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Abstract: Accurate perception of the detected terrain is a precondition for the planetary rover to
perform its own mission. However, terrain measurement based on vision and LIDAR is subject
to environmental changes such as strong illumination and dust storms. In this paper, considering
the influence of uncertainty in the detection process, a vibration/gyro coupled terrain estimation
method based on multipoint ranging information is proposed. The terrain update model is derived
by analyzing the measurement uncertainty and motion uncertainty. Combined with Clearpath Jackal
unmanned vehicle—the terrain mapping accuracy test based on ROS (Robot Operating System)
simulation environment—indoor Optitrack auxiliary environment and outdoor soil environment
was completed. The results show that the proposed algorithm has high reconstruction ability for a
given scale terrain. The reconstruction accuracy in the above test environments is within 1 cm, 2 cm,
and 6 cm, respectively.

Keywords: planetary rover; terrain mapping; vibration/gyro; measurement uncertainty; motion
uncertainty; field test

1. Introduction

The planetary rover has different design requirements and configuration standards according to
different task types and functions. As a key part of several subsystems, the navigation system provides
the rover device with the ability to sense the environment. By carrying external sensing module
(e.g., vision, lidar, etc.), the rover can acquire the structural features of the surrounding environment.
Besides, the internal sensing module (e.g., inertial measurement unit, odometer, etc.) can be used to
obtain the rover’s relative positional relationship with the environment. Lastly, through the fusion of
multiple sensing modes, the rover’s global perception of the environment can be established. This is
also well validated and applied in practical tasks such as the Spirit, Opportunity, etc. [1,2].

As the detection task becomes more complex, the detection time is longer, and the corresponding
detection distance is also extended. This requires the rover itself to have accurate localization and
environment reconstruction capabilities, providing accurate input to the planning system, which can
optimize tour path to avoid the danger of obstacles and maximize the value of the mission. How to
obtain high-precision and large-scale terrain sensing information in an unknown, a complex and
dynamic environment, like planetary, is particularly important, which greatly affects the success or
failure of the rover mission, and thus has become a research hot spot in this field [3-5].

The research on terrain perception can be analyzed from three aspects, namely sensor selection,
algorithm and application [6]. First of all, in terms of sensor selection, the sensors used from the
early stage are vision and lidar, and gradually developed to multisensor fusion. In 2007, Olson [7]
achieved high-precision interframe matching in the vicinity of the rover by beam adjustment based
on a large number of images taken during the in-orbit and rover process, and realized long-distance
terrain reconstruction using wide baseline binocular vision, which purposed a possible solution to
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the realization of Mars long distance rover navigation. In 2011, Barfoot’s [8] team of the University of
Toronto applied SLAM (Simultaneous Localization and Mapping) technology to planetary exploration,
and achieved accurate global terrain estimation through laser radar and odometer compensation.
The sparse feature method and batch alignment algorithm purposed in this research effectively
solved the robustness problems of feature association and measurement outlier. Carrio et al. [9]
proposed a SLAM terrain fusion estimation method based on a visual odometer, IMU, and wheel
odometer. The innovation of the method is that it reconstructed the terrain through multisensor fusion,
and improves the estimation accuracy by predicting the non-systematic error caused by the wheel
interaction with odometer error model based on Gaussian process. Shaukat et al. [10] also proposed
a fusion strategy of vision and lidar, and verified the advantages of this model in terms of distance,
flexibility, and precision.

Secondly, in terms of the development of algorithms, the algorithm gradually evolved from
the previous triangulation and filtering optimization to machine learning and biological inspiration.
Lietal. [11] purposed a topological terrain estimate of the Spirit near Gusev Crater based on beam
correction and generated a digital elevation map based on Ortho Maps. In 2013, the MRPTA
(Micro-Rover Platform with Tooling Arm) project initiated by the Canadian Space Agency [12] realized
the minimum sensor configuration-based terrain construction, proposed a local grid representation
centered on the rover and used the map manager achieve the fusion management of measurements
at different times. All of these works helped to achieve a globally optimized terrain representation.
Later, Bajpai et al. [13] from Surrey University proposed a monocular-based planetary simultaneous
localization and mapping technology (PM-SLAM). The innovation of this method was that it was
inspired by the detection of biological semantic features and proposed visually significant model.
First, this model gave a method for generating mixed marked features based on the point description,
and then used the features estimate terrain state. The test results of multiple scenarios showed
that the method could effectively improve the robustness of visual perception. At the same time,
with the continuous development of deep learning and convolutional neural networks, more and more
algorithms are applied to the rover mission [14].

Finally, in terms of application changes, the application gradually evolved from the initial terrain
estimation to geographical environment modeling and scientific attribute detection. The overall
trend is still more inclined to multisensor fusion terrain estimation that does not rely on the external
environment condition. In 2017, Gonzalez et al. [15], from MIT, purposed a machine learning-based
sliding detection method in the state of relying only on the internal sensing module to solve the sliding
problem that rovers may encounter during the planetary exploration process. On one hand, since this
method still used the original internal sensing device, the complexity of the system does not increase.
On the other hand, it improves the adaptability to lighting conditions and compared and analyzed
the detection validity of the supervised and unsupervised learning methods in the actual verification
process. Recently, the research on the estimation of the surface structure of the planetary have made
some achievements, and gradually extended to the next stage, namely multiattribute status terrain
estimation. This new form of estimation is not only concerned with whether the ground flat or not,
but also pay attention to fuse feature attributes such as hardness and material, etc. Deng’s [16] team,
from the Harbin Institute of Technology, proposed a new idea of using the equivalent stiffness to
characterize the pressure characteristics of the terrain and the friction angle to characterize the shear
characteristics. They also proved that the interaction mechanics model between the wheel and the
soil and the contact model for calculating the force between the wheel and the rock is equivalent,
and purposed a digital elevation map with physical properties.

In addition, the terrain reconstruction problem is also a research hot spot in the field of ground
robots and unmanned driving. As early as 2002, Professor Sebastian Thrun from Carnegie Mellon
University gave a literature overview based on robotic drawing, and compared and analyzed a variety
of different probability-based implementation methods. This work serves as a very representative work
in the field, providing follow-up technical development support [17]. Bresson et al. [18] gave a literature
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overview of the development of SLAM technology and analyzed the current development trend of
autonomous driving. Ye and Borenstein [19], from the University of Michigan, used 2D LIDAR to
estimate the elevation map and certainty map of the terrain, and proposed the certainty assisted spatial
filter, which effectively distinguish corrupted pixels in elevation maps through physical constraints in
motion and spatial continuity. After that, Wolf [20] and others combined the terrain reconstruction and
classification, and purposed three-dimensional terrain estimation based on the hidden Markov model.
Besides, they distinguished the navigable area and the non-navigable area. Their work provides more
in-depth information for later path planning and semantic ability in a certain sense. Gingras et al. [21]
performed unstructured surface reconstruction using a 360-degree perspective lidar. By analyzing the
surface and extracting the navigable space, the safely passable region is represented with compressed
irregular triangular grid. This kind of compact terrain representation simplifies the computational
complexity and ensures the reliability of the platform operation.

