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Abstract

The success of a landed space exploration depends largely on the final landing site, and the
most important factor of landing site selection is the safety of lander, so, hazard detection
and avoidance are crucial during asteroid landing. Many approaches have been proposed at
present, most of them just detect hazard and select an area that is free of hazard threaten,
however, in some cases, the selected site should not be the places that located in closed
environment, such as the inner of crater. To tackle the issue, an approach for selecting land-
ing site with closed environment avoidance based on a single image during optical coarse
hazard detection was proposed in this paper, the approach was designed under the scheme
of Chang’e-3’s landing process. The approach begins with hazard detection based on a
proposed binary method. And then, for searching the candidate circular landing areas, the
skeletons of areas with no hazard are taken into account, and then, control constraints are
considered to select the landing areas that are accessible by the lander. Finally, the final
selected circular landing area are chosen by a proposed scoring method, this method com-
bines the factors of circular areas, including radius, the connection among circular areas,
circular area’s texture and the cluster relation between circular area’s center and all the
hazard. At last, serious of experiments would be conducted to test the performance of the
proposed approach.
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1 Introduction
1.1 Background

The asteroid in deep space is a virgin land and a unique scientific place on which no
humans have ever landed before. Although everything of asteroid is interesting for scien-
tists, however, the asteroid is too far from the Earth, if lander approaching to the aster-
oid, the communication delay between lander and Earth should be considered as a prob-
lem (Yu et al. 2014; Wei et al. 2017). In addition, during landing asteroid, the places with
scientific value are usually be selected as the landing site (Serrano et al. 2006), however,
some types of terrain, such as craters, always located around the landing site, they can be
considered as the hazard that may bring troubles to landing (Jiang et al. 2016). For tack-
ling the issues as mentioned above, HAD (Hazard Detection and Avoidance, Johnson et al.
2008) based on autonomous optical navigation scheme was proposed. At present, based on
autonomous optical navigation, two types of HDA are applied: activate sensors and pas-
sive sensors (Huertas et al. 2006; Brady et al. 2009; Meng et al. 2009). Activate sensors
relays on devices such as laser radar, phased array terrain radar and camera to detect hazard
directly, this type of HDA system tends to be favored because the depth of terrain is less
sensitive to atmospheric opacity, and it can be measured directly (Johnson et al. 2008; Liu
et al. 2015). Activate sensors has been applied on Mars Science Laboratory (MSL) in 2012
(Zeitlin et al. 2013). However, the drawback of activate sensors is that activate sensors
are expensive, massive, power hungry, large and complicated, and the visual field is nar-
row (Huertas et al. 2006), they are more suitable for detecting the remaining small hazard
in a relatively smooth region at a low altitude. In contrast, passive sensors are affordable,
small, low power, and the visual field is wider (Neveu et al. 2015). This type of HAD
system can be organized into three steps (Cheng et al. 2002). First, hazard detection and
candidate landing site selection. During parachute descent, optical detector detects craters,
rocks and steep slopes from descent images according to brighter and darker texture, at the
same time, the detector selects the areas that are free of hazard threaten. Second, estimate
the slope of candidate sites. SFS (Shape from Shading, Ikeuchi et al. 1989), SEM (Struc-
ture from Motion, Doorn and Koenderink 1991) and HSE (Homography Slope Estimation,
Yang et al. 2010) are usually applied for slope estimation. Third, select the best landing
site, Fuzzy method (Serrano et al. 2007; Junhua et al. 2010) is usually applied in this step.
However, the drawback of passive sensors is that the elevation of planetary ground can-
not be accurate compare with RADAR and LIDAR (Jiang et al. 2015). SFS requires the
detected planetary being as smooth as possible, and it is sensitive to illumination change
(Min-Hyun and Min-Jea 2018), as we all known that many craters and stones are scattered
over the asteroid surface, the detected area cannot be ensuring smooth enough to apply
SFS. HSE is sensitive to the attitude error (Cheng et al. 2002), and the performance of the
approach is not good enough under different light conditions and terrains. SFM is largely
depend on the intensive of feature points (Yamao et al. 2015), the 3d character of ground
cannot be reflected if the feature points are sparse, moreover, the location of image taken
should not be far away from the ground, or the details of structure of the asteroid ground
cannot be reflected.

Recent years, many approaches of hazard detections and avoidance were proposed
based on the combination of passive and activate sensors as it was described above, the
most important instance is Chang’e-3 (Zhang et al. 2014; Citron et al. 2015; Jianping and
Han 2014), which successfully landed on the Moon on December 14, 2013. The process
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of landing is illustrated in Fig. 1, the process can be split into five phases: Primary decel-
eration; Attitude quick adjusting, Optical coarse hazard detection; Hover for imaging and
precise hazard avoidance; Constant low velocity descent. Both passive and active sensors
was considered in the process of landing. Passive sensors were applied in the phase of opti-
cal coarse hazard detection, while the lander was descending from 2.4 km to 100 m above
the lunar surface, according to the requirements of coarse avoidance, the imaging sensor is
30° field of view (FOV) was directed towards the landing area. When the lander reached
the 100 m altitude, it started to hover above the surface while maintaining the attitude, sub-
sequently the system switch to the phase of precise hazard avoidance, the imaging sensor
is laser radar, which can map the precise structure of landing area (Wang and Liu 2016;
Zhang et al. 2014).

1.2 Our Research

At present, most approaches just detect hazard and take an area that is free of hazard as the
landing site, however, in most cases, the selected site should not be the place that located
in closed environment, for example, the inner of crater with large flat area, as illustrated in
Fig. 2. As we know that soft landing on asteroid surface is just the beginning of planetary
scientific exploration, even landed on the ground successfully, the robot which loaded in
the lander should be released to travel around the planet and send back valuable data to the
Earth, however, if the landed area located in a closed environment, three kinds of disasters
may be occurred: First, the accessible scope of the robot will be limited, and it is hard to
get out of the place; Second, closed environment may hinder the transmission of infor-
mation signal between robot and Earth; Third, closed environment may hinder some part
of sunlight, sunlight supply power to the robot, Philae (Hand 2014; Ulamec 2011; Biele
and Ulamec 2008) is a classic instance that the lander landed on the comet 67P/Churyu-
mov—Gerasimenko (Davidsson and Gutiérrez 2005), the landing site was in the shadow of
a crater’s fringe, the lander cannot receive the sunlight, and then the power was soon ran
out.

