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Abstract: The Chang'E-6 mission aims to return lunar soil samples from the farside of the
Moon. To assist the mission in deciding the optimal time to stop scooping, a complete
measurement method comprising an image acquisition scheme and a measurement algorithm
is proposed to measure the volume of lunar soil in the container. A camera captures images at
two different positions, which serve as the left and right views of a stereo pair. By capturing
images with different exposure times, information in both the low-illumination and high-
illumination regions is obtained. A multi-target template detection method is designed to avoid
the erroneous target extraction caused by a fixed threshold, and the complex 3D point cloud
extraction is avoided by detecting the lunar soil region in the image. Experiments in a lunar

simulation environment on Earth demonstrate that the method measures the volume of lunar
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soil accurately, with an absolute error of at most 17 cm®. On June 3, 2024, the volume of lunar
soil measured after eight scoops on the Moon was 1393 cm’. These measurements assisted the
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The Chang'E program in China regards Iunar soil
collection as one of its key objectives. After the last
robotic sampling by Luna-24 in 1976, no large-scale
lunar soil sampling missions were conducted until
China's Chang'E-5 mission collected 1731 g of lunar soil
from the Northern Oceanus  Procellarum  in
2020111121 Eollowing the success of the Chang'E-5
mission, Chang'E-6 is the first mission to return samples
from the lunar farside; it represents the final stage of the
three-phase Chinese Lunar Exploration Program (CLEP)

1 Introduction

As the closest natural satellite to Earth, the Moon
has become the primary target of deep space
exploration"?. From the late 1960s, humanity has
conducted multiple explorations of the Moon, with lunar
soil collection being one of the most important tasks.
Through the study of collected lunar soil, scientists have
revealed the properties of the Moon and the composition

of lunar rocks, and inferred the Moon's origin and
evolutionary history™>*>¢"#]_ From the late 1960s to the
mid-1980s, the United States collected 381.7 kg of lunar
soil across six Apollo missions. The Soviet Union
collected 335 g of lunar soil during three Luna missions.

and will significantly advance lunar exploration and
research!'*!*13],

In the previous Chang'E-5 mission, the sample
container was photographed with a camera mounted on
the robotic arm, and the volume of lunar soil inside the
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container was estimated by eye from the captured images.
This approach has several drawbacks. As shown in Fig. 1,
the depth of the container limits the light reaching its
interior, so the images are dark and the soil volume is
difficult to estimate visually. Moreover, an eye-based
estimate is highly subjective, making it difficult for
ground personnel to reach accurate and consistent
decisions on whether to continue scooping. Considerable
time is therefore spent discussing whether to continue,
which is critical throughout the Chang'E-6 soil collection
mission.

Fig.1 The container filled with lunar soil in a high-
dynamic-range scene.

In lunar soil sampling missions, the soil is typically
placed in containers or bags for return to Earth. During
the Apollo missions, astronauts collected lunar soil with
specialized tools and stored it in designated containers™’.
The Luna missions used a drilling sampler and a robotic
scooping sampler, and the collected soil was stored in the
soil container of the return apparatus before being
brought back to Earth!"). The Chang'E-5 mission used
both scooping and drilling to collect lunar soil. The
scooped soil was stored in a sampling container (referred
to as the "container" hereafter) fixed to the lander, and
this container was subsequently transferred to the returner
for transport back to Earth!'”. The Chang'E-6 mission
used the same equipment and collection method as
Chang'E-5"").  Given the tight schedule and the
complexities of lunar farside sampling, a vision-based
implementation for terrain analysis and sampler pose
measurement was specifically developed to enhance
efficiency and autonomy!'”. The container ultimately
determines how much lunar soil can be brought back, so
the collected amount must remain within an optimal
range. Because lunar soil has high research value, as
much soil as possible should be collected within the
limited sampling time and container volume; however,
collecting too much consumes additional sampling time

and may prevent the container from being sealed
properly. Measuring the volume of lunar soil in the
container is therefore essential for determining the
optimal time to stop collection.

