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Abstract. The visible and near-infrared imaging spectrometer (VNIS) carried
by the Yutu-2 rover is mainly used for mineral composition studies of the lunar
surface. It is installed in front of the rover with a ﬁxed pitch angle and small ﬁeld
of view (FOV). Therefore, in the process of target detection, it is necessary to
precisely control the rover to reach the designated position and point to the
target. Hence, this report proposes a vision-guided control method for in-situ
detection using the VNIS. During the ﬁrst 17 lunar days after landing, Yutu-2
conducted ﬁve in-situ scientiﬁc explorations, demonstrating the effectiveness
and feasibility of this method. In addition, a theoretical error analysis was
performed on the prediction method of the FOV. On-board calibration was
completed based on the analysis results of the multi-waypoint VNIS images,
further reﬁning the relevant parameters of the VNIS and effectively improving
implementation efﬁciency for in-situ detection.
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1 Introduction
The Chang’e-4 (CE-4) probe successfully landed in the Von Kármán crater of the
South Pole–Aitken basin on the far side of the Moon at 10:26 (UTC + 8) on January 3,
2019 [1]. Its landing site, which is named Station Tianhe, was centered at 177.5991°E,
45.4446°S with an elevation of −5935 m with respect to the radius of the Moon [2–4].
© Springer Nature Singapore Pte Ltd. 2020
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Three scientiﬁc payloads were installed on the Yutu-2 rover, including a panoramic
camera, lunar penetrating radar, and visible and near-infrared imaging spectrometer
(VNIS), which were mainly used to study the morphologies, shallow structures, and
mineralogical compositions of the traversed areas, respectively [5]. The VNIS instrument consisted of a visible/near-infrared (VIS/NIR) imager with an effective pixel size
of 256  256 pixels (* 1 mm/pixel) and a shortwave infrared (SWIR) single-pixel
detector [6]. The VIS/NIR imager operated in the range 450 − 945 nm with a spectral
resolution of 2 to 7 nm, and the SWIR detector worked in the range 900 − 2395 nm,
with a spectral resolution of 3 to 12 nm [7–9].

Fig. 1. Traverse map of the Yutu-2 rover during the ﬁrst 17 lunar days and the VNIS
measurements. (a) Base map is a high-resolution (0.9 m/pixel) digital orthophoto map
(DOM) [12] generated from Lunar Reconnaissance Orbiter Camera Narrow Angle Camera
imagery [13]; green lines are Yutu-2 center lines. (b), (c), and (d) 750-nm-band images of
waypoints LE00303, LE00702 and LE00910, obtained by the VNIS, respectively showing stone,
ruts, and the impact crater. The white circles show the ﬁeld of view (FOV) of the SWIR detector.

Control and on-Board Calibration Method for in-Situ Detection

269

During the ﬁrst 17 lunar days after landing, the Yutu-2 rover performed a series of
scientiﬁc exploration experiments, such as “stone detection,” “rutting detection,” and
“impact pit detection,” using the VNIS, and obtained spectral data for the lunar soil on
the far side of the Moon, providing the fundamental data for the study of the mineral
composition and space weathering of the lunar soil. The results based on the exploration data further revealed the material composition of the far side of the Moon,
facilitating the improvement of formation and evolution models for the Moon [10, 11]
(Fig. 1).
The VNIS was mounted at the front of the Yutu-2 rover at a 45° angle at a height of
0.69 m above the lunar surface [14]. The FOVs of the VIS/NIR and SWIR are narrow
(8.5°  8.5° and U 3.58°, respectively) [15]. As a result, approaching and pointing at a
speciﬁc science target depends completely on the precise control of the moving rover
[16]. In addition, because of the complex terrain and many impact craters in the CE-4
landing area, it is necessary not only to ensure the safety and reliability of the
movement of the Yutu-2 rover but also to implement in-situ detection with the
appropriate solar altitude and azimuth angles. These factors render detection experiments challenging, particularly when approaching a small rock or an impact crater and
pointing at the desired location.
The stereo cameras of the Yutu-2 rover used for environment perceptions,
including the navigation camera (Navcam), panoramic camera (Pancam) and hazard
avoidance camera (Hazcam), acquired 3-D spatial information for the lunar surface
[16], which could be employed in target approaching operations. However, the precise
installation calibration of VINS was not conducted before launching [17]. The position
and altitude of the VINS mounted on the rover were needed for accurate approaching
and target pointing operations.
In the CE-4 mission, we developed a control method for VNIS in-suit detection
based on visual guidance to approach detection targets safely and accurately, and in the
process of implementation, we predicted the FOV of the VNIS and assisted the ground
remote operators in evaluating and adjusting the detection azimuth. Furthermore, we
performed error analysis using the VNIS spectral images from multiple waypoints,
completed the on-board calibration based on the analysis results, and further reﬁned the
installation parameters of the VNIS. Now, the developed control method and the
calibration result have been routine using in the mission operations of the Yutu-2 rover.