{ weceleraﬁon
' \ Attitude quick adjusting

2 |
\ Optical coarse

" hazard detection

WHST~

WHE~

Hover for imaging and
\ I precise hazard avoidance

Wy C~

ul) Constant low
3 velocity descent

Landing area

Fig. 1 Soft landing process of Chang’e-3 lander (Wang and Liu 2016)
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Fig.2 Two images from Mars with large craters (white circles)

For tackling the issue, we proposed a novel approach for the section of optical coarse
hazard avoidance under the scheme of Chang’e-3’s landing process was proposed in this
paper. The flow diagram of the proposed approach is illustrated in Fig. 3, and we high-
light the contributions of the approach in four folds:

e Shadow and bright areas are detected for hazard detection, and a local threshold method
was proposed for obtaining shadow and bright areas.

e For getting the circular landing areas that are free of hazard threaten, Skeletons of haz-
ard-free areas are extracted, and take the intersections of more than three skeleton lines
as the centers of circles, Perimeter Extends (PE) was proposed to obtain radius of each
circle.

e Control constraints were applied to select the attainable candidate circular landing
areas. The control constraints include fuel consuming and the initial and terminal
states.

e (Cluster relations between landing area and hazard was proposed to avoid the final circu-
lar landing area is selected in closed environment. And then, a scoring method was pro-

Shadow
Areas(Binary)

Skeletons of Areas Circular Landing Areas in Candidate Landing Areas
with No Hazards No hazards Areas that Can be Accessible

Fusion Images

Original Image

The Final Circular
Landing Area

Fig.3 Flow diagram of the proposed approach
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Detection Detecn?n Shadow Filter out the
Input Image Isolated Intensity |1 and Bright Areas ™1 Tiny Hazards Hazards map
¥ with Local Threshold Y

Fig.4 Process of hazard detection

(b)

Fig.5 Images with the isolated intensities. a Long distance (NASA PHOTO near_20000919_large_anim);
b close distance (NASA PHOTO near_20000511)

posed for obtaining the final circular landing area by combining circle’s radius, connec-
tion among circles, circle’s texture, cluster relations between landing area and hazard.

The rest of the paper was organized as followed: Sect. 2 introduced a novel local thresh-
old method for shadow and bright areas detection. Section 3 introduced a method of find-
ing candidate circular landing areas. Section 4 introduced the method of obtaining the final
circular landing area. In Sect. 5, series of tests were conducted to test the performance of
the proposed approach. At last, the conclusion of the proposed approach was given.

2 Hazard Detection

Shadow and bright areas are formed by the obstacles under sunlight, and these areas are
obvious compare with others, therefore, obstacles can be detected by detecting shadow
and bright areas from a single image. In this section, an approach of shadow and bright
areas detection was proposed, it can be split into three parts as shown in Fig. 4: First, iso-
lated intensity detection was proposed to deal with some intensities that with large number
of pixels. Second, a local threshold method is proposed for obtaining shadow and bright
areas. Third, a method of filtering tiny harmless hazard was introduced.

2.1 Isolated Intensity Detection

Some intensities with large number of pixels may be harmful to the detection of shadow
and bright areas. Figure 5 illustrates two pictures of 433 Eros, getting the two pictures
were being in different spots and different illustration conditions. The left picture in Fig. 5
was taken at a long distance from the taken spot to the small body, carefully observe the
picture, we can find that nearly 2/5 that of the image is occupied by the dark space, the
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intensities of this part lie within the range from 0 to 10, however, the intensities in shadow
areas lie within the range from O to 60, therefore, the detection of shadow areas may be
affected by the part of space in image. In practical application, the dark space in image can
be seen as the background and extracted by analyzing the noise of background and CCD
(Charge Coupled Device) camera, however, in some cases, the areas with lower intensi-
ties cannot be seen as the background, such as the area in (b) of Fig. 5. We can find that
there were three huge craters in this picture, their intensities lie within the range from 0
to 5, however, the intensities of small shadow areas that surrounded the giant craters lie
within the range from 6 to 36. Therefore, it is crucial to detect this kind of intensity. For
addressing this issue as mentioned above, we named the intensities that with large number
of pixels “Isolated Intensity”, and a least square method was introduced to detect them, this
method has been introduced in our previous research [], now we summarize it in followed.

Let § denote a set that contains the number of each intensity’s pixel,
s(i) € S(i =0,1...255), which denotes the number of pixels about intensity i. Sup-
pose 7 is the fitting cure, and Z(i)(i = 0,1 ...255) is the value of £ that corresponds to
s()(i=0,1...255).

Lemma 1 Ler d(i) = s(i)) — ()i =0,1...255), if j is the isolated intensity, it must

satisfy:
1 —@G)-w? _
d@) > 0, e ¥ <<p 9]
2no
where
1 255
= — d(i
M= e 2; (i) )

255

1 .
o= \J 756 2; (d()—p)? 3)

255
_ 1 1 —W@=w?
P= %56 ¢ @

i=0 \/27mo

Proof Suppose d(j) is the distance from s(j) to £(j). If d(j) < 0, the number of pixels with
intensity j cannot affect the detection of shadow areas, however, if d(j) > 0, j may be the
isolate intensity, the distances d(i)(i = 0, 1 ... 255) approximately obey the normal distribu-
tion N(u, o), let p denote the average probability of d, if j is the isolated intensity in S, the
probability of d(j) must be smaller than p.

—@()-p?

2?7 < ﬁ/ 10 and d(j) > 0, j can be considered as the isolated

. . 1
In this paper, if me
intensity.

Figure 6 illustrates histograms of Fig. 5 and their fitting curves. The curve marked with ‘-’
is the histogram, and the curve marked with “*’ is the fitting curve. Most parts of histogram
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Fig.6 Histograms of Fig. 5 and their fitting curves. a The left picture of Fig. 5; b the right picture of Fig. 5

are fitted well, however, the distance from the histogram to the fitting curve is much larger
than the other parts when the intensities lie in the range from 1 to 10, therefore, the intensities
in this part can be regarded as the isolated intensity.

After the detection of isolated intensities, they are replaced by the mean intensity of origi-
nal image as shown in Fig. 7.