Although the above-mentioned sensing mode and terrain reconstruction method have achieved
good precision and the effect is remarkable in practical applications, it is still necessary to consider how
to maintain the ability to perceive the terrain under accidents (failure or partial failure) in uncertain
external environments. Of course, there are many factors that may cause this kind of accidents,
probably because the vibration frequency of the soft landing process is too large or the environmental
condition, such as light and temperature, changes. Therefore, how to construct a more robust terrain
perception capability based on existing terrain reconstruction capability is the next difficult point to
be solved.

Based on the above analysis, this paper mainly focuses on the situation that the visual sensing
unit cannot work normally when illumination condition changes. Besides, it discusses the feasible
method of accurate terrain reconstruction by considering the active ranging information with motion
uncertainty. As early as 1989, Hebert et al. [22] first proposed the use of the locus algorithm to construct
terrain representations in spherical polar coordinate space. At the same time, effective registration of
different detection position data was realized based on feature matching and iconic matching. On the
basis of the former, Krotkov [23] considered the problem of target shadow occlusion. Then, in 2001,
Whitaker [24] constructed a height function representation of the terrain based on multiple dense
distance maps, and gave an optimal terrain estimate by looking for the maximum posteriori probability
on the test set and the prior data set. Besides, his work verified that the results of multiple distance
maps experiments are much better than any single distance maps. Finally, it is proved to be robust to
noise with laser range finder. After that, Whitaker and Gregor [25] used the multi-viewpoint distance
information with noise to estimate the surface configuration and gave the likelihood expression of
the sensor model to construct the three-dimensional surface. Also, by optimizing the likelihood,
an unbiased estimator was obtained. This method purposed new terrain estimation ideas compared
with previous height measurements and recent point matching. Cremean and Murry [26] from
Caltech proposed a 2.5D digital elevation map construction method suitable for high-speed and
highly unstructured outdoor environments. First, they presented a complete uncertainty analysis
of the distance measurement sensor error. Then, they transformed measurement into the measured
probability density function by uncertain model, and selected the update region near the median region
of the probability density function. Finally, the terrain result is continuously updated with Kalman
filter, which purposes new ideas in the terms of previous local terrain estimation, update methods,
as well as online implementations compared with former researches. Lshigami et al. [27] proposed a
new fan-shaped reference grid for distance data transformation process to terrain, which helped to
obtain an elevation map with cylindrical coordinates. This transformation method realizes the scaled
representation of terrain representation, that is, to refine reconstruction near the rover, in which the
farther away from the rover is, the more sparse the expression. Based on the previous research basis,
Fankhauser [28], from ETH, proposed a probabilistic terrain estimation method for quadruped robots
under uncertain localization conditions, and also considered the influence of sensor measurement error
and platform motion estimation error. This method achieves high-precision terrain estimation based on
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kinematics and inertial measurement. At the same time, a three-dimensional covariance representation
of the terrain was proposed and the map update error transfer relationship compared with former
researches was also derived. Combined with the planetary rover environment, this paper mainly
focuses on discussing the multipoint distance-based vibration/gyroscope-coupled elevation terrain
construction method, so as to improve the robustness of rover to environmental changes and to provide
support for subsequent motion planning and 3D-aware semantic field construction. The remainder of
this paper is organized as follows.

Section 2 focuses on the terrain reconstruction method based on uncertainty analysis. Section 3
analyzes the depth distance sensor system and noise error used in the verification process. Section 4
compares and analyzes the rationality and correctness of algorithms based on ROS simulation platform
and actual test environment. Finally, the conclusion is presented in Section 5.

2. Uncertainty-Based Terrain Mapping

2.1. Coordinate System Definition

This paper defines four coordinate systems: the inertial coordinate system I, the terrain coordinate
system T, the rover body coordinate system R, and the sensor coordinate system S. The inertial
coordinate system is fixed in the inertia space, the rover body coordinate system is fixed at the centroid
position of the rover, and the sensor coordinate system is fixed with the centroid of the sensor body,
as shown in Figure 1. The transformation relationship between the coordinate systems is given by
the transformation matrix, that is, the three-dimensional translation r and three-dimensional rotation
¢. The sensor and the rover are both fixedly calibrated when performing the task, so the relationship
between the rover body coordinate system and the sensor coordinate system is known, and is defined
here as (rgs, prs). Similarly, the conversion between the inertial coordinate system and the rover
body coordinate system is (rr, ¢1r). Since the pose of the rover related to inertial coordinate system
at different moments is highly uncertain, the covariance matrix of the pose at each moment is given
synchronously:

Z6X6 = Cov(rir, PIR) (1)
IR

(AP pp————

Figure 1. Coordinate system definition and conversion diagram.

When the rover is advancing in the unknown terrain, the three-dimensional attitude can be
described by pitch, yaw, and roll. This paper assumes that the terrain is fixed relative to the inertial
coordinate system. The conversion between rover body and inertia coordinate system can be described
by the following formula.

PR = PR (Y) 0 Pz (6, 9) 2)
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where ¢z (1) describes that the inertial coordinate system rotates around the Z-axis ¢ and turns into
intermediate coordinate system R; $zr (0, ¢) describes that the pitch and roll transformations from the
intermediate coordinate system to the rover system.

For subsequent derivation simplification and calculation, the inertial coordinate system is set
to the Z-axis perpendicular to the ground and the Z-axis of the terrain coordinate system is always
parallel to the Z-axis of the inertial coordinate system, that is, there is only one degree of freedom for
the conversion between the two coordinate systems, which is also yaw around the Z-axis. Also, (I-R)
is set to be given by ¢ (;_,), which means that the conversion of the terrain coordinate system and the
rover body coordinate system has only two degrees of freedom of pitch and roll, thereby achieving
dimensionality reduction between coordinate transformations.

2.2. Distance Information Associated with Terrain

For each measurement, there will be different numbers of sampling results according to the
sensing ability of the sensing unit and the task requirements. To simplify the understanding, take a
point here for analysis. As shown in Figure 1, point P is the measuring point, and its coordinates are
(xp, Yp, hp), which means that in the terrain coordinate system the height estimate at the point (x,, y)
is E,. For the estimation of height, this paper uses Gaussian probability distribution to approximate
it, which is Ep ~ N(hy, oﬁp), where 1, is the mean of the distribution and ai is the variance of the
distribution. As can be seen from Figure 1, the measured value of point P in the sensor coordinate
system is ;74 ,, through the conversion of the sensor coordinate system to the terrain coordinate system
we can get the formula

hp = H[®51(575p) = ssp)] ®)
where H = [001]; the three-dimensional coordinates of the point P are extracted in the height direction.
Furthermore, it can be known that the height estimation is directly related to the conversion matrix and
the sensor measurement value, and corresponds to the error source of the previous analysis. Therefore,
when we perform first derivative of the above equation, the Jacobian matrix corresponding to the error
is obtained:

The sensor measuring Jacobian matrix:

ahp T
Js = = HC(®sr) 4)
Igrsp

The sensor coordinate system rotation Jacobian matrix:

ohy

T
T HC(®st) orsp 5)

