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Terrain traversability analysis (TTA), the key to the navigation of planetary rovers, is significant to the safety of the rover.
Therefore, owing to its complexity, the Martian terrain is worth analysing comprehensively based on the terrain variability and
hazard level. In this work, we propose a novel method for terrain traversability analysis for the path planning of planetary
rovers by integrating Martian terrain geometry features with terrain semantic information, which includes geometry and
environmental perception (GEP). Specifically, we deploy semantic segmentation to classify common terrain types, such as
rocks, bedrocks, and sand, obtaining semantic information as one part of terrain traversability analysis at the same time.
Simultaneously, the point cloud is generated by using binocular images from the planetary rover navigation camera (Navcam)
to construct a 2.5D elevation map of the environment to analyse the geometric characteristics of the terrain. Besides, we
implement path planning based on the results of TTA-GEP. Overall, our proposed method improves the performance of the
terrain traversability analysis and reduces the risk of planetary rovers while detecting in an unstructured environment.

1. Introduction

Extraterrestrial planet exploration is an important research
direction in the field of aerospace, and patrol detection is
one of the important forms of exploration [1]. In particular,
when planetary rovers conduct exploration on the surface of
Mars, the extraterrestrial navigation of autonomous robots
faces severe challenges due to the great unknown, complex-
ity, and uncertainty of the unstructured Martian surface [2].
On the one hand, the terrain on the Martian surface is more
complicated and unstructured. On the other hand, due to
the limitations of technology and distance, we cannot obtain
all the information of the extraterrestrial environment.
Hence, hazardous and unstructured environments may pose
threats to planetary rover operations. Especially, sandy ter-
rain can cause the rover to sink into it and make it impossi-
ble to continue driving. For example, Courage was so deep in

it because of the sand that NASA had to abandon the explo-
ration mission. Furthermore, steep area can cause the rover
to roll over. Meanwhile, Curiosity’s wheels were damaged
by wear and tear due to the impact of rocks [3]. Therefore,
to guarantee the safety and extend the service life of the
planetary rover, the rover must bypass hazardous areas
during its travel, meaning that it will not have any collision
with obstacles. Thus, it is essential to enhance the ability of
the planetary rover to perceive and analyse its environment.
Since the geometric analysis of the terrain cannot deter-
mine the type of terrain, the planetary rover is unable to
avoid risky terrain types, leaving the rover in danger.
Therefore, our proposed method, integrating terrain geom-
etry features with terrain semantic information, can ensure
the rover’s own safety and reduce the dependence on
human commands by assessing the terrain around the rover
autonomously.
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In general, terrain traversability is employed to measure the
difficulty of crossing a particular area and can indicate the geo-
metric characteristics of the terrain like slope, roughness, and
height difference, which lays the foundation for proper path
planning in sophisticated environments; these geometric met-
rics are related to the optimality of the paths as well [4]. Several
studies have proposed geometric methods to estimate terrain
traversability. For instance, Tanaka et al. [5] analyse terrain tra-
versability based on fuzzy logic and use a fuzzy inference mod-
ule to convert traversability values into risk values, avoiding
uncertainty in sensor data and generating travelable directions
for mobile robots. Some researchers [6, 7] apply stereo vision
to the visual odometer and navigation system of the Mars
Exploration Rovers (MERs), using stereo vision to perceive
the geometric aspects of the environment. In another work,
Meng et al. [8] generate elevation grid maps using point cloud
data acquired by LiDAR, combining RANSAC and least
squares methods to estimate the geometric features of the ter-
rain. Some algorithms [9, 10] similarly construct a 2.5D eleva-
tion map using the data from a radar-acquired point cloud
and an odometer, which is subsequently used to derive traversa-
bility by evaluating roughness, slope, and step height. In addi-
tion, mobility is important in path planning. To satisfy the
field mobility of the lunar rover, two metrics of terrain, terrain
slope and terrain roughness, were considered by Ishigami [4].
However, in some cases, the sandy terrain and the flat terrain
are similar in height. Thus, the planetary rover can easily cross
the flat terrain while it is unable to cross the sandy terrain.
Apparently, the geometric approach ignores the semantic infor-
mation of its environment and does not incorporate semantic
information in traversability analysis. The pure geometric anal-
ysis ignores this important information. Consequently, it can-
not meet the actual mission requirements very well.