Chang'E-6 requires an accurate estimate of the lunar
soil volume inside the container!'®. Estimating this
volume from 2D image information alone is difficult.
However, with the advancement of deep learning, visual
3D algorithms can recover the 3D structure of the lunar
soil inside the container from the captured images, and
numerous methods can obtain 3D point clouds from
images, providing substantial support for accurate
volume measurement!'®'*?%. Recent deep-learning-based
volumetric imaging networks further enable real-time,
high-resolution three-dimensional reconstruction across
scales, and non-contact optical elastography offers an
additional ~imaging-based measurement route® %%,
Machine-vision-based volume measurement has therefore
been widely applied across various industries. Existing
vision-based volume measurement methods can be
grouped by how they recover 3D geometry. Structure-
from-Motion (SfM) photogrammetry reconstructs a scene
from multiple overlapping views and has been used to
measure the volume of undisturbed soil'®! and of wood
from unmanned aerial vehicle (UAV) imagery**)
smartphone-based SfM has also been compared against
Terrestrial Laser Scanner (TLS) measurements to validate
the accuracy of the reconstructed models®”. Stereo and
binocular reconstruction estimates depth from a pair of
calibrated views and has been applied to the volume of
contained soil without a pre-existing container model®",
to canopy volume for UAV-based chemical
application®”), and to tree volume using a robot with two
cameras placed at different positions™. A third group
recovers volume from active depth sensing or from
geometric priors: RGB-D and depth cameras have
measured the volume of irregular objects®” and of
livestock®* !, other approaches reconstruct volumetric
displacement from 3D reconstruction™”, identify material
piles within point clouds™, or estimate the payload of
construction-waste trucks from a monocular image and a
known truck profile®*. Despite this breadth, these
approaches are largely demonstrated in well-lit terrestrial
scenes and typically assume a known camera pose,
multiple views, or an active depth sensor.

Vision-based volumetric measurement has been
studied extensively in various fields, driven by advances
such as ultrafast nano-spectroscopy, neural meta-imaging,
and cross-scale volumetric imaging®"*> . However,
few studies have addressed volumetric measurement of
target objects using vision technology in lunar
exploration. Compared with measurement tasks in other
fields, measuring the volume of lunar soil inside the
Chang'E-6 container poses more stringent challenges and
limitations, which we list as follows:

1. The measurement algorithm must be robust while
minimizing manual intervention and complexity, thereby
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saving time.

2. In terms of hardware, Chang'E-6 has only one
movable camera to capture images of the container.

3. The brightness inside the sample container is low
because only a limited amount of light enters it.

4. The deformation of the robotic arm cannot be
ignored, making it impossible to obtain the camera pose
directly.

To address these challenges, we designed a complete
image acquisition scheme and measurement algorithm to
automatically measure the volume of lunar soil in the
sampling container under the constraints of the Chang'E-
6 mission. Because only one camera is available, images
were captured at two different positions to serve as the
left and right views of a stereo pair. The exposure time
was adjusted to acquire images with different brightness
levels, so that the lunar soil surface inside the container
and the target plate outside it could be extracted
separately. To handle the non-negligible deformation of
the robotic arm, a multi-target template matching
algorithm was designed to extract all target points, after
which the camera pose was estimated and stereo
rectification was applied. The 3D point cloud of the entire
scene was then reconstructed by stereo matching, and a
simple yet reliable method was developed to extract the
point cloud corresponding to the lunar soil. Finally, a
reference plane was adaptively selected to divide the
volume into two parts and compute the total volume. We
built a lunar simulation environment with equipment
identical to that used in the Chang'E-6 mission and
evaluated the proposed algorithm in this environment.
The results show that the method measures the lunar soil
volume with high accuracy. During the Chang'E-6
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mission, the method provided quantitative and qualitative
measurements of the lunar soil volume, supporting the
Chang'E-6 team in determining the amount of soil in the
container and in deciding whether to continue collection,
thereby saving considerable time.

2 Image Acquisition Hardware
System and Scheme

Based on the hardware configuration and
requirements of the Chang'E-6 mission, we design a
tailored image acquisition scheme and the corresponding
image processing algorithms for measuring the volume of
lunar soil in the container.