Jo
where C(®) is defined as a mapping corresponding to the rotation matrix, as detailed in the literature [29],
ie., C:S0(3) —» R¥3,d(r) £ C(P)r. Bringing the Jacobian matrix into the following equation, we can

obtain the variance o2

j, €rror transmission:
p

T =I5 ) s Ts HIo ) g To ©)

The first item is sensor noise due to its error transmission, which is determined by the nature
of the sensor itself. The covariance value is solved by the noise model, which is detailed shown in
Section 3 for sensor model analysis. The second term is the error transmission caused by the conversion
between coordinate systems. It should be noted that the conversion consists of two parts: translation
and rotation. The definition of the terrain coordinate system is defined in the previous coordinate
system definition, so the effect of translation can be ignored here.
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At this point, the noise error estimation based on the sensor measurement has been obtained, and
for each measurement update there will be a corresponding height estimation so the next step can fuse
the newly obtained height measurement estimate with the existing elevation terrain map. Because the
height measurement estimate has no complex dynamic relationship with each measurement point,
the state transfer equation is more intuitive, which is only measurement update for a certain point
(x,y), so every point in the terrain map will be updated under each sensor measurement. On the
contrary, if there is no update, the measurement will remain the same. A fusion form based on Kalman
filtering is given here.

First, a simplified discrete Kalman filter equation is given:

Time update:

X = Axk_1 + Buk_1

Py = AP, AT +Q @
Status update:
Ki = Py HT (HPHT 4+ R) ™ ®)
Xk = X1 + Ky (zx — Hxg_1) )
Py = (I-K¢H)Pry (10)

For the rover terrain estimation, the state vector is actually the height scale of each measurement
point, so H item is I, status z; corresponds to the current measurement point height estimate hp,
observation covariance R corresponds to the height estimate variance of the current measurement
point aﬁp, the observation value x; corresponds to the existing height value /1, and error covariance P

corresponds to aﬁ ; substituting Equations (8)—-(10) the following can be obtained.

— (=1 2((k=1) 52 L 2y}
Ky oh( oy, + ahp) (11)
Wh = &Dfy 4 K (hy - V) (12)
®o? = (1-K) o2 (13)

Substituting Equation (11) into Equation (12), the following is obtained.

O = i 4 [(-2((-D2 162 )™ (1, — -V
_ (k—l)h+&(}l _(k Dh)
= k1) h+ h 4
(k—l)fl((k—l)oi+ahp)+(k— )02 (I~ D) (14)

(k—1)02+U2

Iy
(k- 1)hU +(k 1) Zh
hp P

(k= 1)ah+ohp
Then, substituting Equation (11) into Equation (13) the following is obtained.

W2 = (1-K) ko2
_ [I— ((k_l)()ﬁ((k_l)oi + in)_l)}(k_ngz

h
(k-1) 42
_ I k-1) -2
=(I- D242 )( )Oh 5)
hp

k-1) 2 2 _(k-1
! )Uh”hp_( ' h(k-1) 2
= 2

* l)gh+ahp h

2 (k-1) 2
th Uh

= 12,2
( )Uthghp
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Thus the fusion of newly measured height (1, aﬁp) with existing elevation map estimate (f, aﬁ)

can be given, where k — 1 on the upper left represents the estimate before the update and k represents
the updated estimate.

2.3. Motion Information Associated with Terrain

In addition to the noise impact of the sensor itself, the motion of the rover will also produce noise
errors. Unlike the conventional terrain estimation, this paper associates the terrain coordinate system
with the motion ontology rather than the inertial coordinate system, so there will be terrain updates as
long as the rover moves. As you can see from the previous section, in general, the mean and variance
of each point will be updated according to the uncertainty of the motion, but this will bring huge
computational pressure. So this section uses spatial covariance matrix of each point in real terrain to
extend the structure of the elevation map, in this way the three-dimensional uncertainty information
of each point can be obtained. According to the previous definition, the terrain coordinate system is
associated with the current rover pose, in general, assuming there are new measurement updates with
a point 7 in the grid, set its covariance as [30]

Oi min 0 0
Ypi=| 0 2 0 (16)
0 0 o

where the height estimation variance ai is given by the calculation in the previous section, the values

of 0> . and ¢ . approximate the uncertainty of the horizontal direction of the reaction, and its
X, min y,min

calculation is given by

2 =02 =(d/2)? (17)

x,min y,min
where d is the length of the side of the square grid. Therefore, even if the sensor measurement update
is not received at the current time, due to the relative motion change of the time before and after the
rover, ), p; will also be updated, which ensures the system’s robustness to motion noise. The terrain
association derivation based on motion information is given below. It can be seen from Figure 2 that the
representation of rr, , p in the terrain coordinate system at time k is as shown in the following equation.

IT P = T T TITP
= (TR, Ty — TR Tyyy) + TP (18)
= [tr,1, = ((RReyy + IR Ty )] T ITP
= TIRRyyq T TRy Ty T IR Ty T ITyP

@ Rover coordinate system origin

R k@ @ Terrain coordinate system origini
AN i @ Target position
\ ;
\
—~ N\
W
A N\
)
T o_/.\<

T

kil

Figure 2. Positional relationship at different times.
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Convert it to the k + 1 moment in terrain coordinate system, then

Tio1 TP = _CDI_{I:—lTk-%—l (Rk+1 rRkRk+l) B (Tk+1rRk+1Tk+1) + q)%I}Tk+1 (TkrRka T TkerP) (19)

In this way, the value of measurement point in the terrain coordinate system can be given at

each moment, but this also means that the newly estimated result at each moment is integrated with

the previous existing result, which will also bring errors and complexity to the calculations. If it can

ensure that terrain coordinate system at time k and k + 1 moment are consistent, the impact is avoided,

and therefore the terrain map data does not need to be added or deleted, which is convenient for actual
operation. Therefore, it is possible to make assumptions from translation and rotation, i.e.,

I‘TkaJrl =0 (20)
-1
CDTkaH =1 (21)

It can be seen from the above formula that the terrain coordinate system at time k and k + 1 is the
same reference coordinate system, and further development of Equation (20) is available.

T Ty = ~IRT, T IRRyq T IR Ty = 0 (22)

Unify it to the terrain coordinate system at time k + 1, then

— _p-1 -1
Ten TR Ten = ~ PR T (ReRer) + Py (rTrer,) (23)
In the same way, the expansion of formula (21) is obtained.

-1 —_ H-1 —
¢Tka+1 - ¢Rka °© ®RkRk+l ° ¢Rk+1Tk+1 =1 (24)

Unify it to the terrain coordinate system at time k + 1, then

_ -1 1 _ 51
PRy 1Ty = [q)Rka © q)RkRk+1] - q)RkRkH ° DR, T, (25)

Therefore, combining Equations (19), (23), and (25) can lead to the following conclusions.

_ -1
e T = Prr, (r01,p) (26)

That is, the time k coordinate and the time k + 1 terrain coordinate system are aligned. The value of
the point P in the terrain coordinate system at time k is equal to the value in the terrain coordinate system
at time k + 1. For the dynamic process, the terrain representation reference is unified, which simplifies
the difficulty of mass data fusion registrations.