Meanwhile, some studies have acquired scene data from
sensors [11, 12] for semantic segmentation [13, 14] to obtain
semantic maps [15]. For example, Hosseinpoor et al. [16]
use aerial RGB images to segment images by different
threshold values of height. However, it is not sufficient to
analyse traversability by semantic information alone. For
instance, areas with relatively low altitude but uneven terrain
can equally pose difficulties to the traversability of rovers.

Hence, in this paper, to analyse the terrain traversability of
Mars’ unstructured terrain, we propose a novel fusion method
called TTA-GEP, in which we integrate terrain geometric fea-
tures with terrain semantic information, for planetary rover
path planning. Firstly, we build 2.5D elevation maps by stereo
vision, which are used to evaluate the geometric features of the
terrain. Secondly, a terrain classifier is used to enhance the ter-
rain traversability analysis via terrain types. Specifically, the
semantic information not only helps the planetary rover to
identify the terrain type of the scene but also improves the
ability to perceive risks to guarantee the safety of the mission.
Finally, we use TTA-GEP for path planning. As shown in
Figure 1, we use the Navcam images and camera matrix as
the input of our framework. The Navcam images are sent to
the terrain classifier for semantic segmentation which is used
to obtain the terrain types and generate the semantic map
for the terrain traversability analysis. The point cloud of the
place where the planetary rover is located is generated by Nav-
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cam images and camera matrix, which is projected into a 2.5D
elevation map. Then, we analyse the terrain traversability by
integrating geometry analysis based on the 2.5D elevation
map with semantic information by terrain classifier. Finally,
we use the result of the traversability analysis to plan the path
for planetary rovers.

In summary, our main contributions of this work are as
follows:

(1) A terrain classifier of the Martian terrain is realized
to identify the Martian terrain types and generate a
semantic map of Mars as well

(2) A method called TTA-GEP to estimate traversability
by integrating terrain semantic information with ter-
rain geometric features, including terrain types and
the geometric information acquired from elevation
data such as slope, elevation difference, and rough-
ness into the evaluation function is proposed

(3) We use TTA-GEP for rovers’ path planning, and
experiments indicate that the proposed method
improves the ability to perceive the environment
and reduces risks for the rovers

The remainder of this paper is organized as follows. In
Section 2, we describe related work. Section 3 introduces
our proposed TTA-GEP method. The simulation results
are reported in Section 4, followed by conclusions at last.

2. Related Work

2.1. Terrain Classification. For the planetary rover, the
unknown and unstructured environment makes its task
quite challenging. Besides, most of the Martian surface is
covered by loose soil; hence, planetary rovers driving on this
ground are prone to slippage, which affects operational
safety [17]. Furthermore, the planetary rover can perceive
the environment while driving. As a result, classification
based on terrain characteristics can further improve its abil-
ity to analyse its own traversability and consequently, avoid
the traversable risks arising from the terrain promptly.
Therefore, terrain classification plays an essential role in
improving the safety and operational efficiency of planetary
rovers. For example, Liu et al. [18] proposed a hybrid atten-
tion semantic segmentation (HASS) network, which aggre-
gates both local interclass and global intraclass contextual
information, comparing the terrain consistency of the same
class and considering the relationship between neighbouring
terrains simultaneously, to further improve the accuracy of
segmented classes. In another study, Rothrock et al. [19]
proposed soil property and object classification (SPOC),
which can classify planetary orbital images and planetary
surface images, respectively. The approach is successfully
applied in the traversability estimation for the rover and
Mars Science Laboratory (MSL) sliding prediction missions.
Additionally, Goh et al. [20] proposed a semisupervised
learning framework to improve the robustness of image
segmentation. Meanwhile, Swan et al. [21] created a
large-scale terrain classification dataset called Al4Mars for
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FIGURE 1: The architecture of our proposed method.