Fig. 2 shows the image acquisition equipment for
lunar soil volume measurement on Chang'E-6. Fig. 2(a)
shows the lunar simulation environment constructed on
Earth with equipment identical to that used in the
mission, and Fig. 2(b) presents a simplified model of the
hardware. A monocular camera is mounted at the end of a
robotic arm, which allows the camera to move. However,
due to non-negligible robotic arm deformation, the
camera pose cannot be obtained directly from joint
angles, and vision-based pose measurement has proven
effective for such challenges in the Chang'E-6 mission!'”.
The lunar soil is stored in the sampling container, around
which a target plate is fixed. This plate contains eight
targets with known three-dimensional coordinates, and
the camera has adjustable exposure settings to adapt to
the complex lighting conditions. Fig. 2(c) shows an
example image captured by the system, which mainly
contains the target plate and the container filled with a
certain amount of soil.

Lunar soil

position 2

Container

Target blate

Fig.2 The system for image acquisition. (a) The lunar simulation environment with equipment identical to that of the Chang'E-6 lander. (b) A
simplified model of the image acquisition hardware. (c) An example image captured by the camera.

Because of the demanding schedule, minimizing the
number of image captures is essential. Consequently,
images are captured at only two distinct positions.

The proposed algorithm utilizes the target plate
information in the region directly illuminated by light to

compute the camera pose. In addition, the algorithm uses
the lunar soil information from the areas with weaker
illumination in the image to reconstruct the lunar soil
surface in the container. As depicted in Fig. 3, due to the
significant difference in illumination between different
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regions of the image, it is difficult to simultaneously
utilize both the target plate information and the lunar soil
surface information from a single image.

As Fig. 3 (a) shows, when the exposure time is
short, the target plate information is relatively complete,
but the section of lunar soil surface in the image lacks

(a) The image captured with a shorter exposure time

(c) The target plate data extracted from the
low-exposure image

sufficient texture. Conversely, as shown in Fig. 3 (b),
increasing the exposure time can enhance the texture
details of the lunar soil surface in the image, but it may
simultaneously result in overexposure of the target plate,
leading to the loss of target information.
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(b) The image captured with a longer exposure time
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(d) The lunar soil surface data extracted from the
high-exposure image.

Fig.3 Images captured with different exposure times. (a) The image captured with a shorter exposure time.
(b) The image captured with a longer exposure time. (c) The target plate data extracted from the low-exposure image.
(d) The lunar soil surface data extracted from the high-exposure image.

We address this issue by capturing multiple images
with different exposure times. As shown in Fig. 3(c) and
Fig. 3(d), images with shorter exposure time are used to
extract the target plate information, while images with
longer exposure time are used to extract the lunar soil
surface details.

Our final image acquisition plan is to capture images
with different exposure times at two distinct locations,
which will serve as the left and right images in a stereo
system. The images with varying exposure times are used
to extract target plate information and lunar soil surface
information from regions with different illumination
intensities in the camera's field of view.

3 Measurement Algorithm

Based on the images collected by the Chang'E-6

hardware system, we present a complete method for
measuring the volume of lunar soil. The workflow is
illustrated in Fig. 4 and consists of three modules: (1)
camera pose estimation, (2) 3D reconstruction and point
cloud extraction of lunar soil, and (3) volume calculation
based on the point cloud.

3.1 Camera pose Estimation

The robotic arm of Chang'E-6 exhibits non-
negligible deformation, so the pose of the camera
mounted at the end of the arm cannot be obtained
directly. Instead, the camera pose at the two positions is
computed with the PnP  (Perspective-n-Point)
algorithm®®”. As shown in Fig. 2(c), eight targets with
precisely measured 3D coordinates are distributed on the
target plate surrounding the container. These eight target
points serve as the feature points for the PnP algorithm,
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and a dedicated extraction algorithm was designed for
them.

In the Chang'E-6 mission, the camera's viewing
angle and its distance to the sampling container vary only
slightly, so the size and shape of the targets are similar in
all captured images. We therefore use a multi-target
template matching method to extract the 2D coordinates
(ui,vi),i=1,2,...,8, of the eight target points.