Combined with Equation (19), the covariance transfer relationship due to motion at different
times can be obtained.

T ap ~ N p) Zplk) (27)

r P
ZP,k-i—l :JPZp,klg—i_Jr P’k]rT‘F]cDZP,k]g) (28)

It can be known that there is correlation between the distance estimate rr,,, of point P at time k +
1 and the distance estimation rr,;, of point P at time k and the rover body coordinate transformation
(TRRy 41/ CDI_Q;RH]) from time k to k + 1, so the first derivative of Equation (19) can be used to obtain the
corresponding Jacobian matrix.
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1. Error transmission of time k + 1 caused by observation at time k.

Jd. r
Terq XTps P
JP _ §+1 k17 C(©Tka+1)T (29)
T,1T,P

Combined with Equation (21), the following is obtained.

Jp=1 (30)

2. Error transmission caused by translation transformation of the rover body coordinate system
from time k to time k + 1.

d.
Tjo1 TTjs P T
Je = % - _C<q)Rk+1Tk+1) 31)
Ri41" RiRyet1

3. Error transmission caused by rotation transformation of the rover body coordinate system from
time k to time k + 1.

Jo = aggerkHP
RiRye 1
= a[_q>1;11<+1Tk+1 (Rk+l "ReRy 1 )_(Tkgé’ "Rep1 T 1 )+¢%;Tk+1 (TkrRka+Tk TP )
I S T S Ao U
_ KTk k1 Ry RiRyer” M1 R Ten T Re Ty Ty TP
B IPRRy.
_ a[_(q)lzziTkoquRkH)(Rk+1rRkRk+1)+N] (32)

IPRRy ¢
-1
(P, OPRiRy 1) (PRRy 4 (g Trep) T

))+K]

r
Rpt1 Repa P

OPRyRy, ¢
T
= —C(®g,1;) (TkrRkp>X

T X
= ~C(Pre1)” (7, %R, 7, T 1 T70)

where N =—(.. r )+ (1, -+ 1. ). So far, it is not enough to solve the covariance at

) Tir1” Re1 T Ty ReTy Ty TyP/’" ) ) ) ;
time k + 1, but it also need to know the uncertainty influence caused by the motion estimation
error from k to k + 1, i.e., solution of ), Y, which is expressed as follows.

~ T
TRy Rer1 ™ N (rRkRk+1’ Z p’k> (33)
~ [0o)
q)RkRkJrl ~ N(q)RkRk+1’ Zp’k) (34)

According to the previously defined coordinate system relationship, the Z-axis of the rover
body coordinate system is aligned with the Z-axis of the inertial coordinate system and the obtained
processed attitude uncertainty is only related to the yaw angle, so the covariance matrix representation
of the pose of the rover at time k can be obtained through dimensionality reduction, i.e.,

xR = (1r, P1r) = Xz = (1R, V) (35)
where, R is the aligned rover body coordinate system, both satisfy equation rjr = 13, ¥ = ¢z = VYir.

2.4. Covariance Solving Based on 3D Vibration/Gyro Detection

The Gaussian random model is used to approximate the motion process. At the same time,
the external sensing unit is not used to realize the rover localization in this paper. Therefore,
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the localization mode using the triaxial vibration haptic sensing unit and the gyrois given. The following
derivation method of Z; I Zg)k will be based on this mode.

2.4.1. Solving Position Information Based on Vibration and Gyroscope Information

The experiment uses a three-axis vibration tactile sensor output value as the amplitude and
frequency of the measurement point, which can be converted into an acceleration signal, that is,
the input az; the single-axis gyroscope output is the angular acceleration around the Z-axis, which is
recorded as fz. In order to reduce the error caused by nonlinearity, the sensor connection point is taken
as the coordinate origin and the interval before and after measurement At is taken. So there is

Av = aAt (36)

where 4 = Cjz(1)agy And, since the rover is relatively stable and slow during the course of travel,
its displacement changes from time k to time k + 1 is obtained by

1. 00 0o 1. .-, 3 2
Ax = AvAt+ EaAt = AAt" + EaAt ~ ECIE(gb)(EaE)At (37)

Similarly, based on the gyroscope input, the yaw angle change from k to k + 1 can be obtained, i.e.,

Aw = Clﬁ(w)ﬁﬁAt (38)
AP = AwAt+ 3CR(p) AR
= C]'[E(ll)) (ﬁﬁﬁ)At + %Clﬁ(w) (Kﬁﬁ)Atz (39)
~ 3

~ 2 [E(lp) (EﬁE)Atz

2.4.2. The Position Relationship between Time k and Time k + 1

In the actual sampling process, since the exist of uncertainty, the Gaussian noise vector is assumed

toben = (nﬂ,nﬁ)T, therefore
k+1 _ .k T
Xo =Xt [Ax AY) (40)
Substituting Equations (37) and (39) into (40), we have
k+1 k
[ 171E+ ]:[ 'R }+[ %CF(‘P) 3 0 }
Pkt [ 0 2CR(W)

Performing the first derivative of the above equation and the Jacobian matrix of state and noise
is given.

ay + Tl],; 5
By + nlé :|At (41)

ol ol

k+1 IR IR
S S B T ol IR W)
Tk | vyt o 0P SCR (W) (B + 1) AL
IR ok Tk
IR IR
ot g
k+1 IR IR
. PR | ek | ] Bcgw)ar o @)
R R 03 3Cz()AL2
onk ané

Then its covariance transfer relationship can be written as

Y e YT T (a4)
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In turn, the conversion relationship of the rover device from time k to time k + 1 can be obtained,
that is,
T —

_ | Rt RR

r~~ = +1 ReRyeyq (45)
R(R
©Re+1 [ wEkEkJrl l

At the same time, the displacement and rotation angle values are decomposed.

Ek+1rﬁkﬁk+1 = Cir(¢) (r’%rl B r’;E) (46)
V&R, = CROIPET -yl 47)

Substituting into Equation (45), the following equation is obtained.

Crr(y) (P! = ay +nk
xﬁkﬁk+1 = C (IPI)P(II(}le _ ¢£Ii)1) = % ‘Bl; + Tli Atz (48)
IR IR IR B
Then, the covariance of Xg R can be obtained.
kN k+1
Y o =Covlrzz )= Q(gAtz)z (49)
RkRk+1 RkRk+l 2
As can be seen from Equation (44),
_ k+1 k -1
Q=110 5 k) IND0h (50)
Substituting into Equation (49), then
- 1~ ok ~ 02T 3 52
Y i, =g Tl Ta(5A8) (51)
where ) -
-1 X
Ja=la' = [ %Clﬁgwamtz 3 o 2 } = %Clﬁl(wf)smz | 1 (52)
n n X 3 - X
0 2CR(P)A! 7 e
- 3 C= KA1k
x ~ { 01><3 C I_R((l]b))(( Ijrl _ Hf)) (53)
R’ l’blﬁ IIJIE

The transition of the rover from k to k + 1 is determined by translation and rotation, so the

T 0
Zﬁkﬁkﬂ = [ 0 o2 ] (54)

covariance can be given by

ReRy+1
Therefore, combined with Equations (51) and (54), the value of ), can be obtained. The last one
that needs to be solved is Z?;k. Since by defining coordinate system, this paper has this conclusion that
only the orientation is changed, and the first derivative only stores the value of the z-axis, so it can

be obtained:
PN PR (55)
px = vy Ty

EkEkJrl
In summary, combined with Equations (14)—(16) and (28), the uncertain terrain measurement
updates of point P corresponds to every point in the terrain i from time k to time k + 1 can be obtained.
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3. Sensor Noise Error Analysis

This study uses Microsoft Kinect V1.0 as the depth sensor unit for verification. This sensor module
is a depth camera sensor introduced by Microsoft in 2010 to detect environmental information by
actively projecting structured light. Its composition is shown in the Figure 3, which consists of infrared
projection, infrared camera, color camera, and microphone array. Some key parameters are given here,
as shown in Table 1.