Mars. Brooks and Iagnemma [22] classified terrain through
vibrations caused by the interaction between the wheels of
the planetary rover and soil. This technique avoids the insta-
bility of classification generated by changes in light intensity
in vision-based classification methods. Further, Manduchi
et al. [23] classified terrain and detected obstacles based on
the inherent characteristics of different terrain types using a
stereo camera and a single-line radar. Finally, Halatci et al.
[24] integrated vision classification methods with sensor clas-
sification to improve classification accuracy.

2.2. Path Planning. Planetary rovers are capable of traversing
the planetary surface autonomously and rapidly, avoiding
obstacles effectively, and conducting exploration missions,
which is important to maximize their scientific value. In recent
years, with the development of semantic segmentation, there
exist an increasing number of techniques that combine terrain
classification with path planning. For example, Egan and G6k-
togan [25] proposed a traversability estimation algorithm for
path planning and control (TEAPAC) by integrating
obstacle-aware information and terrain classification results.
In another study, Ebadi et al. [26] used the DeepLabv3+
framework to segment the skyline in Mars images to automat-
ically estimate the planetary rover’s global position. Besides,
autonomous robots need to perform inspection tasks in a
nuclear storage environment. Hence, Wang et al. [27] pro-
posed to convert the obstacles distribution into a two-
dimensional binary map that includes the location and orien-
tation of the target points, which constructs maps that may be
used for path planning on the purpose of check. Additionally,
in [28], semantic information is considered during path plan-
ning. More specifically, the semantic information is integrated
into the navigation task to construct cost maps using semantic
information. Meanwhile, Chiodini et al. [29] proposed a tech-
nique to generate the 3D semantic map of the Martian envi-
ronment for trajectory planning and target identification by
using the stereo images acquired by the planetary rover as
input. In addition, Sadat et al. [30] proposed a neural net-
work architecture, which uses voxelized radar data and a
priori mapping scheme, to provide a probabilistic semantic
occupancy layer containing the current and predicted posi-
tions of obstacles and vehicles for autonomous vehicles in

urban environments. Subsequently, the model selects vehicle
trajectories from a set of motion primitives by optimizing a
cost function that includes safety-related penalty terms com-
puted via predicted semantic segmentation, driving comfort,
and other terms related to traffic rules independent of
semantic information. The two-dimensional semantic grid
in [31] is also used for traversability estimation to reach
the target location specified by the human operator in the
rescue mission through the D* path planning algorithm.

3. Technical Approach

In this section, our proposed method is described by mod-
ules. In Section 3.1, the method to generate the 2.5D eleva-
tion map from the point cloud is presented. In Section 3.2,
we present the method to classify the terrain by using deep
learning. Terrain traversability analysis is introduced in Sec-
tion 3.3 while path planning is in Section 3.4.

3.1. Environment Representation. When constructing the
configuration space of a robot using grid maps, the conven-
tional approach divides the entire map into the obstacle and
obstacle-free areas. To be more specific, for one grid there
are two states, including both the obstacle and obstacle-free
[32]. Thus, if there is an obstacle in the grid, this grid is
marked as an impassable area; conversely, the grid is marked
as an obstacle-free area that is passable. However, the plan-
etary surface terrain is complex with significant unstructured
features, and the above map representation obviously cannot
sufficiently reflect the planetary surface environment to meet
the requirements of planetary rover operation in the Mars
scenario. To fully represent the terrain features of the plane-
tary surface, we adopt a 2.5D grid map for the map represen-
tation of the Martian surface.