2.2 Local Threshold of Shadow and Bright Areas

A local threshold method was proposed for obtaining shadow and bright areas in this section.
At present, many similar methods (Huertas et al. 2006; Wei et al. 2017; Matthies et al. 2008;
Shao et al. 2008) were proposed, most of them detect shadow and bright areas by a global
threshold, although global threshold can be easily obtained, however, it is also easily affected
by noise and illumination changed. For addressing the issue, a local threshold method was
proposed, it made use of the combination of the global image mean and the standard deviation
of the pixels in a neighborhood of every point in the image.

Suppose f is an image of asteroid surface, in which, the isolated intensity has been replaced
by the mean of the image as discussed in Sect. 2.1, the local threshold method can be organ-
ized into 10 steps:

Step 1 Calculate the mean intensity:

M
N > Y fy) )

f:

Fig. 7 Isolated intensities replaced by the mean intensity of original image
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where M and N represents image’s height and wide respectively, f is the input image,
f(x,y) is the intensity of the point (x,y) in f. B

Step 2 Obtain two set by and b,, b, contains intensity that larger than f, and b, contains
intensity that less than f. Order b, in ascend and b, in descend.

b, :by()<f and b(i+1)>b(G) i=1..n, (6)
by i by()>f and b,(j+1)<b,(j)) j=1...n, (7)

where n; and n, are the number of low value and high value respectively.
Step 3 Let b, subtract f, get a new vector b’l, and b, subtract f, get a new vector b;~

b\(i) = by (i) —f ®)
by() = by() —f ©)
Step 4 Calculate the changing rate, and its average value v, and v,:

v v () =B+ 1) X W)= b X W) (10)

_ | ny /w—1
S Wl ; v (@) (1)
vy 2 () = by + 1) X W) = by x W) (12)

_ 1 ny/W-1
2= T > v (13)

J=1

where W =M X N /Img; sy 18 the step length, and Img;y i =256, i =1 -1, /W — 1,
j=1-ny/W-1
Step 5 Obtain the maximum L, in v, and L, in v,

L, = max(i|v,(@) > v)) (14)
L, = max(j|v,(j) < v,) (15)

wherei=1--n/W-1j=1--n,/W—-1
Step 6 Calculate the length scale:

pr=L;/(n /W -1) (16)

Py =Ly/(ny/W = 1) (17)
Step 7 Calculate the standard deviation fI' and f2':

nyXp,

h= \ > b2/ xp)) (18)
i=1
nyXp,

fH=Al D B0/, xpy) (19)
\ &
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Step 8 Obtain the global threshold 7 of shadow areas and global threshold 7, of bright
areas:

ty =f~f, (20)

ty=f +1, @1
Step 9 For each pixel f(x,y) in f, the local threshold of shadow and bright area is given
by:

Ty(x,y) = ptg—ad,, (22)

TB(-X7 )’) = ﬂzB + aéxy (23)
where a and f are the nonnegative constants, typically, =30, and f=1.5, 6,, denote the

) Oyy
standard deviation of the set of pixels contained in a neighborhood S,,.
Step 10 The shadow and bright areas can be detected by:

g(x’y) — { 1 l.ff(x’y) < Ts(x,)’)orf(x,)’) > TB(x’y)

0 if Ts(x,y) <f(x,y) < Tp(x,y) @4

where g(x, y) is a binary value, the equation is evaluated for all pixel locations in the image.
If g(x,y)=1, f(x,y) is the intensity belongs to shadow or bright areas.

2.3 Filter of Tiny Hazard

Noise and some tiny hazard (They are all called “Tiny Hazard” in this paper) can be fil-
tered, it is supported by two reasons: First, if they are small enough, they tend to be harm-
less to the lander, second, noise and tiny hazard may add computation in the following
part of landing area selection. For dealing with the issue, a size threshold was proposed in
this section. Let f denote the focal length of the CCD camera, d denote the distance from
the camera to the asteroid surface, and A denote the conversion coefficient between m and
pm. If the maximum length and width of a tiny hazard is L (/m) and S (/m) respectively as
shown in Fig. 8, the size threshold of tiny hazard in an image can be gotten from Eq. (25):

T e = SLOf/d) 25)

where T,,,, (/pixel) is the size threshold in the image.

Suppose d=100 m, f=0.02 m, L = S=0.5 m, and the size of each pixel is 10 pm,A=10
00%*1000/10=100,000. According to Eq. (25), the size threshold of tiny hazard T,,,,,= 100
pixels. So, for any hazard, if the imaging area image plane is smaller than 100 pixels, it can

be filtered.

3 Landing Area Selection

A landing site should be selected in the areas that are free of hazard after hazard detection.
However, the landing site selection is not just selecting a site in hazard free areas at ran-
dom, many factors should be taken into account: First, the selected landing site should be
far from the hazard. Second, the selected landing site should be as flat as possible. Third,
the selected landing site important instance is Spiral search (Jiang et al. 2015), which had
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Tiny Hazard ; H
L

Asteroid Surface

Fig. 8 The size relation of tiny hazard on Asteroid and image plane

been adopted in optical coarse hazard detection during Chang’e-3’s soft landing on lunar,
the process can be divided into three steps []: First, Determine the necessary minimum
area of safe landing, the minimum safe landing zone can be set with the size of the lander
or control deviation taken into account. Second, conduct the spiral search, which is imple-
mented outward centering on the center of every safe unit area, the search is performed
spirally outward until the meat with stopping condition. Third, the candidate landing sites
are selected according to the safe radius as shown in Fig. 9.

At present, the avoidance of closed environment (Such as the area located in the crater)
is not considered in most approaches, although the inner of closed environment on asteroid
may hidden many scientific secrets, as described in Sect. 1.2, it will take risk, including
information interruption, shortage of Solar energy and limitation of rover. In this section,
a new scheme of landing site selection based on closed environment avoidance was pro-
posed, the approach can be organized into 5 steps as shown in Fig. 10:

Step 1 Abstract skeletons from hazard-free areas.

Step 2 Abstract intersections of three lines as the centers of all the circular landing areas.

Step 3 Find circular landing areas in hazard-free areas.

Fig.9 Schematic of spiral search
strategy (Jiang et al. 2015)

..—<—‘(‘j Safe Unit Area
- . Unsafe Unit Area

Byl
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Factors for Closed Environments Avoidance
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Fig. 10 Process of landing site selection

Step 4 Select the candidate circular landing areas that can be achieved by lander
according to the control constraints.