2 Control Method and Engineering Applications
Conducting in-situ detection using the VNIS in the complex terrain environment on the
far side of the Moon presents various challenges. To overcome these challenges, we
formulated an implementation scheme of “aiming from a distance, pausing, and ﬁnetuning when approaching.” Based on the vehicle-mounted multiple imaging systems,
we used visual guidance to realize the precise control of in-situ detection using the
VNIS. Section 2.1 introduces the proposed control method in detail, which includes
moving and turning, FOV prediction, and adjustment. Section 2.2 describes the
implementation of in-situ detection of the VNIS in the CE-4 mission in detail.
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2.1

Control Method

The proposed method of controlling in-situ detection using VNIS based on visual
guidance consists of two main steps. The ﬁrst step involves controlling the rover
movement near the detection area and controlling the rover to turn toward the detection
target according to the location of the detection target and the lunar rover so that it aims
at the detection target. The second step involves controlling the rover to approach the
target using the “short distance straight line” approach, during which the course angle
is precisely adjusted using the predicted FOV of the VNIS. Figure 2 presents the
overall control flowchart for in-situ detection using VNIS during the CE-4 mission,
with the work introduced in this study highlighted in blue.

Navcam sequence images

Hazcam images

Location of
the target

Location of
the rover

Data sources

DEM1&DOM1

DEM2&DOM2

Fusion
Environment
modeling

Step 1: Move and turn

Step 2: Predict and adjust

Path searching and
generation

Strategy generation

Moving

Calculate and turn to the
detection azimuth

FOV prediction and adjuestment

Fig. 2. Overall flowchart of the vision-based control method for the VNIS in-situ detection.
(Color ﬁgure online)

Movement and Turning. As mentioned above, owing to the limitations of the
installation angle, location, and FOV, we adopt a “segment” control method when
implementing in-situ detection using the VNIS. Before moving, stereo images are
acquired at every waypoint using the Navcam, and sometimes using the Hazcam. Local
digital elevation models (DEMs) and digital orthophoto maps (DOMs) of 0.02 m grid
spacing are routinely generated at each waypoint after the images are downlinked [18].
It is considered that only using the image data of the Navcam produces a blind area
close to the rover body, which results in security risks when the rover is moving. In the
CE-4 mission, we utilized a multi-source image processing method, which used the
terrain data derived from the Hazcam to ﬁll in the blind spots in the Navcam DEM. For
the detailed process, see reference [19]. Based on the integrated DEM, we extracted
several statistical indices to quantify the terrain features, including slope, roughness,
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and height gradient. The slope cost, roughness cost, height gradient cost, illumination,
and communication shadow are weighted and superposed to generate a comprehensive
cost map for path searching [20, 21]. Based on the established comprehensive cost
map, the A* algorithm [22] is used to obtain a sequence of path points. The corresponding movement control command is then generated by combining the geometric
parameters of the lunar rover, the motion parameters of the wheel system and mechanism, and the operating capability of the lunar rover [23].
When we control the rover such that it moves to a position close to the detection
target, the “detection start point” is set for target detection. The following factors
should be considered when selecting the “detection start point,” which mainly considers distance, slope, and safety. Additionally, because the VNIS is a passive detection
device, it is necessary to adjust the azimuth of the rover appropriately according to the
change rule of the solar altitude and azimuth angles to avoid excessive shadow in the
image [24].
FOV Prediction and Adjustment. Figure 3 shows the flowchart of the method of
FOV prediction of the VNIS using Hazcam images. In this method, we chose Hazcam
images for the following reasons. First, the installation mode of the Hazcam is similar to
that of the VNIS. It is ﬁxed in front of the lunar rover. The changes in the external
orientation elements of the Hazcam and VNIS are only caused by changes in the altitude
of the rover and are not affected by the control accuracy of other moving mechanisms,
such as the Navcam, which is affected by the control accuracy of the mast yaw and pitch,
among others. Second, the Hazcam uses a ﬁsh-eye lens with a large FOV, enabling
observation of the terrain environment of the rover at a short distance. At such a short
distance (e.g., within 2 m), the terrain is out of the FOV of the Navcam [18].