Furthermore, the planetary rover is equipped with
Navcam including left one and right one. The binocular
images are obtained by the Navcam. Besides, the point
cloud is generated by stereo matching [33] when the ste-
reo images (Iycp>Incr) are rectified. After that, the point
cloud is mapped to the grid map after filtering the noise
and downsampling to reduce the number of point clouds
by using RANSAC [34]. However, since the 3D point



cloud generated based on binocular vision recovery is sparse in
some regions far away from the Navcam, the data needs to be
preprocessed. Hence, we adopt the inverse distance weighting
method [35] for the interpolation operation, which is a
weighted average interpolation method to reduce the impact
of missing information on the accuracy of the map. Specifi-
cally, this method considers that any observation has an
impact on the neighbourhood, and the smaller the distance,
the greater the impact. It can be expressed by

S
ST (”

where Z is the estimated value of the height; Z; is the height of
the samples (i=1,2,3 ---, N); D; is the distance of the sample
from the unsampled point; and p is the power of the distance.

3.2. Terrain Classifier. The semantic segmentation of the ter-
rain is one of the important parts of the whole framework by
semantic segmentation. Specifically, through the classifier,
each pixel gets a label with a predefined terrain class when
inputting a Navcam image. It means that the planetary rover
can classify the terrain and achieve a more comprehensive
understanding of the terrain where the rover is located, such
as sand, rocks, and soil. For planetary rovers, mountains,
rocks, and sand are obstacles; sand is geologically soft and
can cause wheels to sink, which threatens the safety of plan-
etary rovers, all of which are impassable. In this work, three
different deep neural network architectures, HRNet [36],
SegFormer [37], and DeepLabv3+ [38], were tested and
compared. HRNet maintains high-resolution information
of images while reducing the loss of details. Deeplabv3+,
including hole convolution with multiple hole rates,
increases the receptive field and improves the ability to
extract semantic features. Segformer, introducing the archi-
tecture of transformers [39, 40], has a global receptive field,
which is more robust but more difficult to train. We selected
HRNet, and the results of our experiments in Section 4.1
show that it achieves better performance. In addition, the
dataset is S°Mars [41], which has 6000-labeled images con-
taining nine labels of soil, bedrock, rock, rover, sky, ridge,
trace, sand, and hole. The detailed descriptions of these nine
classes are given in Table 1.

The label of each point P;(x, y,z) of the point cloud is
generated from the pixel (1, v) of the Navcam images. More
so, the scale of the elevation map and the point cloud is not
the same. When projecting the point cloud, each grid will
contain several points P; which correspond to different
labels L;, and each grid only has one height value and one
label; thus, it is necessary to match the point cloud data
and labels in one grid. Furthermore, we divide it into the fol-
lowing three cases. First, if there is only one point in the grid,
the height of the grid is the height of this point, and the grid
label is the label of this point. Second, if there are two
points in the grid, the height of the grid is taken as the
height of the higher point, and the grid label is the label
of the corresponding point. Third, if there are more than
two points in the grid, the height of each grid is sorted,
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TaBLE 1: Mars terrain types.

Class Description

Soil Martian soil, flat and yellow-black in color.

ok Sttt nd o

Rock Stones that are large in size and
completely exposed to the ground.

Rover The body of the planetary rover.

Sky Martian sky.

Ridge Mountains in Mars.

Trace Wheel trajectory.

Sand Sandy region.

Hole Traces left by the planetary rover during sampling.

and the middle height is taken as the height of the grid;
and the grid label is the label of the corresponding point.
Currently, the above-proposed strategy can meet our
requirements. However, how to handle the grid data more
reasonably and match the labels of each grid needs our
further research.

3.3. Terrain Traversability Analysis. Terrain traversability
analysis is an indispensable part for the path planning of
planetary rovers. To analyse terrain traversability, we can
obtain three terrain features [42] from the elevation data,
which includes slope [43], roughness, and elevation differ-
ence. However, when analysing digital elevation maps, topo-
graphic features cannot be precisely reflected if only one grid
is considered at a time. Therefore, we utilize the window
method to analyse a grid as the center and analyse the grid
in the window area of this grid as a whole to reduce the error
and improve the accuracy. First, we need to fit the window
area to the plane shown in Figure 2.