Step 5 Determine the final landing area according to two kinds of factors. The first is
the factors for closed environments avoidance, including radius of circular landing area,
connectivity among circulars, and cluster relation between landing area and hazard. The
second is the factor of flatness, which can be reflected by the texture in the landing
areas.

3.1 Skeletons of Hazard-Free Areas

Morphological Skeletonization (Lantuejoul 1980) was applied to extract skeletons from
hazard-free areas. As we know that the center of circular landing area must be as far from
the hazard as possible, however, most of the hazard-free areas have an irregular shape,
which makes it hard to find the right centers of circular landing area, if testing every pixel
one by one, it will be time consuming. For addressing this issue, skeleton of hazard-free
areas was applied to find the centers of circular landing areas, skeleton is generated by
Morphological Skeletonization, this method can be considered as a process of controlled
erosion, it shrinking the image until the area of interest is 1 pixel wide. This can allow
quick and accurate image processing on an otherwise large and memory intensive opera-
tion. Figure 11 illustrates the sketch of skeleton and circles detected, A and B are the cent-
ers of detected circles with the maximum in radius, they located on the intersection of three
lines of skeleton, C is the center of actually circle with the maximum in radius. The center
of actually circle with the maximum in radius does not locate on the skeleton, however, the
different size among them is not obvious. So, the skeletons of hazard-free hazard can be
extracted for the circular landing areas detection, and the intersections of more than three
lines of skeleton can be seen as the centers of circular landing areas.

Figure 12 displays an example of skeleton extraction from hazard-free areas, (a) is the
original image, (b) is the hazard extracted with the proposed method that described in
Sect. 2. (¢) is the skeletons of hazard-free areas.
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Hazards

| The Detected Circle with
The Maximum Radius
Ed

»

Skeleton

The Actually Circle with
The Maximum Radius

e “a

Centers of Circles

Fig. 12 Example of skeletons extraction in hazard-free areas. a The original image (NASA PHOTO Near
image of the day for 2001 Feb 12); b hazard detected; ¢ skeleton of hazard-free areas

3.2 Extraction of Circles’ Centers

As described in Sect. 3.1, the intersection of more than three lines of skeleton is usually the
point that are far from the hazard compare with the nearby points of skeleton, and they can
be extracted as the centers of circular landing areas. For extracting such points, a method
based on convolution was proposed. Suppose Z is the set that contains the points of skel-
eton, and f(x, y) is the binary image of skeletons as shown in Eq. (26):

_J1fx,ynez
fly) = { 0 FGey) & Z (26)

If 6(x,y) is the mask, we can get the followed equation according to the convolution
formula:

a b
1
gy = — B D s 0f =5y =) @7

s=—at=—b

where m and n is the height and width of the mask respectively.

Figure 13 displays the difference between the intersection of three lines and the inter-
section of two lines when the mask is 2*2. We can find that if the mask located on the
intersection of three lines of skeleton, three are three pixels with the intensity of 255, and
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Intersection of three
lines

Intersection of two
lines

Fig. 13 Example of intersections of skeleton

the average intensity in the mask is 3 *#255/4=192. However, if mask locate on the inter-
section of two lines, there are only two pixels with the intensity of 255, the average inten-
sity is 2*255/4=128. So, threshold can be applied to detect intersections of three lines of
skeleton, in this paper, threshold was set to be 190. The detected intersections of more than
three lines of skeleton in (c) of Fig. 12 is shown in Fig. 14.

3.3 Circles’ Radius

PE (Perimeter Extend) was proposed for the calculation of each circular landing area’s
radius. As illustrated in Fig. 15, PE is similar with Spiral searching as depicted above. Sup-
pose O is the set of pixels of hazard in image, and P is the set of pixels of square landing
area in image, the size of the minimum square landing square is 5* 5, PE can be organized
into three steps:

Step 1 Take a minimum square landing area as the unit block on a center that detected
in Sect. 3.2

Step 2 Extends the minimum square landing area in all directions, the process stopped
untilO NP # ¢.

Fig. 14 Intersection of three lines
extracted
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The Center of Circular Landing Area

. Hazards

D Square Landing Area

Square Landing Area
- The Minimum Square Landing Area
L] (Unit Block)

Direction of Square Landing Area
Extend

\

E"’ | j. Q The Maximum Inscribed Circle of
/
"

Fig. 15 Sketch map of PE

Step 3 Take the maximum inscribed circle as the circular landing area of the center,
and the radius is equal with the half side length of the maximum square landing area.

3.4 Circular Landing Areas in Hazard-Free Areas

As we know that the shapes of hazard-free areas are usually irregular, the extracted
skeletons may contain too many intersections of more than three lines, and many of
them may be adjacent to each other. So, after the determination of centers and their
radii, we should select some of circles as the circular landing areas. The selection of
centers should satisfy two requirements: First, the selected centers should be as far from
the hazard as possible; Second, the selected centers should not be too close to each
other. So, we proposed a method that can be organized into 2 steps:

Step 1 Reorder the circles in descend by their radii, and then select M circle follow
the algorithm as shown in below.

Fig. 16 33 circular landing areas
were found in (a) of Fig. 12
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Initialization:
M : Number of selected circles, M = 0; N :The total number of detected centers;

R : Set of selected circles ‘radii, RS = ¢); RN : Set of none selected circles’ radii;

Ry =R(i=1,2---N);o,:Set of selected circles ‘centers, o, = ¢ ; o + Set of none selected circles’
radii, oy =o0(i=1,2---N); N :Currentlength ofoN, N =N; K :Counter, K=0.
Process:

While (K < N')do

R (i)=max(R );R =R +R(i);0 =0 +o, ;

[0

R =R -R(i);0o, =0, -0, (I);N‘ = length(R);
K=K+L,M=M+1,
forj=1to N do

if distance(o(j),0, ) < R (i) then

R =R —R(j)o, =0, —0(j), K=K+1;
end if
end for
end while
Output: M

Step 2 Select T circles from the M circles, the T circles should satisfy Eq. (28) as shown
in below:

M M
D r=r)20 and Y (g —r) <0 (28)
i=1 i=1

where r;is the ith radius in Rg, andi = 1,2 ... M.
Based on the method, 33 circular landing areas were selected from (a) of Fig. 12, the
result is shown in Fig. 16, circular areas were ordered by their length of radii in ascend.

