent images, and locating common
features in the orbiter, descent, and ground images.

The navigation team determined the location of the lander
at 45.5°S, 177.6°E, by Doppler positioning and orbit determi-
nation, which offered an initial location of the lander. A series
of descent images collected by a descent camera mounted on
the lander during the EDL process were used to reconstruct the
lander’s descent track, and the endpoint of the descent track
was already close to the lander location. Finally, a ground
panorama image, taken by the terrain camera mounted on top
of the lander after landing, was used for the precise localiza-
tion of the lander. As shown in Figure 11a, three meter-sized
craters were manually identified on the ground panorama,
and their centers were marked with red dots. Their corre-
sponding positions on the descent image were then manually
identified and marked with red dots as shown in Figure 11b.
The descent image was geo-referenced to the LRO NAC image
(M134022629L), as shown in the background in Figure 11b.
The LRO NAC image was ortho-rectified using the Integrated
Software for Imagers and Spectrometers software, which was
already in the Mean Earth/Polar Axis reference system with
planetocentric coordinates. The latitude and longitude coordi-
nates of the lander were then calculated based on the optimal
cartographic triangulation (Li et al. 2004) using these three
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terrain features, which were in the same cartographic system
of the used LRO NAC image. The elevation of the lander was
measured from the DTM of the same location. The determined
landing location of Chang’E-4 was at 45.4561°S, 177.5892°E,
and at -5926 m elevation. The elevation was with respect to a
reference sphere of radius 1737.4 km.

One week after the landing (on 11 January 2019), the LROC
team at Arizona State University also identified the location
of the Chang’E-4 lander at 45.457°S, 177.589°E, plus or minus
20 meters (http://Iroc.sese.asu.edu/posts/1087), based on the
co-registration of the Chang'E-4 descent frames and the NAC
image (M1298916428LR). Liu et al. (2019) also located the
Chang’E-4 landing site as 45.4446°S, 177.5991°E with an ele-
vation of -5935 m using the digital orthophoto map and DTM
of Chang’E-2 as geo-reference data, whose relative position to
the surrounding terrain features is consistent with our results.

About one month later, after the successful landing of
Chang’E-4, NASA’s LRO passed by the Chang’E-4 landing
region on 1 February 2019. The LRO NAC collected an im-
age (M1303619844LR) of the landing region with a spatial
resolution of 0.85 m/pixel, as shown in Figure 11c, on which
the Chang’E-4 lander (the white dot with a dark shadow) and
the Jade Rabbit-2 rover (the dark dot) can be clearly seen, as
indicated by the white arrows. Comparing Figure 11b and
11c, it can be seen that the lander’s location, as determined by
our approach, is generally consistent with its real location, as
imaged by the LRO NAC.

Analysis Around the Landing Site

After determining the lander’s location, the analysis of its sur-
rounding environment is vital for planning the subsequent sci-
ence and engineering activities. We first examined the detailed
terrain occlusions at the landing site. The approach described
in the section “Occlusion Analysis” was adopted to analyze
the occlusions at the landing site induced by the terrain, and
the results are shown in Figure 12. Specifically, 360 geodesic
lines were cast from the landing location at an azimuth inter-
val of 1° as shown in Figure 12a. The position with the largest
altitude angle induced by the nearby terrain was denoted by
the endpoint of each geodesic line. Places with no geodesic
lines visible are due to the terrain occlusions that happened
in close ranges. Similarly, the relatively large occlusions were
caused by the east-west rim of the Von Kdrmén crater. Over-
all, the terrain occlusion angles are generally less than 3° at
the landing location. Figure 12b illustrates the relationships
among the terrain occlusions, solar altitude angles, and alti-
tude angles of the relay satellite at the landing location for the
six-month period after landing, from 3 January to 3 July 2019.
It can be seen that the solar altitude angles and the altitude
angles of the relay satellite are both much higher than the ter-
rain occlusion angles at the landing location, which indicates
its excellent visibility to the Sun and relay satellite.

For a detailed analysis of surface slopes and geometric
information of small surface features around the landing
location, higher resolution DTMs are required. However, at the
time when Chang’E-4 landed, no high-resolution stereo pair
of LRO NAC images had been collected around the landing site.
Therefore, generating high-resolution DTMs from stereo images
using the traditional photogrammetric approach was not pos-
sible. We developed an innovative sfs method for generating
pixel-wise lunar DTMs from a single image with the constraint
of a lower-resolution DTM (Wu et al. 2018a). Given a single im-
age with a known light source, the sts method is able to refine
a lower-resolution DTM covering the same image area to higher
resolution, the same as the image resolution, by using shading
information to optimize regularization with respect to shape
reconstruction (Kirk et al. 2003). Details about this sfs method
can be found in our previous publications (Wu et al. 2018a;
Liu et al. 2018). The developed Sfs method was applied to the
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Figure 12. Occlusion analysis at the landing site. (a) The
geodesic lines cast from the landing location (the red cross)
at an interval of 1° and (b) the relationships among the
terrain occlusions, solar altitude angles, and altitude angles
of the relay satellite at the landing location for the six-

month period after landing.