Suppose that there are N grids in each window, the coor-
dinate of each grid G;; is (x;,y;), and the corresponding
height of the grid is z;; then, the fitting plane is shown in
Eq.(2) as follows:

Ax+By+Cz+D=0, (2)
that is
z=ayx+ay+a,, (3)

where z is the height of the fitting plane, and by the least
squares method, we should find a, a,, 4, to minimize S.

M

S= Z [(@oXk + ayyy + a,) — Zi]z’ (4)
k=0

where M means the total number of grids in each window.
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The partial derivatives of a,, a, a, are given as follows: Thus, the roughness R; of each gird is given by
Zz(aoxk +ayt+a,—2z)x.=0 o yM g2 o)
i = \/ ‘
ZZ(ank +aye+a; =)y =0, (5) M
ZZ(LIOXk +ay,+a,—z;)=0 The height difference H of the terrain is obtained from
the maximum value H,, and the minimum value H,;, of
convett to mattix form as follows: the elevation in the fitting plane, which is given by
H=H. _—-H.. . 10
Zxkz Zxk)’k Zxk a, Zxkzk e (10)
2 = Before analysing terrain traversability, we set thresh-
X a | = z . (6) ysing V>
z Kk Z)’k Z)’ k 1 Z W olds for slope, roughness, and elevation difference, respec-
Zxk Z)/k M a, sz tively. If any geometric feature of any grid exceeds the

corresponding threshold, it will be marked as impassable.

When the planetary rover moves, it is necessary to main-
tain a safe attitude. It is known that the current attitude of
the planetary rover is P, = (Cpich» Cron); the safe attitude
does not exceed Py,g. = (Spich» Sron); and the safe attitude of
each grid is judged by

Using Cramer’s rule, we can find a,, 4;, a,, and the normal
vector of the fitting plane is 7g, = (a,, a,,~1).

Since the normal vector of the horizontal plane Z=0
is n_Rp)= (0,0,1), the angle 0 between the fitting plane
and the horizontal plane, which is the slope angle 6
is given by

slope>

Cpitch + eslope > Spitch’

(11)

ol X1 ? 1 Croll T eslope > Sroll-
O gope = 0 = cos™ R L —
slope =Y — — — - :
/a2 tal , . -
[ [|*| 755 | ag* +a,”+1 If either of the two equations above is satisfied, the cur-

(7)  rent grid is impassable and the maximum cost is assigned

to this grid.
Specifically, the roughness of the terrain may be char- Furthermore, the hazafd level of Flifferent térrain types
acterized as the root mean square of the fitting plane, and for planetary rover operation determines the different ter-
the window method is used to evaluate the roughness of rain costs of each grid. Particularly, soil offers the least resis-

each grid as well. The distance from each grid in the win- tance to the wheels; thus, it is the most desirable and the
dow to the fitting plane is given by least risky terrain for planetary rovers. Specifically, a bed-

rock, which is not exposed to the ground, will cause wear
and tear on the wheels. In addition, rocks, ridges, and sand
(8)  are not considered as traversable regions, giving them the

_ |agXi + a1y + a; — 2|
2 2 . ;
Vgt +ar+1 highest cost. Thus, these areas should be avoided when

d
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(a)

(b)

FiGure 3: Child nodes. (a) Classical A* algorithm. (b) Hybrid A*.

running. Additionally, different terrain types mean different
terrain costs, and the cost is assigned to each type according
to our requirements; hence, the terrain semantic cost S, of
each grid is matched with the label of each grid.
Meanwhile, planetary rovers work in complicated envi-
ronments, where a single metric of traversability cannot rep-
resent traversability well. Therefore, we integrate the terrain
geometric metrics with metric of terrain types in the traver-
sability evaluation function. Additionally, when planning the
path, this function integrates the influence of different indi-
cators in each grid, and the evaluation function is given by
CGEP = apseslope + ﬁPrRij + yPhH + 6Ptcstc’ (12)
where Cgpp represents the cost of each grid, P, P,, Py,
and P, are the weights to set the priority of terrain slope, ter-
rain roughness, height difference, and terrain semantic
information, respectively, and a, 3,9, 8 € [0, 1] are the nor-
malization coefficients. For example, the planetary terrain
is complex and when slope is large, there is a possibility of
side-swiping. Therefore, slope cost has the greatest effect
on the cost of the whole grid compared to other types of
cost. Then, P, should be set to the maximum of the four

S

values. Consequently, the sum of this weight is 100%.