Left Hazcam image

Right Hazcam image

DEM

Sample into 2D points

Construct linear
equation

FOV projection on left
Hazcam image

Solve the intersection
to obtain 3D points

Connect the points

Back-projection to
obtain 2D points

Add lens distortion

Fig. 3. Flowchart for prediction of the FOV of the VNIS on Hazcam image.

The FOV prediction can reflect whether the current azimuth satisﬁes the detection
implementation requirements. If not, it can be realized by turning slightly to the left or
right.
2.2

Engineering Applications

This section introduces the control process for VNIS in-situ detection, using stone
detection on the 12th lunar day as an example. At the dormant waypoint, we found that
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approximately 7 m southwest of the rover, there was an unusually shaped stone near
several successive impact craters. According to the analysis, these impact craters are
relatively new and of signiﬁcant scientiﬁc value.
According to the preliminary analysis of the terrain, the terrain near the stone was
complex, and there were several small pits on both sides, making it difﬁcult for the
rover to approach. Combined with the change of the solar azimuth, to meet the
requirements of the VNIS regarding the angle of the incident light, detection could only
be conducted toward the southwest. Additionally, during the implementation process,
the stone was likely to become shaded with changes in the rays from the Sun. In such a
case, time is of urgent importance. The exposed volume of the stone was quite small,
with a diameter of approximately 0.25 m and a height of only 0.06 m. Detection
control in this case can be very challenging, as it is necessary to control the movement
of the lunar rover precisely so that the VNIS FOV points to the stone as intended, under
several strict constraints.
In this operation, the DEM and DOM with 0.02 m grid spacing were automatically
generated as the basis for obstacle analysis and path searching using the sequence
images from the Navcam. The targets to be detected were then selected in DEM&DOM
data, as shown in Fig. 4.

Fig. 4. Automatically generated DOM (a) and DEM (b) from the Navcam’s sequence images.

Path planning for the safe approach based on the mobile capability of the lunar
rover was performed. The speciﬁc path-planning result is indicated by the green line in
Fig. 5(a), while the yellow sector represents the original turning. Due to the wheel
design of the Yutu-2 lunar rover, every effort should be made to prevent the sieve-like
wheel from being stuck by rock [18]. Therefore, the searched path should be checked
by back-projection on the image mosaic stitched from Navcam images, which has a
ﬁner texture, as shown in Fig. 5(b). The planned path ﬁrst avoids a conspicuous stone
to the right front of the rover, as shown by arrow 7. Secondly, it bypasses the shallow
impact craters, as shown by numbers 1–6 and 8 in Fig. 5(b). Towards the end, the left
wheel rolls onto the edge of an impact crater, as shown by arrow 8, at a depth of
approximately 5 cm.
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Fig. 5. Searched path projected on DOM (a) and Navcam image mosaic (b). Inset: the detection
stone found in the Pancam image.