The positions of the eight target points are expressed
as follows:

{(ui,vi)

| x—uol [<Ry,

(ui,vi):argmax(Coor[x,y]), 1

|y=vol | <R}
where Coor[x, y} is the correlation coefficient between

the template image and the captured image at pixel
coordinate (x, y). The correlation matrix CorrMat is
constructed by computing Coor[x, y] for all pixel
positions within the search window; R; and R, define the
half-size of the local search range around each target
point, so the algorithm searches for extrema within a
rectangular region of size (2R;+1) x (2R,+1) centered
at each expected target location. The eight target points
correspond to the eight local extrema (one global
maximum and seven local maxima) of the correlation
matrix. As shown in Algorithm 1, these eight extrema are
detected by first finding the global maximum, then
setting its surrounding region to zero to suppress it, and
repeating this process until all remaining target points are
found.

Because template matching produces high
correlation both at the exact match location and at
neighboring points, a fixed threshold or a simple global-
maximum search would also extract the points
surrounding each target. To address this problem of multi-
target template detection, the integer coordinates of the
targets are extracted as follows (Algorithm 1): the global

Images for
detecting targets
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/ rectification
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N 4 matching

Rectified images
Images for
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Object
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Algorithm 1. Extraction of the 2D target coordinates

Input: correlation matrix CorrMat[ m ][ 1], local search range [ R, R; |

Output: set of target pixel coordinate 4

1:function MAIN()

2:N<«38

34D

4:fori<~0toN—-1do

5:search for the maximum value CorrMat [ J ;][k,-]
6:4 A0 {(jiki)}
7:CorrMat|[ j;—R1yji+ Ry [ ki— Rotki+ Ry ] <0
8:end for

9:end function

maximum is first identified as a target point, its
surrounding values in the correlation matrix are then set
to zero to avoid false detections, and this process is
repeated until all eight target points are detected.

The relationship between 2D pixel coordinates and
3D world coordinates can be shown as follows:

Ci = Kimri |: Rw4n'|tw~>c ] Cw (2)
T
where C,, = [xw, Vs Zops 1} is the location of a 3D point in

the world coordinate system; C;= [ui,vi,l]r represents
the homogeneous pixel coordinates of the corresponding
2D point; Kii is the intrinsic matrix of the camera,
calibrated on the ground. R, . and #,.,. are the rotation
matrix and translation vector between the world and
camera coordinate systems, which represent the camera
poses to be solved. After obtaining the 2D and 3D

coordinates of the targets, the camera poses [leicmlfﬁc}

Reproject

@ to 3D g

Lunar soil
surface
Calculation
of lunar soil
volume

Mask

Fig.4 The workflow of the proposed method.
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and [R;i,gi;pfjih;] at the two positions are obtained with the
PnP algorithm®’**. The relative pose [R|t] between

camera position 1 and camera position 2 is then obtained
as follows:

. -1
R=R%:x (RiL.) (3)

. . -1
t=08 - RIS (RIE.)  x o )

3.2 Dense 3D Reconstruction and Object Point
Cloud Extraction

Using the Bouguet stereo rectification algorithm!*”),
the images are corrected with the intrinsic matrix Kingi
and the relative pose [R|t]. The stereo disparity is then
inferred with CREStereo!'”, which performs well in
stereo matching.

The point cloud of the complete 3D scene is
obtained from the stereo disparity. For the subsequent
volume measurement, the point cloud corresponding to
the upper surface of the lunar soil must be extracted.

(a) Reconstruct the 3D point cloud of whole scene

Left Disparity
image image

3D point cloud
of whole scene

Based on the characteristics of stereo matching, this
target point cloud is extracted by detecting the
corresponding 2D image region. This approach avoids the
more complex process of 3D point cloud extraction,
reducing the algorithmic complexity.