Figure 3. Microsoft Kinect V1.0 composition diagram.

Table 1. Microsoft Kinect V1.0 parameter list.

Parameter Kinect V1.0
Col Resolution 640 x 480
olor FPS 30 fps
Resolution 320 x 240
Depth
P FPS 30 fps
Examination Range 0.8-4.0m
Angle Horizontal 57°
& Vertical 43°

Based on the above parameter values, the system error and noise error are analyzed below.

3.1. Systematic Error Test

The system error of the camera is estimated by calculating the difference between the average depth
measurement of the Kinect V1.0 camera and the true depth. In addition to the camera, the experimental
equipment also includes a flat, a 1 m X 1 m white plastic plate, a rotatable tripod for holding the plastic
plate, and a millimeter-precision tape measure, which are shown in Figure 4. During the experiment,
the camera and the white plastic plate were placed at a fixed interval of a series of equal steps with a
tape measure and the depth values at the 25 pixel points sampled from the depth map acquired from
the camera were averaged; the difference between the set true depth values is used as the systematic
error of the camera at this distance, where the pitch is set from 1 m to 3 m in steps of 0.2 m.

Figure 4. Test equipment.
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According to the above method, depth maps at various intervals are obtained in indoor and
outdoor environments, as shown in the Figure 5.

Figure 5. (a) Z = 1.8 m indoor depth map result; (b) Z = 1.8 m daytime outdoor depth map result;
and (c) Z = 2.2 m night outdoor depth map result.

After processing the experimental data, the average error distribution at different intervals is
compared as shown.

It can be seen from the comparison of the system errors of the camera under different conditions
in Figure 6 that the outdoor system error generally satisfies with the increase of the measurement
distance. In contrast, the indoor system error has no obvious law and the distribution is relatively
random. After comparing indoors and outdoors, the range of indoor system errors is small, so the
camera is measured indoors and the light is more dark and soft.

Depth error distortion

. —o— outdoor daylight
20 \ a— outdoor night
x. —@- indoor

A A

Mean error [mm)]
A
o

10 12 14 16 18 20 22 24 26 28 30
Real distance [m]

Figure 6. Comparison of system error with real depth under different conditions.
3.2. Measurement Noise Test

The depth measurement noise is calculated from the standard deviation of each pixel depth
measurement. The specific experimental method is based on the previous camera system error test
experiment, adding the angle of the plastic plate by rotating the tripod at each pitch to obtain the
measurement result when the plastic plate is at different angles from the imaging plane of the camera.
Then, it samples a number of columns of pixels corresponding to the plastic board in the depth map,
and the depth value on each sampled pixel is calculated from the average of the depth measurement
results of all the pixels in the column. Finally, then statistical methods are applied to the entire image,
the data consisting of the deviation of the sampled pixel points is processed to obtain a deviation
distribution, and then the standard deviation of the distribution is calculated as the camera depth
measurement noise. In the actual experiment, the angle of the plastic plate at each pitch is set to
0° ~ 75°, the step size is 15°, and thus there are six sets of data on each interval.
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3.2.1. Indoor Test

The interval deviation statistics calculated from the sampled data on each image are obtained by
interval probability statistics, and the distribution as shown in the Figure 7 is obtained. It can be seen
from the figure that the distribution of the deviation basically conforms to the normal distribution with
a mean of 0, and the standard of the positive distribution, i.e., the difference corresponds to the depth
measurement noise we are looking for.

Z=1.0m Z=2.6m Z=3.0m

o o © ©
S = e
& 5 K8 &

Probability
o o

Probability
Probability

°
o
&

°
s
2

0.02

-15 -10 -05 00

20 -15 -0 -5 0 5 10 15
Noise[mm] Noise[mm] Noise[mm]

(a) (b) ()

Figure 7. (a) Z = 1 m deviation distribution; (b) Z = 2.6 m deviation distribution; and (¢) Z =3 m
deviation distribution.

Statistical analysis of the noise at various distances and angles gives the noise model of the Kinect
V1 camera indoors, as shown in Figure 8.

Noise
10

— Z=1.0m
e Z=1.2m
— Z=1.4m
—— Z=1.6m
— Z=1.8m
— Z=2.0m

Z=2.2m
—— Z=2.4m

Z=2.6m
— Z=2.8m
— Z=3.0m

o{mm]

6[deg]

Figure 8. Kinect V1.0 indoor noise model.

It can be seen from Figure 8 that the indoor noise model of the Kinect V1 camera ranges from 0
to 10 mm, the overall noise is small, the camera performance is better, the noise model is generally
consistent with the law that as the angle 0 between slope, and as the imaging plane gradually increases,
the noise also gradually increases, but there is still a large randomness.

3.2.2. Outdoor Test

The experimental process and data processing method are exactly the same as the indoor test,
and will not be described here. The results are as follows in Figure 9.
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Figure 9. (a) Z = 1.2 m deviation distribution; (b) Z = 2.6 m deviation distribution; and (¢) Z = 2.8 m
deviation distribution.

Statistical analysis of the noise at various distances and angles gives the noise model of the Kinect
V1 camera outdoors, as shown in Figure 10.

Noise

Z=1.0m
Z=1.2m
Z=14m
Z=16m
Z=1.8m
Z=2.0m
Z=2.2m
—— Z=2.4m
Z=2.6m
Z=2.8m
Z=3.0m

6ldeg]

Figure 10. Kinect V1.0 outdoor noise model.

It can be seen from Figure 10 that the outdoor noise model of the Kinect V1 camera is in the
range of 0 to 7 mm within a certain angle range, and the noise influence is gradually increased after
the outdoor angle is affected by the illumination and wind; thus the measurement divergence is not
accurate. From the overall experiment, the noise is small, the camera performance is better, and the
noise model generally is consistent with the law that as the angle 0 between slope and imaging plane
gradually increases, the noise also gradually increases, but there is still a large randomness.

In summary, this kind of sensor the test uses has certain feasibility. This test combined the actual
rover environment, as an example to explore the correctness of the algorithm, the follow-up will
continue to carry out relevant research based on the actual rover platform.