After the rover arrived at the end waypoint of the planned path, we predicted the
FOV of the VNIS at this waypoint, as shown in Fig. 6. It was evident that the FOV of
the VNIS is not pointing toward the target, and it was necessary to continue controlling
the movement of the rover in the direction of the stone. According to terrain measurement, the distance between the mass center of the rover and the stone was
approximately 1.45 m. Additionally, compared with the position of the center of the
stone, the predicted FOV center deviated slightly to the left, accordingly, the rover had
to turn to the right at a certain angle.

Fig. 6. Predicted FOV of the VNIS at the LE01305 waypoint (the red oval represents the FOV
of the SWIR detector).

We subsequently controlled the movements of the rover several times and ﬁnally
ensured that the FOV of the VNIS pointed toward the center of the stone at the
LE01310 waypoint, as shown in Fig. 7.
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Fig. 7. Predicted FOVs of the VNIS on the DEM (a) and Hazcam image (b) corresponding to
the three movements.

3 Error Analysis and on-Board Calibration
By comparing the actual VNIS images obtained using multiple waypoints with the
predicted FOVs, we found that there was always a certain deviation between the two.
This section presents an analysis of the theoretical error of the back-projection method
based on the method of predicting the FOV of the VNIS, combined with the principle
of photogrammetry and the law of error propagation. We then describe the completion
of the on-board calibration of the VNIS placement matrix by using the deviation
between the measured results and predicted data. We demonstrate that the deviation
between the results and measured values is signiﬁcantly reduced when the corrected
parameters are used to predict the FOV.
3.1

Error Analysis

According to the method of predicting the FOV of the VNIS described in Sect. 2.1, the
entire back-projection procedure involves three error propagation processes. These
involve (1) the error of the DEM generated by the stereo Hazcam images, (2) the error
of projecting the 3-D points onto the 2-D Hazcam image, (3) the insufﬁcient accuracy
of the placement matrix of the VNIS.
DEM Generation. The DEM of the Hazcam image can be obtained through bilinear
interpolation of matched 3-D point clouds, which produce errors, mainly in the forms
of (1) matching errors and (2) interpolation errors.
According to the principle of photogrammetry, the measurement error in the object
space of the matching point can be obtained as follows [25]:
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ð1Þ

where ðXp ; Yp ; Zp Þ are the object coordinates, ðx; yÞ represent the image coordinates, B
denotes the baseline of the stereo camera, f is the focal length, rp is the matching
precision, and rx and ry represent the measurement errors of horizontal and vertical
image plane coordinates, respectively. According to the law of error propagation,
rp ¼ 13 rx . Using this law in formula (2), we can obtain formula (2) as follows:
Yp2 1
Yp2 1
 rx ¼
 ry
Bf 3
Bf 3
Y
rX ¼ rx
f
Y
rZ ¼ ry
f

rY ¼

ð2Þ

The detection range of the VNIS is approximately 0.7 m [6] in front of the lunar
rover. Thus, a matching error within 1 m can be obtained according to the relevant
parameters of the Hazcam [26] and formula (2). Please refer to Table 1 for details,
where rp ¼ 0:3 pixel. It can be seen from Table 1 that the error in this distance range is
less than 2 mm, and that the error in the y range direction is signiﬁcantly higher than
those in the other two directions.
rmatch ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2X þ r2Y þ r2Z

Table 1. Matching error of the Hazcam image. (unit: mm).
Distance
rX
rZ
rY
rxyz

600
0.37
0.37
0.74
0.91

700
0.43
0.43
1.01
1.18

800
0.49
0.49
1.32
1.49

900
0.55
0.55
1.66
1.84

1000
0.62
0.62
2.05
2.23
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In the CE-4 mission, the bilinear model is used to build DEMs. According to the
accuracy formula and considering the maximum and minimum elevation errors, we can
obtain the accuracy of the DEM grid, as shown in formula (3) [27]:
2
2
3
r2surf ¼ r2zmin þ r2zmax þ r2T ;
9
9
5