As shown in Fig. 5(a), each pixel's disparity in the
left image can be projected and mapped to a point

T . . .
[xw, yw,zw} in the 3D point cloud according to the stereo

3D reconstruction model. The mathematical expression of
this correspondence is given as follows:

r_ [X ¥ ZT )
www
X u
Y v
Z =0 disp ©)
/4 1

where [u,v] is the pixel coordinate and disp is the
disparity; Q is the projection matrix which is obtained by

stereo rectification®”.

Left image

The extracted
Disparity point cloud

Mask .
image

(c) Extract point cloud of lunar soil

from whole scene point cloud i

Fig.5 The extraction of the 3D point cloud of the lunar soil. (a) Reconstruction of the 3D point cloud of the complete scene.
(b) Extraction of the mask corresponding to the lunar soil in the 2D image. (c¢) Generation of the lunar soil point cloud
by reprojecting only the disparity within the mask region to 3D points.

As shown in Fig. 5(b), we first detect the image
region Isoﬂz{( uj, v,—)} corresponding to the upper surface
of the lunar soil in the rectified left image. Then, as
shown in Fig. 5(c), when projecting the disparity to 3D
coordinates with the projection matrix (, only the
disparity values within /,; are projected into the 3D point
cloud. The extracted point cloud Py, is expressed as
follows:

Pi={c| cu=0[cidispi. 1] ¢r€ L} (7)

where Py is the point cloud of the upper surface of the
lunar soil inside the sampling container.

3.3 Volume calculation based on point cloud data

The volume of lunar soil equals the space enclosed
by the point cloud of the lunar soil surface and the
container, which we therefore compute.

The container used to hold lunar soil in the Chang'E-
6 mission is shown in Fig. 6. It is not a standard cylinder:
its cross-section radius varies with height. Its shape can
be approximated by four frustums, labeled Frum, to
Frum, from bottom to top.

Calculating the volume of the lunar soil surface
point cloud directly relative to the container bottom
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Unit:mm
r=40.6
r,=48.4
r=51.0
r=45.5
r=42.0

h=15.1
h,=149.0
2 h=11.7
h=25.5

: 3 :
(a) The appearance of the container  (b) The shape of the container is approximated by four frustums.

Fig.6 The container. (a) The appearance of the container. (b) The shape of the container is approximated by four frustums.

with the grid method introduces significant error. As
shown in Fig. 7(b), isolated points may also appear in
the reconstructed point cloud because of sterco
matching errors, further degrading the volume
estimate. To reduce this error, we propose a more
accurate method based on a reference plane, shown in
Fig. 8. Instead of computing the volume directly

Referencet z
plane

(@)

|

Assign the
points to grid

relative to the container bottom, the average height of
all points is first taken as the reference plane height
(hret=hmean). By splitting the calculation at this
reference plane, isolated outliers below or far above
the main soil surface have little impact on the final
volume, because they are either excluded or averaged
into the reference plane estimate.

Unit:mm

y 20

15
|

z (b) X

Fig.7 The calculation of volume Viaive between the upper surface of the lunar soil and the reference plane using the grid method. (a)
Schematic diagram of the reference plane, coordinate system, the upper surface of the reconstructed lunar soil, and the container. (b) Points
are assigned to the corresponding grids based on their x and y coordinates. We use different colors to roughly represent the average height of
the point cloud within each grid relative to the height of the reference plane, i.e. hre]ative(x,, y,v). It can be seen that the edge of the upper
surface of the lunar soil is below the reference plane, so the corresponding relative height is negative.

First, the average height /e, of all points in the
extracted point cloud is computed, and the plane at this
height is used as the reference plane, i.e., /er=/mean-
Based on this reference plane, the lunar soil is divided
into two parts: the soil below the reference plane, Vi,
and the soil between the reference plane and the
reconstructed surface, Vilative-

The soil below the reference plane is approximated
as a set of conical frustums. As illustrated in Fig. 6(b), the
container consists of four frustums (Frum, to Frumy), and
Fig. 9 shows the container structure and the reference
plane. The volume below the reference plane is obtained
by summing the volumes of the frustum segments

intersected by the reference plane, as follows.
Vfrum(rhrnlahnl)v 0<href<h]