3.5 Candidate Landing Areas that can be Accessible

The candidate landing areas that can be accessible by the lander should be selected after
finding the circular landing areas in hazard-free areas. As it was described in Sect. 3.4,
many areas that are satisfy the requirements of landing conditions can be found in hazard-
free areas, however, due to the control constraints, many areas cannot be accessible by the
lander. The control conditions include fuel consuming and the initial and terminal state.

3.5.1 Dynamic Model for Soft Landing
Let [xl, X5, x3] denotes the position of lander in fixed-body coordinate system, and

[x4, Xs, x6] denotes the velocity of lander. So, the probe state based on fixed-body coordi-
nate system can be written as:

x =[x, Xy, X3, X4 X5, X (29)
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The probe state equation (Xiangyu et al. 2004) is given by:

x-l Xy 6"1
% X5 5):2
X3 | _ X6 5):3
x'4 20xs5 + w*x; + U, +u, + 8y, (30)
. —2wx, + w*x, + U,, +u, 0,
5
x'f, ng +u, 5X6

where o is the spin rate of the asteroid, U, (i = 1, 2, 3) are the components of the gradient
of the gravitational potential U, which can be described in the followed (Zhang. 1998):

Gmm, < < T )n— = —
U= —— — | P,,sing [C,,m cos(mi) +S,,, sin(mA) 31
SN Gy

n=0 m=0

where Gm, is the gravitational constant of asteroid, m; is the mass of the lander, p is the
distance from the mass center of asteroid to the lander, n is the degree, m is the order,
;nm is the fully normally Legendre polynomials and associated functions, r, is the refer-
ence radius of asteroid, ¢ is the latitude, 4 is the longitude, E’nm and Enm are the coeffi-
cients of the potential, they are determined by the mass distribution within the asteroid.
u, (i=1, 2, 3)is the control accelerations on the three axis of fixed-body coordinate sys-

tem. 6,(i=1,2,...,6)is the errors of observation and perturbation accelerations.
3.5.2 Trajectory Plan

The trajectory of landing on the three directions of axis can be designed based on the initial
position and velocity, the end position and velocity. The detail of the trajectory plan on the
three directions of axis can be described as followed:

z-axis:

20) = 23 20) =205 &) =2, A1) =0 (32)
where z, and g denote the initial position and velocity of the lander, z, and Z denotes the

terminated position and velocity of the lander, T is the given time of soft landing on the site
from the initial position of the lander. The trajectory on the direction of z-axis can be rep-
resent by a curve:

2(t) = ag + a;t + ayt* + ayt (33)
Here, a,, a;, a, and a are the function coefficients.
Let Eq. (32) coincidence with Eq. (33), z(¢) can be designed as:
A0 =20+ 21+ (32, =32 = 25, DTV + Q2+ 2 T = 22,)¢/T) (34
Xy-axis:
For the hazard avoidance and scientific investigation in the process of approaching on
the landing site, the lander should arrive at the point that above on the landing site in a
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short time, if the time of arriving at the point that above on the landing site is designed to
be {({ < T), and the initial position and velocity of the lander on the directions of xy-axis
is:

x(0) = xp; X(0) = Xy ; x(T) = x,; x(T) =0 (35)

¥(0) = o1 Y(0) = 31 (T) = 3,2 ¥T) =0 (36)
The trajectory of curve on the directions of xy-axis can be designed as:

xm:{go+a€or+<3x,,—3xo—2x'oc><r/c>2+<2xo+)€o—2xn><t/c>3 INPED)

@) = { go + Yot + By, — 3y — 290 /O + 2y + yo —2y,)(1/$)? ; ; ¢ (38)

3.5.3 Constraint Conditions

To ensure the safe landing and meet the system design requirements, the following con-
straints are introduced.

The first is the initial state. The initial flight states of the optical coarse hazard detection
include the position and velocity of the lander, they are set according to the terminal state
of the previous phase (Attitude quick adjusting).

The second is the terminal state constraints. To ensure that lander accurately arrives at
the selected safe landing site and safely lands on the surface of asteroid, the terminal state
of the lander should meet the following constraints in the phase of optical coarse hazard
detection. As depicted in Eq. (29), suppose |x;, x,, x3] denote the position of lander in
fixed-body coordinate system, and [x4, X5, Xg| denotes the velocity of lander, the terminal
state can be written as:

{ x1(tp) = xp, %, (1) = ¥, X3() = 24 (39)

x4(tf) = fo,xs(tf) = Vyf,x6(tf) =z

where the terminal position x;, y, and z, are the position of the center of the final circular
landing area, the terminal velocity vxg, vy, and vz, are planned in advance.

The third is the process constraints. To guarantee the landing guidance feasible, the
height constraint should be satisfied. At the same time, the fuel consumption or control
accelerations should meet the followed constraints according to the design of the lander.

x>0

0 <u, <max(u,)
0 <u,, <max(u,,)
0 <u, <max(u,)

(40)

where max(uxl), max(uxZ) and max(ux3) are the max control accelerations on the three
directions of axis.

For illustrating the accessible region of the lander, we take landing 433 Eros as the
instance, the parameters of the asteroid and the state parameters of the lander are given in
Table 1. Suppose, the size of region is 800 * 800(/m), the accessible region and inaccessible
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Table 1 Simulation parameters

800

700

433 Eros physics parameters

GM (km?/s?) 4.46 x107*
[0} 0.019
Reference radius r(km) 16.0

Cy Cyy 0.03, 0.0038
CyCyy 0.0041, 0.0062
Cu 0.0051
Spacecraft parameters

m (kg) 100
Spacecraft initial state parameters

Xo Yo Zo (m) 0, 0, 2000
Xy Yo Zo(m/s) -1.2,02,-1.0
Spacecraft final state parameters

X¢ Yg Z¢ (M) 0,0,0

X Yr o Zp(mfs) 0,0,0
Error of state space

Error of observation (m) 100
Perturbation accelerations (m/s?) 0.0025

Time simulation parameters

T(6)E(s) 4000, 2500
PD parameters

KP(x, y, z) KD(x, y, z) 0.1, 1
Control accelerations constraint

max(u)(1 ), max(uXZ), max(uh) 0.8,0.8,0.8

600 | —
™ Inaccessible Region
500 | 1
Accessible Region ? . M
400 K .. .t . i
"\ "
300 |4 . . *s ]
. . . .
200 |4 . . 1
*
o‘ Py - % .
100 | @ 1
*a. -
. . *
0 - b NP . .