ð3Þ

where rsurf is the average accuracy of each grid point on the DEM; rzmin and rzmax
represent the minimum and maximum elevation errors, respectively, in a certain distance range; and rT denotes the loss of interpolation accuracy caused by the bilinear
surface. Considering that the terrain of the detection area was flat, and the overall slope
was small, rT ¼ 0:3 m was selected in this study. Further, it is known that the interpolation accuracy is approximately 0.5 mm within a range of approximately 0.7 m.
Projecting the 3-D Points onto the 2-D Hazcam Image. We denote the 3-D coordinates in the work coordinate system as ðXc ; Yc ; Zc Þ, and the obtained image coordinates through the imaging model of the Hazcam are ðxc ; yc Þ, where
xc ¼

Xc
f;
Zc

yc ¼

Yc
f:
Zc

ð4Þ

According to the law of error propagation [28], the errors of the corresponding
image coordinates can be calculated using the following formulas:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
 2 ﬃ
 2
 2
f
x
f
y
2
2
rxc ¼
rXc þ
rZc ; ryc ¼
r2Yc þ
r2Zc
Zc
Zc
Zc
Zc

ð5Þ

where ðrxc ; ryc Þ are the projection errors after the propagation effect; rXc ; rYc and rZc
are measurement errors calculated in the ﬁrst error propagation process; and, ðx; yÞ are
the image coordinates that come from the image in the ﬁrst error propagation process. It
can be seen that the DEM construction error will lead to the 2-D image coordinate error
of back-projection onto the Hazcam image.
Inaccurate Placement Parameters. Because of inevitable collision or vibration in the
launching and landing processes, instrument installation parameters are likely to
change, which will lead to a deviation of the alignment with the detection target of the
VNIS. Therefore, we chose the spectral data of multiple waypoints and compared the
predicted FOV with the measured results to complete the on-board calibration of the
installation parameters of the VNIS.
3.2

On-Board Calibration

Based on the above analysis, we obtained the in-situ detection data at four waypoints, as
shown in Figs. 8, 9, 10 and 11. In these ﬁgures, subﬁgures (a) represent the left Hazcam
images and subﬁgures (b) are enlarged views of local regions of the images in (a), where
the red and green dots represent the measured and predicted centers of the SWIR,
respectively. Subﬁgures (c) show the VIS/NIR images (* 1 mm/pixel) @ 750 nm,
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where the red dots represent the center of the SWIR. Subﬁgures (d) depict the predicted
FOVs of the VNIS. The center position of the SWIR in a VIS/NIR image is marked in
reference [6]. Tables 2 and 3 list speciﬁc 2-D coordinates of the image points in the left
Hazcam images and 3-D coordinates of the vehicle system, respectively.

Fig. 8. First comparison between the predicted and measured results of the FOV of the VNIS, at
waypoint LE01302.

Fig. 9. Second comparison between the predicted and measured results of the FOV of the VNIS,
at waypoint LE01306.

Fig. 10. Third comparison between the predicted and measured results of the FOV of the VNIS,
at waypoint LE01307.

Fig. 11. Fourth comparison between the predicted and measured results of the FOV of the
VNIS, at waypoint LE01310.
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Table 2. Comparison of the SWIR center position (unit: pixel).

Number

1
2
3
4

Waypoint

LE00302
LE01306
LE01307
LE01310

Measured
value
x
700
691
694
659

y
637
638
639
630

Predicted
value
x0
693
678
681
645

Deviation
y0
641
641
645
635

Dx
7
13
13
14

Dy
−4
−3
−6
−5

Table 3. Comparison of the SWIR center position (unit: mm).
Number Waypoint Measured value
x
y
z
1
LE01302 293.4 −190.8 −761
2
LE01306 269.0 −185.2 −750.4
3
LE01307 269.0 −184.3 −729.7
4
LE01310 215.4 −169.3 −745.7

Dx ¼ x  x0 ;