4. Results and Discussion

4.1. Experimental Composition and Settings

This paper will test the correctness of the proposed algorithm from three aspects: (1) terrain
estimation experiment based on ROS simulation environment; (2) based on Optitrack assisted indoor
perception test; and (3) based on outdoor soil environment test. It should be pointed out that in order
to increase the comparison level from simulation to physical verification, except for the environment
differences, the unmanned running platform and the sensor are all in the same configuration, that is,
the simulation environment is a high-precision simulation of the real object. Where the simulation
environment will build a simulated lunar terrain based on the ROS Gazebo simulation platform and
the physical test will be carried out in the indoor Optitrack auxiliary environment and the outdoor soil
environment. The unmanned platform uses Jackal from Clearpath, Canada, equipped with the ROS
operating environment, sensor selection for the Microsoft Kinect V1.0 depth camera, AFT601D triaxial
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vibrotactile sensor, and single-axis gyroscope. In addition, the terrain reconstruction of this paper will
be based on the Universal Grid Map Library described by Bloesch [31].

4.2. Simulation Test

This section is based on the simulated moon surface simulation environment built by ROS Gazebo,
as shown in Figure 11. The right picture shows the running display, and the left picture shows the
partial terrain display reconstructed from the running process. It can be seen from the second part
that the reconstruction accuracy of the terrain is improved by estimating the height and covariance of
each detection point, where, on the base of estimation, 30 distribution estimates to better judge the
rationality of terrain estimation.

Figure 11. Robot operating system (ROS) simulation environment indication and mapping results.

Figure 12 shows the estimated results of the terrain, where the blue and yellow surfaces are the
30 upper and lower boundaries of terrain estimates, the red surface is the estimated terrain result,
the green surface is the actual value of the terrain, most of the regions satisfy the estimated value,
and the real value in the reasonable boundary region, And, in combination with Figure 13, it can be
clearly seen that the estimated value and the true value are almost coincidence, because the test area is
an uphill trend, the estimated boundary value at the later stage is significantly reduced, and it can be
seen that the estimation accuracy in the flat area is higher than that in the sloped area.

Terrain Results
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[ ILower

Wt [ Real Terrain

. =
0.4 e o L
0380 GaT = 14
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Figure 12. Terrain mapping results.
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Figure 13. Details of the intersection of the terrain.

In order to compare the error between the estimated value of the algorithm and the actual terrain
value, as shown in Figure 14, the details of the red and blue regions are compared. From the red
elliptical region, the maximum height estimation error is 0.44 cm when the x and y values are the
same; from the blue elliptical area, the maximum height estimation error is 1.363 cm when the x and y
values are the same. This error satisfies the accuracy requirements in actual operation compared to the
diameter of the mobile platform wheel.

0.25 —

0.2 —

Bl Fused
———————— [_JReal Terrain

0.15 — P

~

X:1.125
Y:0.3932
Z:0.07218

1195 113 5 4,2 0.05855

042"
S5 145 1155 446

Figure 14. Comparative analysis of the estimated terrain and real terrain.

Next, based on the results of the above terrain surface, the estimation accuracy of the algorithm for
the irregular terrain is analyzed from the height estimation profile. It can be seen from Figure 15 that
the estimated value represented by the red curve and the true value represented by the yellow curve
almost coincide in the operation process, they are completely within the reasonable upper and lower
boundaries, and the height deviation is 0.52 cm from the partial enlargement diagram, indicating that
the rationality of algorithm to irregular terrain estimation. From the 3¢ distribution area on the terrain,
it can be seen that the distribution boundary is narrower than the undulating part in the relatively flat
part of the initial and the end, which is also consistent with the features of high accuracy of flat terrain
estimation and large estimation deviation of the undulating terrain. At the same times, the distribution
of point cloud maps in Figure 16 can also verify the above points. In general, from the reconstruction
results of the simulation environment algorithm, the accuracy is still ideal, but after all, compared with
the real environment, there are still gaps in the environmental noise, operational deviation, and the
uncertainty of the wheel interaction. Therefore, the next section will perform performance comparison
tests based on the actual platform and sensing unit in the actual environment.
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Figure 15. Terrain estimation profile results.
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Figure 16. Terrain estimation section point cloud results.

4.3. Optitrack-Based Indoor Test

In this section, the simulated terrain is built in the Optitrack experimental environment. As shown
in Figure 17, the site contains obstacles and simulated undulating terrain. At the same time, the capture
points are arranged on the unmanned vehicle platform and the sensor, so as to construct the tracking
rigid body in the Optitrack environment. As shown in Figure 18, the experimental platform capture
is given.

Obstacles

Optitrack
Motion Capture
System

Figure 17. The indoor verification environment.
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Figure 18. Experimental platform and capture of rigid body construction in Optitrack.

The experimental process is shown in Figure 19, which shows the progress of the journey at
different times. Figure 20 shows the reconstruction results of the above terrain. Here, in order to
improve the calculation efficiency, the sampling range of the vision sensor is limited. From the results,
it can be seen that the terrain fluctuation trend is basically the same as the set terrain. At position 1,
corresponding to the actual terrain slope where the change is large, the sensor is unable to detect the
slope in the blind zone due to the tendency of the car to tilt upward. Therefore, there will be a missing
phenomenon in the terrain. In the subsequent analysis, the change between the sampling points trend
fitting achieves a full-join estimation of the terrain. At position 2, the actual terrain is a green carpet,
which is clearly detected from the experimental results as it is bent to a certain curvature at the end of
the carpet.

Figure 19. Experiment at different times.

Figure 20. Terrain mapping result.

Figure 21 shows the experimental results of the test terrain, where the red surface is the estimate of
the terrain and the blue and green surfaces represent the terrain estimates and the 30 upper and lower
distributed boundaries, respectively; the yellow surface is the actual topographic value. According
to the limitation of the measurement range of the sensor, the range of the effective estimation area is
given by the yellow dotted line in the figure, and the detailed display of the larger deviation is given.
From the small figure, we can see that the estimated and actual values of the terrain are within the
upper and lower boundaries and the upper and lower boundary ranges are less than 5 cm.

At the same time, combined with Figure 22, the error between the estimated value and the true
value of the terrain can be compared. For effective terrain recognition area, a detailed map of the
terrain is given and the same x and y points are selected for height contrast. The comparison of values,
as shown by the image on the left, is at a relative flat terrain error of 0.26 cm, as shown by the image on
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the right, with a height deviation of 1.51 cm at the end. The process deviation is also basically within 2
cm of the deviation.

Terrain Results
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Figure 22. Comparative analysis of terrain estimates and real values.

Figure 23 is an analysis of the terrain profile. Because this experiment is not based on a fixed
straight line, it completely follows the 3D actual motion process. Therefore, the terrain profile
corresponding to the intermediate measurement value is selected for analysis. From the large image,
the estimated value deviates from the true value and the largest deviation part is in the range of the
blue dotted line. As can be seen from the detail picture, the height deviation corresponding to the same
x value is in the range of 0.8 cm. Because the selected reference section is where the camera sampling is
concentrated and averaged, the measurement accuracy is relatively high. While, from the curve trend,
the 3o distribution range is relatively wider where the terrain changes more, which is also consistent
with the feature of high accuracy of flat terrain estimation and large deviation of undulating terrain
estimation. Combined with the global point cloud information shown in Figure 24, it can be analyzed
that the overall estimation effect of the terrain is close to the actual one. Compared with the diameter of
the platform wheel, the error magnitude is completely in accordance with the actual operation process.