Vi+ Vim(72, 725 A2 ), hi <heee<hs

V =
ol Vi4 Vot Vin(73, 35 hn3 ) s hy <hper<hs
Vit Vot Vit Vim(Fas s hna),  hy<hper<hy
1
Vfrum(rl,rz,h) = gnh(r12+r22+r1r2) )

where Vi, V>, and V3 are the volumes of Frum;, Frum,,
and Frums, respectively, and 7y, 7, 7n3, and 7y denote
the radii of the cross-sections at the reference plane
height within each frustum. The intermediate variables
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point ¢loud container

Point cloud after
post-processing

Original point
cloud of lunar
soil surface

The reference
plane

positive

Volume between
reference plane and
lunar soil surface

Total measured
Vpet volume of lunar soil

Volume below the
reference plane

Fig.8 The volume calculation flowchart using the lunar soil point cloud. Vyejaive is the volume between the point cloud
and the reference plane. V', represents the volume of the enclosed body formed by the reference plane and the container.
The total measured volume V,, is the sum of Vigjaiive and V.

Container Structure and Reference Plane

Container
Frustum4
Frustum3
Lunar soil Frustum2
— = —_— = ]= == = =g Reference plane

h_,

ref bel

1
1
1
1
1
1
1
1
1
1
1
1
1
&

k ________ j Frustuml1

Fig.9 Schematic diagram of the container structure
and the reference plane.

are defined as follows:
Vi=Vium(r1,r2.80), Va=Veeum(r2.73.h2),
V3= Vium(73, 74,13 ), Bt = e, hp = hoeg—h1,
ho3=hies—h1 = ha, hog=hees—hy —ha—hs,

hn ho

Fni = 7f*(rz—r1) 11, = 7?*(V3—i?)‘+rz,
1 2
hn3 hn4

rn3= h (F4—I"3) +73, g = T(FS_F4) +74.
3 4

The volume Vieaive between the lunar soil surface
and the reference plane is computed with the grid
method. As shown in Fig. 7(a), a coordinate system is
first established on the reference plane, with the XOY
plane coinciding with it. Second, the cross-section of the
container at the reference plane is divided into equally
spaced grids. Only a few grids are drawn schematically in
Fig. 7(b); in the actual calculation, the grid size is set to
1 mm, which yields many smaller grids. All points in the
point cloud are then assigned to the corresponding grids
according to their x and y coordinates. In Fig. 7(b),

different colors roughly represent the average height of
the points in each grid relative to the reference plane. The
height within each grid relative to the reference plane is
calculated as follows:

hrelative(xisyi) :hmean(xiayi) — Pt (10)
where /. is the height of the reference plane, (x,-, y,-)
denotes the position of a grid, and hmean(x,-, y,-) is the
mean height of all 3D points assigned to grid (x,«, yi). The
middle part in Fig. 7(b) corresponds to the portion of the
lunar soil surface above the reference plane in Fig. 7(a),
so its relative height is positive. The edge part
corresponds to the portion below the reference plane, so
its relative height is negative. Finally, the volume of the
surface relative to the reference plane is obtained by
summing the equivalent volume of each grid. The volume
Vielative 1S €Xpressed as follows:

Vrelative = S;? X z?:l zj’il ( hrelative( xiayi))

=S§>< z:;lzj’zl(hmcan(xiayi) _hrcf)

where S,=1mm is the grid size, hmean(xi,y,») is the mean

an

height of the points in grid (x;,;), and Ay is the height of
the reference plane.
The final measured volume of lunar soil in the
container is obtained as follows:
Vmea = Vbel + Vrelative (12)

4 Experiments and results

The proposed algorithm was tested in both the lunar
simulation environment on Earth and the actual lunar
environment during the Chang'E-6 mission. Twelve
experiments were conducted in the simulation
environment, and the results are presented in Table 1,
where Ve, denotes the volume measured by the proposed
method. The actual volume V, was obtained by pouring



INSTRUMENTATION, Vol. 13, No. 3, 2026

each sample into a precision graduated cylinder and
reading the settled volume directly from its scale. The
cylinder is a Class A precision graduated cylinder
conforming to ISO 4788, and its calibration is traceable
to the national capacity standard. Its capacity is 1000 cm?

with a capacity tolerance of +5cm’; sample volumes
exceeding this capacity were obtained by summing two
successive readings. Evaluated through repeated water
filling and reading, the reading repeatability of the cylinder
is within +£2 cm®. Some results are shown in Fig. 10.