100

. I
200 300 400 500 600 700 800

Fig. 17 Accessible and inaccessible region

region are shown in Fig. 17, from which, it can be found that the accessible region is
[0-700] * [0-500], so, any center of circular landing areas located in accessible region can
be selected as the candidate circular landing area.
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3.6 The Final Circular Landing Area Selection

The final landing area should be selected after the selection of accessible circular land-
ing areas. All of the candidate landing areas are safety to the lander, however, some situ-
ations should be considered, such as the place in closed environment as depicted above.
For selecting an ideal landing area, two kinds of factors should be taken into account: The
first includes the factors for closed environments avoidance, such as radius of circular area,
connectivity among areas, and the cluster relation between landing area and hazard. The
second includes the factor for the flatness of landing area, such as the texture. For selecting
the final landing area, we proposed a Scoring method. This method will be discussed in
bellow.

3.6.1 Radius of Circular Landing Area

If circular landing area with larger radius, the center is more likely to be far from the haz-
ard. Because of the errors of control and observation, the actually final landing site don’t
be usually totally coincided with the designed position. So, for preventing the lander land-
ing in the hazard area, the radius of selected circular landing area should be as large as
possible.

Suppose K as the number of accessible candidate circular landing areas that were
described in Sect. 3.5, the normalization of radii can be expressed in Eq. (41):

K
ncri:rl./zri, 1:1,2K (41)
i=1

3.6.2 Connected Areas

After landing on asteroid, the rover that released from the lander will take a long journey
to carry out its mission. So, the circular landing areas should be connected, the more areas
connected, the longer distance the rover can reached. Connection among areas can also
reflect hazard’ distribution surrounded. Areas with more hazard surrounded tend to have
weak connection, in contrast, areas with less hazard surrounded tend to have more circular
areas connected. Connection among circular areas is defined in bellow.

Suppose there are three circular landing areas A, B, C, and oy, 05, 0 denote their cent-
ers. fANB# ¢, AnC = ¢and BN C = ¢ as shown in (a) of Fig. 18, A is connected with
B, however, neither A nor B have connection with C; If AN B # ¢ and BN C # ¢, however,
AN C = ¢ as shown in (b) of Fig. 10, A has connection with C. In this paper, Circles with
connection are called connected component, such as AB in (a), and ABC in (b). Single circle
has no connection with others is also called a connected component, such as C in (a), single
circle is considered having connection with itself. In this section, Breadth-first search 191 4g
applied for searching connected components

B
B 4
A C . C
(GG (B
(@) (b)
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Connected components is shown in Fig. 19, which displayed the connected components
that with yellow lines connected.

Suppose there are Q connected components among K accessible circular landing areas, the
quantitative description of each connected component can be expressed in Eq. (42):

k;
ac;= Y ared, i=12-k, j=12..0 42)
i=1

where ac; is the jrh connected component, k; denotes the number of circular landing areas
that the jth connected components has, area{ denotes the length of radius of the ith circular
landing area in the jth connected component.

The connectivity of each circular landing area is equal with the connected component that
it belongs, that means cc; = ac, where, cc; is the ith circular area in the jth connected compo-
nentj=1,2...K,j = 1,2 ... Q. Normalization of connected components can be expressed in
bellow:

K
nee; = cc; / Z cc, (43)
puy

3.6.3 Cluster Relationship between Landing Area’s Center and Hazard

Although the center of area with large radius is far from the hazard, however, it may be in a
closed environment, and closed environment may result in disasters as described in Sect. 1.2.
For dealing with the problem, a method was proposed for representing the cluster relationship
between landing site and hazard. Suppose there is a point P, and N hazard distributed in the
image. w; (i = 1,2 ... N) denotes the size of the ith hazard, it can be expressed by the summa-
tion of pixels of the ith hazard. Let d; denote the Euclidean distance from P to the ith hazard’s
center, in this paper, we regulate that: if d; < 10,then d; = 10. So, relation between point P
and hazard can be given in bellow:

N
wp =) wi/d; (44)
i=1

Fig. 19 Connected components
with yellow lines connected
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where wp is the cluster relationship between P and all the hazard.

Figure 20 illustrates the elevation of wp in Fig. 12. From which, areas with low value of wp
distributed fewer hazard, and these areas tend to be more far away from hazard compare with
areas with high value of wp.

In this research, cluster relation between circular landing area and hazard can be repre-
sented by wp of circular landing area’ center. Suppose there are K accessible candidate landing
areas, the normalization of wp can be expressed in Eq. (45):

K
new, = wp, / > wp; (45)
i=1

where wp; denotes the cluster relationship between the ith landing area’s center and all the
hazard.

3.6.4 Texture

Hazard detection has been discussed in Sect. 2, however, uneven areas can’t be detected. In
most cases, the smooth areas are flatter, and they have fewer rockets compare with other areas.
So, texture of landing areas can be considered as a factor on selection of the flat landing area.

Uniformity (Peng et al. 2010) is applied in this paper, the texture can be measured in
Eq. (46):

L-1
u=2p2(z,.), i=1,2...L (46)
i=0

where u is the uniformity measure, z is the random variable denoting gray levels, and p(z;)
is the corresponding histogram, L is the number of distinct gray levels. From Eq. (46), the
measurement is the maximum when all gray intensities are equal.

450
400
1350
300

250

[ 1200
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100

50

Fig.20 Elevation of WP
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Suppose there are K candidate landing areas, normalization of uniformity can be
expressed in Eq. (47):

K
nety = 1 / S @7

3.6.5 The Final Landing Area Selection

Influence factors of the final landing area selection have been discussed on above, each
factor is crucial in the process. However, how to select the final landing area in view of all
the factors is a problem. For addressing the issue, Fuzzy rule-sets were applied in many
researches (Junhua et al. 2010; Serrano et al. 2007), from which, each factor was divided
into 4 ranks: Great, Good, Bad, Very bad. For example, indicators of landing areas’ rough-
ness are [VS, S, R, VR], which stand for very smooth, smooth, rough, and very rough. But,
the ranks divided usually needed to be set manually, that may not be satisfied with the areas
that with complex unknown terrain. In this section, for the selection of the final landing
area, a solution based on scoring method was proposed. This method can be organized into
3 steps:

Step 1 Calculate the mean value of every normalized factor from accessible candidate
circular landing areas.