3.4. TTA-GEP for Path Planning. Typically, the classical A*
algorithm [44] only finds an optimal path given the start and
end points but does not consider the kinematic constraints
of the vehicle. Conversely, hybrid A* [45] combines the kine-
matic constraints of the vehicle with the classical A* algorithm
to satisfy the nonholonomic constraints of the vehicle. In this
work, the planning algorithm we adopt is based on a variation
of hybrid A*. Additionally, we use space-contiguous to extend
the child node as shown in Figure 3. Specifically, the grid in the
center denotes the parent node while the other points sur-
rounded represent the subnodes. Figure 3(a) shows the eight
subnodes to be extended in classical A* algorithm, which are
in eight directions of the center grid. Shown in Figure 3(b)
are the six child nodes of hybrid A*, whose positions are
located anywhere around the center grid, meaning that they
satisfy kinematic constraints. The extension of the nodes is
based on

f(n)=g(n) +h(n), (13)

where g(n) is the accumulated cost of the path from the start
to the current node n; and h(n) is the estimated distance

TaBLE 2: IoU(%) of SegFormer, DeepLabv3+, and HRNet on
S°Mars.

Network SegFormer DeepLabv3+ HRNet
Soil 63.91 79.29 81.47
Bedrock 85.2 91.08 90.97
Rock 2.41 19.28 14.84
Rover 40.5 79.37 86.51
Sky 78.57 89.38 90.53
Ridge 73.93 88.78 89.95
Trace 6.7 75.72 75.71
Sand 66.73 71.39 74.2
Hole 0 0 0
mloU 46.44 66.03 67.13

between node n and the end, which can provide informa-
tion about the distance between the node to be extended
and the end; thus, improving the search efficiency and
avoiding blind search. Furthermore, we do not consider
the situation of reversing according to the requirements of
our mission, and we use the heuristic distance of holo-
nomic with obstacles by

h(n) = max (x(n) - x(g)\, v() ~ ¥(9)])
+(V2=1) min (jx(n) ~x(g)l, ly(n) - ¥(g)])-
(14)

Moreover, the complex terrain of the Martian surface
requires the consideration of terrain traversability in addi-
tion to the optimality of the paths in terms of the dis-
tance and extension of the nodes while satisfying the
nonholonomic constraints. Therefore, g(n) is redesigned
in conjunction with our proposed TTA-GEP. It is given
by

g(n)=g(ny) + Coe(nc) + S(mp ), (15)

where g(p) is the cost of the parent node n,; Cgpp(,, 1)
is the terrain fusion analysis cost from the parent node n,
to the child node 7, obtained from Eq.(12); and S(n,, n,
@) is the steering cost from the parent node 1, to the child
node 7, and ¢ is the angle between the node n, and n,.

P
Since the motion of the planetary rover is constrained by
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FIGURE 4: Some examples of semantic images predicted by our terrain classifier on S>Mars. The first line shows source images. The predicted
images are on the second line. The label of each class is shown at the bottom.

the minimum radius R, of turning, there exists a corre-
sponding maximum angle 6, of steering for its change
of heading. The formula is as follows:

L
tan (6) = o (16)

where L means the length of a rover.

Meanwhile, when extending a child node, it is necessary
to determine whether the angle between the parent node and
the node to be extended exceeds the maximum steering
angle. when exceeding the maximum angle of steering, the
node is given a high cost. Therefore, the steering cost is given
by

we, @<0

ma’>

S(ny ne, ) = { (17)

inf, >0,

where « is the normalization coeflicient and inf represents
the high cost.