(a) Measured volume: 975 cm?
Actual volume: 970 cm?®

(b) Measured volume: 1 309 cm?
Actual volume: 1 320 cm?

(¢) Measured volume: 1 405 cm?
Actual volume: 1 395 cm?

Fig.10 Experimental results of lunar soil volume measurement: the upper row shows the images captured at one position, and the lower row
shows the point cloud of the lunar soil. We compared the measured volume using our method with the actual volume.

The twelve ground tests showed that the proposed
method measured the lunar soil volume accurately, with
an absolute error of at most 17 cm® (Fig. 11). The mean
absolute error (MAE), the root mean square error
(RMSE), and the relative error were also computed from
the twelve experiments; the MAE and RMSE were
93cm’ and 11.0cm’, respectively, and the per-
experiment relative errors are listed in Table 1. The
relative error is larger at small volumes and decreases as
the container approaches full: it reached 5.0% and 8.5%
at 140 cm® and 200 cm®, respectively, while near full it

[
S S
T

N
T

Absolute error(cm?)

(=

1 23 45 6 7 8 91011 12
Experiment index

Fig.11 Absolute error of volume measurement
for the twelve experiments.

Table 1 Experimental results in the lunar simulation
environment on Earth.

5 Vinea Vact Abs. Error Rel.
No. rer (mm) (cm3 ) (cm3 ) (cm3 ) Error (%)

1 22.5 133 140 7 5.0
2 29.3 183 200 17 8.5
3 52.1 361 365 4 1.1
4 84.8 602 585 17 2.9
5 101.9 749 750 1 0.1
6 130.6 957 940 17 1.8
7 132.5 975 970 5 0.5
8 151.9 1122 1110 12 1.1
9 155.5 1156 1145 11 1.0
10 175.3 1309 1320 11 0.8
11 182.1 1355 1355 0 0.0
12 190.1 1405 1395 10 0.7
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stayed below 1%. This trend follows from the filling
height and the effective reconstruction area. At low filling
heights, the reference plane is low, the reconstructed soil
surface is small, and the boundary region, where disparity
estimates are least reliable, accounts for a larger fraction
of the surface, so the bounded absolute error (at most
17 cm®) produces a larger relative error. As the fill height
rises, the reference plane moves up and the effective
reconstruction area grows, so the same bounded absolute
error yields a much smaller relative error. The method
therefore maintains stable absolute accuracy over the
whole volume range, with relative accuracy improving as
the container approaches full.

The main uncertainty sources of the measurement
system are: (1) camera intrinsic calibration; (2) the three-
dimensional coordinates and image localization of the
targets; (3) PnP-based pose estimation; (4) stereo
disparity estimation; (5) the geometric parameters of the
container; and (6) numerical volume integration. The
intrinsic  calibration error propagates through stereo
rectification and the projection matrix @ into the
reconstructed point coordinates. Errors in the target
coordinates and their image localization propagate into
the camera pose and, in turn, the stereo reconstruction.
Disparity estimation is a major source of surface
uncertainty, particularly in low-texture regions and near
the container boundary. The container geometry affects
the volume below the reference plane V%, and the grid-
based integration introduces a discretization error in
Vielativee These sources together limit the achievable
accuracy and account for the observed absolute errors.