T T T ”
7=%;ri’&=%§“i’ﬁ=%§ W_=%Z wp; (48)

i=1

where K is the number of accessible candidate circular landing areas.

Step 2 Calculate score of each circular landing area.

The initial score of each landing area: scorei. =0,i=1,2...K, j=1,2,...n, n is
the number of influence factors. Then, each landing area’s score can be calculated from
Eqgs. (49, 50):

if r;>r then scorel' =1 else scorel' =0
if cc;>cc then score* =1 else score? =0 49
if uw;>u then scoreé’ =1 else score ? 0 (49)
if wp; <wp then score? =1 else score;t 0
n
— j P —
score; = Z score, 1= 1,2...K (50)

=1

Step 3 Output the final circular landing area.

Suppose N’ is the number of the circular landing areas with the maximum in score. If
N’ =1, the circular landing area with the maximum in score is the final landing area, if
N >1, let indl.1 = ncr;, indl.2 = ncc;, ind? = nct;, indl‘,1 = max(ncw;) — ncw,;, where
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n
i=1,2---N, calculate the summation: ind; =Y indf, and then take the circular landing
j=1
area with the maximum ind as the final landing area. In Fig. 21a and b illustrated the bar
graph of score and ind, from which, the 1st and 7st circular landing area have the maximal
value of score, however, the ind of the 1st landing area is higher than the 7st landing area,
so, the Ist landing area is selected as the final landing area. In Fig. 21c and d the circular
landing areas with the maximum in score and the final selected circular landing area.

4 Experiment

In order to validate the effectiveness of the autonomous hazard detection and avoidance
guidance strategy for safe asteroid landing addressed in this paper, numerical simulation
and analysis in MATLAB (2017a 64-bit version) environment has been carried out. All
computations were performed on a laptop PC of Intel(R) Core (TM) i5-5200 CPU @
2.2 GHz. The experiments were split into two parts, the first part is to test the performance
of proposed hazard detection, and the experiment will be conducted compare with gMET
(Maximum Entropy Thresholding, Huertas et al. 2006) and OSTU (Otsu 1979). The sec-
ond part is to illustrate the performance of landing area selection, in this part, numerous
images of various types of asteroid terrain would be taken to test, the types of asteroid
terrain include the landing area of Chang’e-3, the surface of Mars with huge crater, and
the surface of Mercury and 433Eros. In addition, due to the various control constraints for
different kinds of lander, we suppose all the locations can be accessible by the lander in the
range of vision in the followed experiments.

(d)

Fig.21 Circular landing areas with the maximum in score and the final landing area. a Score; b ind; ¢ The
circular landing areas with the maximum in score; d the selected final circular landing area
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(a) (b) (d)

Fig.22 Simulated asteroid surface images taken from Mars Hill with different light conditions. [] a
Azim:40° Incid:45°; b Azim:59° Incid:65°; ¢ Azim:311° Incid:40°; d Azim:7° Incid:30°

Fig. 23 Comparison on (a) of Fig. 22. a Original; b proposed; ¢ OSTU; d gMET

4.1 Comparison on Hazard Detection

For testing the performance of hazard detection this paper proposed, OSTU and a method
based on gMET are taken to make comparisons. OSTU was proposed in 1979, it is used to
automatically perform clustering-based image thresholding, the method assumes that the
image contains two classed of pixels that following bimodal histogram, it then calculates
the optimum threshold separating the two classes so that their combined spread is minimal,
or equivalently, so that their inter-class variance is maximal, some method based on OSTU
has been applied to detect hazard, especially the shadow of hazard (Matthies et al. 2008;
Shao et al. 2008). However, as depicted above, the method assume that the shape of histo-
gram is bimodal, if the histogram doesn’t follow this type, OSTU will be not suitable. Sim-
ilar with OSTU, gMET also assume the histogram follows the shape of bimodal, however,
this method finds the threshold based on the maximum entropy of the image histogram. In
reference (Huertas et al. 2006), gMET was applied to detect the shadow, and then calculate
the location and size of rock according to is shadow and light condition.

Aerial photographs of Mars Hill were acquired in 1989 to test landing hazard detec-
tion approaches. The site is useful because it has minimal vegetation and the rock distribu-
tion is similar to the ground of Mars (Huertas et al. 2006). Four images of Mars Hill that
acquired in different light conditions were given in Fig. 22. Figures 23, 24, 25 and 26 gave
the comparisons of the three method, in which, (a) are the results of proposed method,
(b) are the results of OSTU, and (c) are the results of the method based on gMET. From
the comparisons, it can be found that the performances of the three methods are similar,
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Fig.26 Comparison on (d) of Fig. 22. a Original; b proposed; ¢ OSTU; d gMET

however, compare with OSTU and the method based on gMET. The rock with bright area
can be detected, and all the shadow of hazard can be found under the proposed method.
With OSTU, there were many noise, and the location of rock cannot be detected. With the
method based on gMET, the detection of rocks should be under the given of light condi-
tions, such as the light direction. So, the proposed method can be applied to detect hazard.

4.2 Landing Area Selection in Different Types of Asteroid Ground

In this section, different types of planetary terrain were selected for experiment, they were
taken from Mars, Lunar, Mercury, Ceres and 433Eros as illustrated in Fig. 27. In addition,

@ Springer



98 R.Wei et al.

Fig. 27 Different types of asteroid surface from different planets. a Mars (Google Mars: 21° 2'17.67"N,
174° 3'36.19"W); b Mars(NASA PHOTO Arabia Terra Crater); ¢ Mercury (NASA PHOTO Small Craters
Peppering South Polar Region); d Ceres (NASA PHOTO Hakumyi Crater); e Lunar (Jiang et al. 2015);
f 433Eros [NASA PHOTO NEAR image of the day for 2001 Feb 12 (C)]; g 433 Eros (NASA PHOTO
NEAR image of the day for 2001 Jul 31); h 433Eros [NASA PHOTO NEAR image of the day for 2001 Feb
12 (F)]

due to the control constraints are various for the different kinds of lander, we suppose all
the locations can be accessible by the lander in the range of vision in our experiments, in
other words, the process of selecting landing area under control constraints would not be
considered in the followed experiments.