1.5 m/pixel LRO NAC image (M134022629L), and the SLDEM,
with a resolution of 60 m used as the constraint, from which
a high-resolution DTM (1.5 m/pixel) was generated, as shown
in Figure 13. The differences in elevation between the stS DTM
and a photogrammetric DTM generated later using a stereo pair
of NAC images is less than 5% (Liu and Wu 2020).

The upper row of Figure 13 shows a side-by-side compari-
son of the low-resolution SLDEM and the generated high-reso-
lution Sfs DTM, the latter showing overall consistent geometry
with the former but providing much better details of the
terrain features. The landing location of Chang’E-4 is marked
in the Sfs DTM and LRO NAC image with cyan crosses. It can
be seen that the small craters around the landing location are
clearly visible on the Sfs DTM, but they are entirely missing on
the SLDEM.
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Based on the 1.5 m/pixel sfS DTM, a slope map with a
baseline of 3 m was generated as shown in Figure 14a, from
which it can be seen that the eastern part of the landing site
has relatively larger slopes and the western part is relatively
flat. For any point in the DTM, an aspect is calculated, which
is the angle from the direction of the maximum slope at that
point to the north direction. An aspect map was then generat-
ed to show the orientations of the slopes, as shown in Figure
14b. From the slope and aspect maps, the slope of the lander
location is measured to be about 4.5°, and its aspect is toward
southwest with an angle of 205° from the north.

The high-resolution DTM also enables the measurement of
the detailed geometric information of small terrain features
(e.g., diameters and depths of small craters) around the land-
ing location. For instance, the three small craters surrounding
the lander (see in Figure 13) have diameters of about 20-30
m and depths of about 2—2.6 m. These three craters all have a
depth—diameter ratio of about 0.1. The shortest distance from
the lander to any of these three craters is about 13 m. From
the aforementioned rock abundance map, measurements
show that the rock abundance around the landing location
is almost 0. This type of detailed information is vital for the
operation of instruments on the lander and for the surface
operations of the rover.

Conclusions and Discussion

This paper presents the efforts concerning the landing site
selection for the Chang’E-4 mission by jointly analyzing
topographic and geomorphological features. Additionally, this
paper describes the localization of the landing site and the
analytical methods used to understand its surrounding area.
The investigation leads to the following conclusions:

1. The DTM, with a resolution of 30 m generated from the
integrated processing of Chang’E-2 images and LOLA data,
reveals that the inner part of the Von Karman crater is

quite flat. In the targeted landing region, about 5% of the
areas have slopes larger than 8°. In addition, within the
region there is satisfactory visibility to both the Sun and
relay satellite, which are not occluded by the terrain sur-
face in most areas.

2. The eastern part of the targeted landing region has rela-
tively higher crater density. Overall, on average the crater
density is about 60 craters (> 70 m in diameter) in a circular
window of 10 km? Most of the landing region is rock-free
based on our investigation, and most of the rocks are lo-
cated around large impact craters and on the slopes of hills.

3. The joint analysis of surface slopes, occlusions to the Sun
and relay satellite, crater densities, and rock abundances
identified three subregions inside the targeted landing re-
gion. The one located close to the center of the region was
recommended as the site with the highest priority, and the
Chang’E-4 eventually landed at this site.

4. The integrated processing of orbiter, descent, and ground
images identified the precise location of the Chang’E-4
lander within two hours after its successful landing,
positioning it at 45.4561°S, 177.5892°E, and at -5926 m
in elevation. This location is consistent with the actual
observed location of the Chang’E-4 lander as fixed by the
LRO NAC image one month later.

5. Detailed occlusion analysis around the landing location
reveals that the lander has excellent visibility to the Sun
and relay satellite. A detailed slope analysis around the
landing location using an sfs DTM with a high resolution of
1.5 m/pixel indicates that the lander is on a slope of about
4.5° toward the southwest. The rock abundance around
the landing location is almost 0.

The analytical methods described in this paper have
demonstrated their effectiveness in real operations of the
Chang’E-4 mission. The developed methods and results can
benefit future missions of soft landings on the Moon and
other celestial bodies.

SLDEM (60 m/pixel)

W ¥

Figure 13. High-resolution DTM generated by the sfs method. The landing location is marked with a cyan cross. The elevations
of the DTMs are exaggerated three times for better visualization.
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