Sensors 2019, 19, 2681 21 of 25

0.3 T
0.25 0.015 — 4
X: -0.9234 Upper
0.01 Y:0.007812 —Fused
\.V Real Terrain
0.2 0.005 Lower :
0 n
. X: 0.9234
g 015 -0.005 Y: 0.0007087 b
E
o
‘o 0.1
T
0.05
0
_005 L 1 L 1 L 1 L 1 L
1.4 -1.2 1 -0.8 -0.6 -0.4 -0.2 0 0.2
Distance (m)
Figure 23. Terrain mapping results profile.
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Figure 24. Terrain mapping 3D point clouds.
4.4. Outdoor Test

After completing the above test, we have a quantitative understanding of the estimation accuracy
of the algorithm, but, after all, compared with the actual operating environment, both the terrain
fluctuation and environmental impact are ideal. Therefore, this section will be based on the simulated
ground land environment for testing; an analogy to the situation when the celestial body is operating
outside the Earth. Figure 25 shows the experimental environment and the reconstructed topographic
results. It can be seen from the figure that the actual operating environment is complicated, except for
the soil and weeds, which brings a lot of interference to the actual estimation. It can be seen from the
running comparison that the perceived terrain trend is roughly consistent with the trend of travel.

Figure 26 shows the test results in an outdoor land weed environment. Since the terrain fluctuations
cannot be accurately measured and the experimental distance is relatively close, the odometer
measurement value is approximated as the true value. The terrain reconstruction results are shown
in Figure 27. From the effective detection area in the middle part, it can be seen that the terrain
fluctuation is large and the detail range is close to 9 cm, which shows the intersection of the distribution
surfaces. This explains why the outdoor operation environment interference is quite large and why
the estimated values of the algorithm are easily biased by sensor measurements, platform motion,
and sensor-to-platform solid-state deviations. From Figure 28, it can be concluded that the maximum
deviation of the two positions in the height direction is close to 8 cm, but most of them are within 3 cm
deviation, which has a certain relationship with the uncertainty of the environment; the approximate
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real terrain and the actual terrain also have certain difference. From the subsequent path planning
results, it can be seen that the accuracy of terrain reconstruction can meet the actual needs in practical
applications, so it can be estimated that the terrain estimation deviation is within 6.5 cm.

Figure 25. Outdoor test results.
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Figure 26. Comparative analysis of terrain mapping results.
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Figure 27. Comparative analysis of terrain estimates and real values.
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Figure 28. Point clouds results.

Figure 29 shows the results of the terrain profile of the running process; compared to the previous
two tests, 30 distribution interval is obviously larger. When the operation stops due to the inertia of the
platform, the unevenness of the terrain, and the inevitable slight flutter of the sensor and the platform in
the platform motion environment, the estimation uncertainty will be caused. The intersection between
the surfaces appears, which indicates that the external influence of the actual operation process is large.
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Figure 29. Terrain mapping results profile.
5. Conclusions

In this paper, based on the terrain reconstruction requirements of planetary rover process,
a vibration/gyro-coupled terrain estimation method considering the influence of uncertainty is
proposed, which takes into account the uncertainty of sensor measurement and the uncertainty of
platform motion. Based on the ROS Gazebo simulation platform, indoor Optitrack environment,
and outdoor land environment, the results show that the terrain estimation algorithm proposed in
this paper has good estimation accuracy in the simulation environment and indoor environment.
The simulation environment accuracy is 1 cm within the centimeter and the estimated accuracy in
the indoor environment is less than 2 cm, but due to the influence of the environment, the estimated
deviation is large in the uneven outdoor soil environment. Although the actual terrain cannot be
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accurately obtained, it can be concluded that the estimated error should be less than the height of
the platform based on the operation situation of the unmanned platform carrier, that is, less than
6 cm, which has a certain practical value compared with the diameter of the hub of 20 cm. Based on
the research results of this paper, the proposed sensor configuration and reconstruction algorithm
has centimeter-level reconstruction capability, but it still needs to be deeply studied in the global
high-precision estimation optimization and semantic terrain construction in large-scale environment,
providing reliable environmental awareness protection for planetary inspection.

Author Contributions: Conceptualization, C.-C.B. and J.-EG.; Methodology, C.-C.B. and J.-E.G.; Data curation,
C.-C.B.; Writing—review and editing, C.-C.B.

Funding: This research was funded by the National Natural Science Fund of China (No.11472090) and the Manned
Space Advance Research Fund (No.060101).

Acknowledgments: The authors acknowledge the support from the ISAP Laboratory in Harbin Institute of
Technology, Harbin, China. In particular, Chengchao Bai would like to thank Linli Guo for her patiently guiding
this article and Zheming Liu for his experimental support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sanguino, T.J. 50 years of rovers for planetary exploration: A retrospective review for future directions.
Robot. Auton. Syst. 2017, 94, 172-185.

2. Ellery, A. Planetary Rovers-Robotic Exploration of the Solar System; Springer: Berlin/Heidelberg, Germany, 2016.

3. Beaty, D.W,; Hipkin, VJ.; Caudill, CM.; Hansen, R.F; Hansen, R.F; Hausrath, EM.; Maggiori, C.;
McCoubrey, R.; Parrish, J.C.; Ralston, S.J. Geological evaluation of the MSRAD field site by a human
field party: Implications for rover-based exploration operations and for the future human exploration of
Mars. Planet. Space Sci. 2019, 171, 34-39. [CrossRef]

4. Lawrence, S.; Neal, C.; LEAG Executive Committee. The open gateway: Lunar exploration in 2050.
In Proceedings of the Planetary Science Vision 2050 Workshop, Washington, DC, USA, 27 February-1
March 2017.

5. Brady, A.L,; Nawotniak, S.E.; Hughes, S.S.; Payler, S.J.; Stevens, A.H.; Cockell, C.S.; Elphic, R.C.; Sehlke, A.;
Haberle, C.W,; Slater, G.F; et al. Strategic planning insights for future science-driven extravehicular activity
on Mars. Astrobiology 2019, 19, 347-368. [CrossRef] [PubMed]

6. Pradel, D.L.; Gao, Y. A survey on terrain assessment techniques for autonomous operation of planetary
robots. |. Br. Interplanet. Soc. 2010, 63, 206-217.