In Fig. 27a was taken from Google Mars, the location on Mars is 21° 2'17.67"N, 174°
3'36.19"W, the crater occupied most parts of the area in the image, the inner of the crater
is flat, and the fringe of the crater is obvious due to the sharp contrast between shadow
and bright areas. Figure 28 illustrated the landing areas selection for (a) of Fig. 27. From
which, it could be found that all the connection areas located around the fringe of crater,
including inside and outside parts of the crater. The crater occupied most parts of the areas
in the image, however, all the circular landing areas with the maximum in score located
outside of the crater. The final landing area was the area with the maximum in radius.

In Fig. 27b is the image of Arabia Terra crater on Mars, which was taken from Mars
by 2001 Mars Odyssey spacecraft on 2018-01-03 (NASA PHOTO Arabia Terra Crater).

Fig. 28 Circular landing areas selection in (a) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area
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(b)

Fig.29 Circular landing areas selection in (b) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

Fig. 30 Circular landing areas selection in (c) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

Similar with (a) of Fig. 27, the craters occupied most parts of the areas in the image, how-
ever, the fringes of the craters were not obvious, and the interior of the crater are not as flat
as the interior of crater in (a) of Fig. 27. Figure 29 illustrated the selection of landing areas
for (b) of Fig. 27. We can find that both inside and outside parts of the crater located the
connection areas, however, the 7th circular landing area, which located on the outside part
of the crater has the maximum in score in all the landing area, so, the 7th circular area is
also selected as the final landing area. In Fig. 27c is the image of small craters peppering
south polar region on Mercury, which was taken by Mariner 10 spacecraft on September
21, 1974 (NASA PHOTO Small Craters Peppering South Polar Region). Carefully observe
the image, we can find that numerous craters with different size located in the area, and
inners of the most craters are flatter than the other areas. Figure 30 illustrated the landing
areas selection, from which, expect two groups of connected areas located in the inners of
crater, the others all locate on the parts outside of the craters. The areas with maximum in
score all are outside of craters and the final landing area are flatter than the other areas.

In Fig. 27d is the image of Hakumyi Crater on Ceres, which was taken by the Dawn
spacecraft on August 20, 2015, from 915 miles (1470 km) altitude (NASA PHOTO
Hakumyi Crater). In this area, there are many craters, however, most of them are not
obvious, and they are not easily identified. Figure 31 illustrated the landing areas selec-
tion, from which, we could find that most of the connected areas located on the outside of
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Fig.31 Circular landing areas selection in (d) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

(b)

Fig.32 Circular landing areas selection in (e) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

craters, and the 1th and 5th are the circular landing areas with the maximum in score, and
the 1th circular landing area was selected as the final landing area.

In Fig. 27e was taken during the phase of Chang’e-3 soft landing, from 1 km’s altitude
(Jiang et al. 2015). Carefully observe the image it could be found that many different sizes
of crater located on this area, however most of them are easily detected because of the
contrast between shadow and bright areas. Figure 32 illustrated the landing areas selection,
all the connected areas distributed around the craters, the 2th and 14th circular landing
area have the maximum in score, and the final landing area is the 2th circular landing area,
which is just the target landing area that was selected as described in the reference (Jiang
et al. 2015).

In Fig. 27f-h were taken by NEAR-Shomaker spacecraft (Veverka et al. 2001)from 433
Eros on February 12, 2001 [NASA PHOTO NEAR image of the day for 2001 Feb 12 (C);
NASA PHOTO NEAR image of the day for 2001 Jul 31; NASA PHOTO NEAR image of
the day for 2001 Feb 12 (F)], (f) was taken at the height of 250 meters, (g) was taken at
the height of about 700 m, and (h) was taken at the height of 120 m. The area in (h) was
the final landing area of NEAR-Shomaker spacecraft. From these images we can find that
many stones with different sizes distributed in these areas, many of them can be easily
detected, the connected areas are all concentrated on the places with no hazard. In Fig. 33,
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(b)

Fig. 33 Circular landing areas selection in (f) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

Fig. 34 Circular landing areas selection in (g) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

the landing areas with the maximum in score are far from the hazard compare with the oth-
ers, and the final selected land area is the one with the maximum in radius in these areas.
In Fig. 34, the stones with large size concentrated on the edge position of the region in the
image, the landing areas with the maximum in score concentrated on the middle position
of the region, and the final selected is also the area with the maximum in radius in these
landing areas. In Fig. 35, the 3th, 8th and 12th are the landing areas with the maximum in
score, expect the 8th area located nearby the huge stone, the other two areas are far from it,
and the 3th landing area, which has the maximum in radius is selected as the final landing
area.

In Fig. 27, the average time consuming of (a—h) was about 15.6 s, the time consuming
was largely depended on the size of image, as we know that the time consuming is crucial,
if the time consuming is too long, it will lead to disastrous consequences, so the approach
should be simplified to meet the requirement of time limitation.

5 Conclusion

Hazard detection and landing area selection is crucial in the process of asteroid landing,
many approaches have been proposed, and some of them had been conducted success-
fully. However, at present, the avoidance of closed environment (Such as the inner of cra-
ter) is not considered in most approaches, for addressing the issue, landing area selection
based on closed environment avoidance from a single image during optical coarse hazard
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@ (b) ©

Fig. 35 Circular landing areas selection in (h) of Fig. 27. a Connected areas; b areas with the maximum in
score; ¢ the final landing area

detection is proposed in this paper. The approach is designed under the scheme of Chang’e-
3's landing process. It begins with hazard detection based on a proposed binary method.
And then, for searching the candidate circular landing areas, the skeletons of areas with
no hazard are taken into account, and then, control constraints are considered to select the
landing areas that are accessible by the lander. Finally, the final selected circular landing
area are chosen by a proposed scoring method, this method combines the factors of circular
areas, including circle’s radius, the connection among circular areas, circular area’s texture
and the distribution feature of circle’s center to all the hazard. For testing the performance
of the approach, experiments were conducted in different kinds of asteroid terrain, from
the experiment we can find that the approach can really select a landing area that are not
located in the closed environments. However, some issues still needed to be addressed,
they can be concluded as followed: First, time consuming of the approach doesn’t meet the
requirement of real-time, and the process of the approach is complex, it should be simpli-
fied to satisfy engineering requirement. Second, in some cases, the 3D features of landing
area cannot be reflected from a single image, an approach of getting 3D features should be
addressed.
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