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Abstract. Teleoperation can greatly improve the whole mission benefits of
manned lunar exploration, while it is necessary to provide a real and effective
environment for astronauts through rapid 3D reconstruction. The requirements of
teleoperation and the characteristics of the operated objects in the future manned
lunar exploration mission are analyzed. According to the characteristics of the
lunar environment, a 3D rapid reconstruction scheme based on the combination
of motion structure recovery and binocular vision is proposed, and the proposed
scheme and its accuracy are verified through ground tests.

Keywords: Manned Lunar Exploration · Lunar Teleoperation · Rapid 3D
Reconstruction · Structure From Motion · Binocular Vision.

1 Preface

1.1 A Subsection Sample

Lunar has already become the primary target of human deep space exploration since the
new century, and several countries and institutions have declare their lunar exploration
plans. Teleoperation means controlling robots remotely to complete relatively complex
operations in a site far away from the operator. In the manned lunar exploration mission,
teleoperation can support astronauts controlling robots to reach dangerous sites and
carrying out deep exploration works. For large-scale exploration, high-intensity and
repetitive works, astronauts can focus on the control operation for a long time in a
safe and comfortable environment with good mental state. Meanwhile, this can help
avoiding time consumption and risks of pressure cabin entry and exit, which reducing
the requirements of astronauts’ personal characteristics. Teleoperation can also support
multiple operators to cooperate at different levels, which greatly improves the whole
benefits of mission. In order to support teleoperation, it is necessary to build a 3D
environment of the operation site through VR technology to provide operators with a
strong sense of immersion and comprehensive and systematic task information.
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Rapid 3D reconstruction of environment is the basis of high-quality and high-
efficiency lunar teleoperation. It needs to provide effective environment and information
of lunar robot and environment for astronauts with limits of computing and commu-
nication resources. This paper investigates and analyzes the situation of lunar teleop-
eration missions. Following the analysis of the teleoperation requirements of manned
lunar exploration missions, a fast 3D environment reconstruction method suitable for
the characteristics of lunar environment and the operation of lunar robots is proposed,
while the accuracy is tested and verified by ground tests. The study can provide a useful
reference for mission applications in the future.

2 Development of Lunar Teleoperation Technology

2.1 American Lunar Rover

In 1967, the U.S. ‘Surveyor-3’ lunar probe successfully landed on the lunar. It completed
the lunar soil collection tasks under the control of the ground station, and realized the
earliest space robot teleoperation in human history.

The Apollo-15/16/17 missions utilized the non-pressurized manned lunar rover
(LRV), with a maximum distance of 36 km. The LRV was manually controlled by
the astronauts. At the same time, the ground control center was remotely controlling at
different berths based on TV images. The ground control personnel were divided into
three task groups: task command and control, system operation and status monitoring.
In addition, there were support groups such as lunar surface experiments (Fig. 1).

Fig. 1. Manned lunar rover in Apollo program.

2.2 Former Soviet Union Lunar Rover

The ‘Lunar-17’ lunar probe launched by the former Soviet Union in 1970 carried the
lunar rover’Lunokhod-1’, which is the first lunar surface exploration activity carried out
in the world. Lunar-17 worked for 11 months, and the walking distance of Lunokhod-1
reached 10.54 km, while the inspection area was 80000m2. In 1973, the Lunar-21 lunar
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probe with the Lunokhod-2 lunar rover was successfully launched. Lunokhod-2 carried
out patrol and exploration activities, and its total walking distance was 37 km.

Both Lunokhod-1 and Lunokhod-2 adopted the ground teleoperation. Four
panoramic cameras were used to collect high-resolution images. During the teleopera-
tion from ground, five controllers sat in front of the television of ground control center,
and the image of lunar surface returned by the lunar rover was displayed on the screen.
According to these images, the driver sent commands to the lunar rover for moving
slowly and avoiding from craters and obstacles. The camera protruding from the front
of the rover body transmitted an image to the ground every few seconds. Although the
quality was not so high, it could ensure that the ‘driver’ can avoid obstacles and move
to the target position. When the lunar rover was in the ‘wandering’ state and unable
to determine the subsequent moving path, it obtained higher resolution images through
four panoramic cameras (Fig. 2).