Predicted value
y0
z0
x0
280.2 −194.7 −764.4
248.7 −189.6 −748.8
245.6 −192.4 −724.5
189.6 −177.8 −746.0

Dy ¼ y  y0

Tables 2 and 3 demonstrate that there are deviations between the predicted positions and measured results in the Hazcam coordinate system. We denote the relationship between the VNIS and Hazcam as follows:
PH ¼RC  PI þ TC ;

ð6Þ

where RC represents the positioning attitude matrix calibrated before launch, and TC is
the translation vector calibrated before launch. Considering that the position deviation
of the center of SWIR is mainly caused by the deviation of the placement matrix of the
VNIS and the translation effect is small, the following correction model can be
established:
P0H ¼ RM  RC  PI þ TC ;

ð7Þ

where P0H is the coordinate after correction, RM is the rotation matrix for correction.
Combining formulas (6) and (7), we obtain formula (8) as follows:
P0H PH ¼ ðRM  EÞ  RC  PI ;

ð8Þ

where RM represents the orthogonal matrix to be solved. RC  PI can be obtained from
formula (6):
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RC  PI ¼PH TC :

ð9Þ

Finally, the following formula can be obtained:
P0 ¼ ðRM  EÞ  C:

ð10Þ

Because redundant observation results were obtained, the least squares method can
be used to optimally estimate the calibration parameters. Simultaneously, to maintain
the orthogonality of the matrix, we introduced the Euler angle parameter and established the following error formula:
v ¼ P0  ðRM ðo; p; kÞ  EÞ  C:

ð11Þ

where RM ðo; p; kÞ represents the rotation matrix obtained using the Euler angle o; p; k.
Based on the least squares principle, the results of attitude correction and the Euler
angle parameters were obtained to be (1.5604°, −2.2279°, −3.0516°). The root-meansquare deviation (REMS) of the Euclidean distance residuals of the corrected 3-D
coordinates is 8.257 mm, and Table 4 lists the residual values in each direction. The
above comparison demonstrates that the accuracy of the prediction results is signiﬁ-

Table 4. Comparison of the calibrated results of the SWIR center position (unit: mm).
Number Waypoint Residual before
optimization
Dx Dy Dz
1
LE01302 13.2 3.9 3.4
2
LE01306 20.3 4.4 −1.6
3
LE01307 23.4 8.1 −5.2
4
LE01310 25.8 8.5 0.3

Residual after
optimization
Dy0
Dx0
−5.551 −2.051
1.816 −2.827
6.003 1.361
6.669 −1.836

Dz0
−2.231
−6.186
−9.561
−2.421

cantly improved after calibration, providing reliable measurement and positioning
results for efﬁcient detection of the VNIS.

4 Conclusion
This paper presented a successful method of the VNIS detection for the Yutu-2 rover
based on visual guidance. By using vision-based measurement technologies, the
driving path of the Yutu-2 rover was accurately controlled to ensure that the FOV of
the VNIS was focused on the detected target. The method was veriﬁed in the CE-4
mission. The detection results successfully revealed the material composition on the far
side of the Moon and deepened human understanding of its formation and evolution
[29]. Furthermore, we conducted error analysis on the prediction method, deduced the
accuracy model, and analyzed the sources of the prediction errors using
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photogrammetry and error propagation theories. We also established a prediction
optimization model and solved for the parameters using the measured results of the
multiple waypoints of the VNIS images. Additionally, we further reﬁned the prediction
results and on-board calibration of the VNIS installation parameters based on the
analysis results. After veriﬁcation, the optimized parameters were used for prediction,
and the results were found to be much closer to the measured values. These results
demonstrate the accuracy and efﬁciency of the VNIS in-situ detection and the usability
of this approach in the ongoing CE-4 mission.
In the existing methods, the lunar rover is regarded as a rigid structure, and the
impacts of the vehicle dynamics model (including the suspension structure) and the
attitude on the planning are not considered. In the future, we will continue to study the
lunar rover path-planning algorithm to further enhance the control precision of the
lunar rover.
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