To assess the contribution of the reference-plane
strategy, the proposed mean-height reference plane was
compared with four alternatives on the same twelve
datasets: (1) direct integration without a reference plane,
which integrates the point cloud down to the container
bottom; (2) a median-based reference height; (3) a
trimmed-mean reference height; and (4) robust plane
fitting. The MAE and RMSE of each strategy are listed in
Table 2. The mean-height reference plane gave the lowest
MAE (9.3 cm®) and RMSE (11.0 cm?), close to those of
the median and trimmed-mean heights, which confirmed
the mean as a reasonable and stable reference height.
Direct integration was much worse because its point
cloud loses part of the boundary and distorts the surface
relief: the viewing angle and the container opening
occlude part of the inner boundary, and the stereo
matching error further corrupts the reconstructed surface.
Integrated down to the container bottom, the missing
boundary produces a systematic underestimation, and the
distorted relief propagates into the volume. The reference-
plane strategy avoided this by splitting the volume into
Ve, computed from the known container geometry and
therefore insensitive to boundary loss, and Vielative, Which
captures only the surface relief relative to the reference
plane; the boundary loss and distortion were thus
confined to the small Ve term. Robust plane fitting

was also less accurate because the soil surface is not
planar, so a single fitted plane cannot follow the relief
and its tilt amplifies the error near the boundary. The
comparison confirmed that the reference-plane
decomposition is the main contributor to the accuracy and
stability of the volume estimate.

Table 2 Comparison of the proposed volume calculation strategy
with representative alternatives on the twelve experiments.

Strategy MAE(cm®)  RMSE(cm?)
Direct integration (no reference plane) 35.6 43.8
Robust plane fitting 16.4 20.7
Median reference height 9.9 11.6
Trimmed-mean reference height 9.7 11.4
Proposed mean reference height 9.3 11.0

In addition to the tests in the lunar simulation
environment, the proposed method was also used during
the Chang'E-6 mission. On June 3, 2024, during lunar
soil collection on the farside of the Moon, Chang'E-6
used the proposed algorithm to measure the volume of
lunar soil inside the container.

Fig. 12(a) shows the low-exposure images captured
by Chang'E-6 on the Moon from two different positions
with the movable camera, used to extract the pixel
coordinates of the target points. Fig. 12(b) shows the
high-exposure images used to reconstruct the point
cloud of the lunar soil surface, and Fig. 12(c) shows the
reconstructed point cloud of the lunar soil in the
container. The measured volume of lunar soil was
1393 cm®. Based on this result, the Chang'E-6 team
determined that the container was nearly full and that
the amount of lunar soil had reached the expected
target, so they decided to stop scooping after eight
scoops.

5 Conclusion

In this paper, we proposed a complete method for
measuring the volume of lunar soil in the Chang'E-6
sampling container, comprising an image acquisition
scheme and a volume measurement algorithm. A single
camera was moved to two positions to form a stereo
image pair, and images with different exposure times
were captured to extract the target information and the
lunar soil surface separately. Since the camera pose
cannot be obtained directly, a PnP-based method was
used to estimate it. A simplified point cloud extraction
method based on the correspondence between disparity
maps and the point cloud avoided complex 3D point
cloud extraction, and the soil volume was computed from
the space enclosed by the point cloud and the container.
Ground simulation experiments showed that the proposed
method measured the soil volume accurately, with an
absolute error of at most 17 cm®. During the Chang'E-6
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(a) Low-exposure images captured by a movable camera at two different positions on the moon

. e
Ve i sy N et SN

(b) High-exposure images captured at the same two positions after adjusting the exposure settings

e

(c) The reconstructed point cloud of the lunar soil

Fig.12 Images captured by Chang'E-6 on the farside of the Moon and the results of lunar soil volume measurement. (a) Low-exposure
images captured by a movable camera at two different positions on the Moon. (b) High-exposure images captured at the same two positions
after adjusting the exposure settings. (¢) The reconstructed point cloud of the lunar soil; the measured volume is 1393 cm?.

mission, the method measured the lunar soil volume as
1393 cm®, which assisted the team in confirming that the
sampling target had been reached and that it was the
optimal time to stop scooping.

Future work could address camera pose estimation
and stereo matching. For pose estimation and stereo
rectification, one alternative is to match feature points
between the two images and then recover the scale from
the known 3D coordinates of the eight target points. In
addition, because the lunar soil surface has weak texture
and many repetitive structures, a dedicated module could
be designed to optimize stereo matching based on these
characteristics.
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