4. Experiments

4.1. Terrain Classification. We trained our terrain classifier
on NVIDIA GeForce RTX 3090 GPU by using Pytorch.
Besides, the training set and test set are 80% and 20%,
respectively. In addition, the source images are RGB images
with a resolution of 1200 x 1200. Specifically, the image is
cropped to a resolution of 512 x 512 as the input to the net-
work. The output of the network is a color semantic mask
with the same resolution as the input. Meanwhile, we
applied data enhancement techniques such as cropping, mir-
roring, and resizing to improve the accuracy of training and
the robustness of the model against changes in the styles of
images. For the semantic segmentation, we tested on the
three networks mentioned above; and we evaluated the per-
formance of the network using the mean intersection over

union (mloU), given by

1< TP
IoU= Y- ¢ 18
o CZTPC+FPC+FNC (18)

c=1

where TP, FP_,andFN, denote the number of true posi-
tive, false positive, and false negative predictions for each
prediction class, respectively, and C is the total number
of classes.

Table 2 displays the test results of the three network
architectures on S°Mars. Compared with other classes, the
three networks perform better on soil, bedrock, sky, ridge,
and sand, which have a better predictive accuracy. The rea-
son for this is that these terrain types have distinct features,
and the textures are easy to distinguish. For the prediction of
soil, rover, sky, ridge, and sand, HRNet performs better than
the other two networks. Besides, in terms of mIoU, the over-
all performance of HRNet is significantly better than the
other two networks. Due to the complexity of the trans-
former architecture, training Segformer can be more chal-
lenging than the other two segmentation models. As
shown in Figure 4, the first line shows the source images
while the images predicted by HRNet are on the second line.
Furthermore, the IoU of rock is low, because there are more
samples of bedrock and fewer samples of rock in the dataset.
Meanwhile, the IoU of hole is 0, which is caused by the obvi-
ous lack of samples as well.

4.2. Environmental Construction. Based on the method of
environment construction mentioned above, we input the
camera matrix and binocular images acquired by the Nav-
cam to construct a 2.5D elevation map with the point
cloud generated by stereo matching. The size of each grid
map is 2000 x 2000 and the resolution of each grid is
0.02x0.02m?. In addition, we visualize the map by
OpenGL [46], and the top view of the 2.5D elevation
map is shown in Figure 5(a). Specifically, the methods
we adopt clearly reflect the information regarding the
Martian surface terrain and contribute to subsequent tra-
versability analysis and path planning. Figure 5(b) shows
the semantic map, which integrates the labels with the



Green region
represents bedrock.
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FiGuURrk 5: The top view of the 2.5D elevation map. (a) The 2.5D elevation map without semantic labels. (b) The 2.5D elevation map fused
with the semantic labels. The green region represents the Martian surface is covered by bedrocks.

2.5D elevation map. The green area is the region of bed-
rock; and the fusion of terrain labels and elevation maps
can help us further identify terrain types and what the
environment is like while the rover is running.

4.3. TTA-GEP and Path Planning. We validate the effective-
ness of our proposed method in the environment con-
structed in Section 4.2. In this experiment, parameters
needed are recorded in Table 3. More specifically, the cost
of traversability is displayed in [0, 1] with different colors
as shown in Figure 6, where the value of the red area is
one, which represents completely impassable. The remaining
areas are passable and the boundaries are indicated by yel-
low and green.

In Figures 6(a) and 6(b), the results of the terrain tra-
versability analysis are obviously different under the same
configuration of parameters. Particularly, the red area in
Figure 6(b) is obviously larger than that in Figure 6(a).
Combining the results of Figure 5(b) semantic and eleva-
tion map fusion, the concentrated green bedrock region
near the rover is reflected in the corresponding position
in Figure 6(b). It means that our method has the ability
to complement the performance of terrain traversability
analysis. But for some of the green areas of bedrock,

TaBLE 3: The configuration of parameters.