7. Olson, C.E; Matthies, L.H.; Wright, ].R.; Li, R.; Di, K. Visual terrain mapping for Mars exploration. Comput. Vis.
Image Underst. 2007, 105, 73-85. [CrossRef]

8. Tong, C.H.; Barfoot, T.D. Three-dimensional SLAM for mapping planetary work site environments.
J. Field Robot. 2012, 29, 381-412. [CrossRef]

9.  Carrio, ].H,; Poulakis, P; Kirchner, F. Adaptive localization and mapping with application to planetary rovers.
J. Field Robot. 2017, 35, 961-987. [CrossRef]

10. Shaukat, A.; Blacker, P.C.; Spiteri, C.; Gao, Y. Towards camera-LIDAR fusion-based terrain modelling for
planetary surfaces: Review and analysis. Sensors 2016, 16, 1952. [CrossRef] [PubMed]

11. Li,R; Archinal, B.A.; Arvidson, R.E.; Bell, J.; Christensen, P.; Crumpler, L.; Des Marais, D.].; Di, K.; Duxbury, T.;
Golombek, M.; et al. Spirit rover localization and topographic mapping at the landing site of Gusev crater,
Mars. J. Geophys. Res. 2006, 111. [CrossRef]

12. Polotski, V.; Ballotta, FJ.; James, J. Autonomous navigation and mapping system for MRPTA rover.
In Proceedings of the 30th International Symposium on Automation and Robotics in Construction and
Mining, Montréal, QC, Canada, 11-15 August 2013. [CrossRef]

13. Bajpai, A.; Burroughes, G.; Shaukat, A.; Gao, Y. Planetary monocular simultaneous localization and mapping.
J. Field Robot. 2016, 33, 229-242. [CrossRef]

14. Wong, C; Yang, E; Yan, X.; Gu, D. Adaptive and intelligent navigation of autonomous planetary rovers—A
survey. In Proceedings of the NASA/ESA Conference on Adaptive Hardware and Systems, Pasadena, CA,
USA, 24-27 July 2017. [CrossRef]


http://dx.doi.org/10.1016/j.pss.2019.03.001
http://dx.doi.org/10.1089/ast.2018.1850
http://www.ncbi.nlm.nih.gov/pubmed/30840500
http://dx.doi.org/10.1016/j.cviu.2006.08.005
http://dx.doi.org/10.1002/rob.21403
http://dx.doi.org/10.1002/rob.21790
http://dx.doi.org/10.3390/s16111952
http://www.ncbi.nlm.nih.gov/pubmed/27879625
http://dx.doi.org/10.1029/2005JE002483
http://dx.doi.org/10.22260/ISARC2013/0109
http://dx.doi.org/10.1002/rob.21608
http://dx.doi.org/10.1109/AHS.2017.8046384

Sensors 2019, 19, 2681 25 of 25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gonzalez, R.; Apostolopoulos, D.; lagnemma, K. Slippage and immobilization detection for planetary
exploration rovers via machine learning and proprioceptive sensing. J. Field Robot. 2018, 35, 231-247.
[CrossRef]

Yang, H.; Ding, L.; Gao, H.; Huang, L.; Guo, L.; Chen, C.; Deng, Z. Dynamic simulation of planetary rovers
with terrain property mapping. In Proceedings of the IEEE International Conference on Robotics and
Automation, Brisbane, Australia, 21-25 May 2018.

Thrun, S. Robotic Mapping: A Survey; Carnegie Mellon University: Pittsburgh, PA, USA, 2002.

Bresson, G.; Alsayed, Z.; Yu, L.; Glaser, S. Simultaneous localization and mapping: A survey of current
trends in autonomous driving. IEEE Trans. Intell. Veh. 2017, 2, 194-220. [CrossRef]

Ye, C.; Borenstein, J. A new terrain mapping method for mobile robots obstacle negotiation. In Proceedings
of the SPIE—The International Society for Optical Engineering, Orlando, FL, USA, 30 September 2003.
Wolf, D.E; Sukhatme, G.S.; Fox, D.; Burgard, W. Autonomous terrain mapping and classification using
hidden markov models. In Proceedings of the IEEE International Conference on Robotics and Automation,
Barcelona, Spain, 18-22 April 2005.

Gingras, D.; Lamarche, T.; Dupuis, E.; Bedwani, J.L. Rough terrain reconstruction for rover motion planning.
In Proceedings of the IEEE Canadian Conference on Computer and Robot Vision, Ottawa, ON, Canada,
31 May-2 June 2010.

Hebert, M.; Caillas, C.; Krotkov, E.; Kweon, 1.S.; Kanade, T. Terrain mapping for a roving planetary explorer.
In Proceedings of the IEEE International Conference on Robotics and Automation, Scottsdale, AZ, USA,
14-19 May 1989.

Krotkov, E.; Hoffman, R. Terrain mapping for a walking planetary rover. IEEE Trans. Robot. Autom. 1994, 10,
728-739. [CrossRef]

Whitaker, R.T. Reconstructing terrain maps from dense range data. In Proceedings of the International
Conference on Image Processing, Thessaloniki, Greece, 7-10 October 2001.

Whitaker, R.T.; Gregor, ]. A maximum-likelihood surface estimator for dense range data. IEEE Trans. Pattern
Anal. Mach. Intell. 2002, 24, 1372-1387. [CrossRef]

Cremean, L.B.; Murray, R.M. Uncertainty-based sensor fusion of range data for real time digital elevation
mapping (RTDEM). In Proceedings of the IEEE International Conference on Robotics and Automation,
Barcelona, Spain, 18-22 April 2005.

Ishigami, G.; Otsuki, M.; Kubota, T. Range-dependent terrain mapping and multipath planning using
cylindrical coordinates for a planetary exploration rover. J. Field Robot. 2013, 30, 536-551. [CrossRef]
Fankhauser, P.; Bloesch, M.; Hutter, M. Probabilistic terrain mapping for mobile robots with uncertain
localization. IEEE Robot. Autom. 2018, 3, 3019-3026. [CrossRef]

Fankhauser, P.; Hutter, M. A universal grid map library: Implementation and use case for rough terrain
navigation. In Robot Operating System; Springer: Cham, Switzerland, 2016.

Fankhauser, P. Perceptive Locomotion for Legged Robots in Rough Terrain. Ph.D. Thesis, ETH Zurich,
Ramistrasse, Switzerland, 2018.

Bloesch, M.; Sommer, H.; Laidlow, T.; Burri, M.; Nutzi, G.; Bellicoso, D.; Gehring, C.; Leutenegger, S.;
Hutter, M.; Fankhauser, P.; et al. A primer on the differential calculus of 3D orientations. arXiv 2016,
arXiv:1606.05285.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/rob.21736
http://dx.doi.org/10.1109/TIV.2017.2749181
http://dx.doi.org/10.1109/70.338528
http://dx.doi.org/10.1109/TPAMI.2002.1039208
http://dx.doi.org/10.1002/rob.21462
http://dx.doi.org/10.1109/LRA.2018.2849506
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Uncertainty-Based Terrain Mapping 
	Coordinate System Definition 
	Distance Information Associated with Terrain 
	Motion Information Associated with Terrain 
	Covariance Solving Based on 3D Vibration/Gyro Detection 
	Solving Position Information Based on Vibration and Gyroscope Information 
	The Position Relationship between Time k and Time k + 1 


	Sensor Noise Error Analysis 
	Systematic Error Test 
	Measurement Noise Test 
	Indoor Test 
	Outdoor Test 


	Results and Discussion 
	Experimental Composition and Settings 
	Simulation Test 
	Optitrack-Based Indoor Test 
	Outdoor Test 

	Conclusions 
	References