Parameter Value

L (cm) 150

Ry (m) 5

P, Py, Py, and P, 0.5, 0.25, 0.15, and 0.1
Spitch and s,y (deg) 15, 15
Threshold of height (cm), 15, 10, 3

slope (deg), and roughness (cm)

which are small and far away from the planetary rover,
they are not fully represented in Figure 6(b), because the
point cloud generated is affected by the accuracy of stereo
matching and lack of data caused by sparse of point
clouds. However, the impact of this problem may be
solved by improving the accuracy of the stereo matching
or updating the map in time after the planetary rover
travels a certain distance. Overall, the better performance
of our proposed method improves the ability to perceive
the environmental risks and reduce possible risks.

What is shown in Figure 7 is the results of classical A*
algorithm and our proposed method for path planning with
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FIGURE 6: Results of terrain traversability analysis. (a) The result of terrain traversability analysis only based on geometry. (b) The result of

(b)

terrain traversability analysis by our proposed TTA-GEP.

0.9

0.8

0.7

0.6 —

0.5 —

0.4 —

0.3 —

0.2

0.1

0

FIGURE 7: Results of path planning based on TTA-GEP compared with classical A* algorithm. The line in white uses classical A* algorithm,

Start
Destination
Impassable region

A*
Our method

and that in orange employs our method.
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TaBLE 4: The comparison of the numerical results between the
classical A* algorithm and our method in the environment
(Figure 6(b)). The time here refers to the expected running time
of the planetary rovers from the start point to the end point.

Method Time (s) Length of path (m)
A* algorithm 364.21 12.13
Our method 348.47 13.61
Change (%) -4.32 +12.20

the setting in Figure 6(b), where S represents the starting
point and D represents the end. In Figure 7, we can see that
classical A* algorithm only considers the cost of distance
and has no kinematic constraints. Thus, the planned path
is shorter and takes the form of straight lines. Our proposed
method meets kinematic constraints and considers not only
the geometric features of the terrain but also the influence of
different terrain types. Table 4 shows the expected time of
execution of planning and the length of paths for both
methods at the same starting and ending points. Compared
to classical A*, our method has a 4.32% decrease in planning
time and a 12.2% increase in the length of the path. How-
ever, the increase in the length of the path makes the opera-
tion of the planetary rover safer, which is worthwhile. Thus,
TTA-GEP is a conservatively analytical method to analyse
terrain traversability. In addition, it can improve the safety
of the path and extend the service life of rovers.

5. Conclusion

In this paper, we propose a novel method called TTA-GEP
to analyse terrain traversability by integrating terrain geom-
etry with terrain semantic information. The terrain classifier
is built on HRNet, and the model is trained by using a data-
set called S°Mars containing nine labels of soil, bedrock,
rock, rover, sky, ridge, trace, sand, and hole. When inputting
a Navcam image, the classifier gives each pixel of the image a
terrain type which has an impact on the terrain traversability
analysis. This method enables autonomous terrain classifica-
tion to identify hazardous terrains and integrate terrain
semantic information and terrain geometric features to ana-
lyse terrain traversability, compensating for the shortcom-
ings of analysing traversability relying only on geometric
analysis or terrain semantic analysis. Furthermore, we plan
paths based on TTA-GEP by using a variant of hybrid A*.
Since the real environment is more complicated, the valida-
tion process simplifies the analysis by imposing constraints.
Opverall, we achieved the expected results in the experiments.
A series of experiments indicate that TTA-GEP is an effec-
tive method for terrain traversability analysis in unstruc-
tured Martian surface, which improves the safety not only
for the path but also for rovers. In future work, our method
may be combined with spacecraft attitude controllers [47] to
further enhance the safety of spacecrafts. However, in more
complex environments, our approach may face more chal-
lenges; and thus, we need to continuously improve the valid-
ity and robustness of our approach in our future work.
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