Fig. 2. Lunokhod lunar rover of the former Soviet Union

2.3 Chinese Lunar Rover

In December 2013, the Chang’e-3 (CE-3) lander successfully achieved a soft lunar
landing. On December 15, the Yutu lunar rover realized the separation and mutual
shooting of the two, which marked the success of the Chang’e-3 mission and became
China’s first remote operation to patrol and detect an extraterrestrial object. The Yutu
lunar rover worked in an unknown and complex environment on the lunar surface,
and had two working modes: autonomous operation and remote operation. The ground
mission support and teleoperation control system was the main system to realize the
teleoperation, which was composed of 3D terrain construction, whole mission planning,
detection cycle planning and other functional modules. The Yutu lunar rover restored
and established 2D panoramic images and 3D topographic maps through a variety of
algorithms, and realized task planning such as behavior sequence and travel path based on
environment module, kinematics module and multi-constraint optimization algorithm.
The Yutu lunar rover was equipped with panoramic camera, navigation camera and
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Fig. 3. Overall configuration of Chang’e-3 lunar lander with lunar rover ‘Yutu’3

obstacle avoiding camera for imaging at different distances. In order to achieve stereo
vision, all cameras used a dual camera configuration (Fig. 3).

In 2014, the CE-4 mission realized the first human landing on the back of lunar.
The ‘Yutu-2’ lunar rover carried by it was optimized for ground teleoperation software
based on CE-3, and the interactive interface was simplified through improving the level
of automation. The CE-5 mission has realized the first lunar surface automatic sampling
and return mission in China. Its surface sampling manipulator system mainly included
two parts: lunar surface execution and ground remote operation, which were used for
the ground test, test verification and on orbit operation of the surface sampling device
(Fig. 4).

Fig. 4. CE-4 lunar surface moving traces of the rover Yutu-2

2.4 Summary

The problem of teleoperation delay on lunar surface is more serious. Considering
the communication delay, information processing and transmitting, operator decision-
making and other delays, the teleoperation delay is generally in the order of more than
ten seconds. The continuous teleoperation of the lunar robot by ground operators in early
missions is difficult, and the ‘move wait’ strategy can only be used. Although the system
stability under large time delay is achieved, the system efficiency is greatly reduced.
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In order to achieve continuous teleoperation under large time delay, prediction dis-
play and other technologies have been gradually developed, but the decision-making of
operators needs the support of realistic 3D environment, and the immersion of operators
is enhanced through virtual reality to improve the efficiency of teleoperation.

3 Requirement Analysis of Teleoperation for Manned Lunar
Exploration

3.1 Teleoperation Task Analysis

According to the mission design of future manned lunar exploration mission, three types
of teleoperation requirements can be summarized:

(1) Unmanned lunar exploration activities in manned lunar exploration

In the early stage of manned lunar exploration mission, it is necessary to carry out
pre-exploration activities on the lunar surface through lunar robots, such as detailed
exploration of candidate landing sites formanned lunar landing, in-depth exploration
of the site selection ofmanned lunar research station ormanned lunar base, and large-
scale mobile exploration of the lunar surface. Remote operation the lunar robot can
be done through a lot of ways, which not only ensures the efficiency and coverage
of lunar exploration, but also reduces the cost and risk of subsequent manned lunar
exploration missions.

(2) Human-machine joint detection in high risk areas
When astronauts carry out exploration activities on themoon, they will be threat-

ened by the complex terrain, vacuum, extreme high and low temperatures, space radi-
ation and other environmental threats on the moon. The man-machine joint working
mode of astronauts in the pressured cabin + lunar robots can be utilized to reduce
the risk of astronauts carrying out extravehicular activities.

(3) Large scale extravehicular operations centered on astronauts
When in the stage of large-scale system level lunar surface exploration or lunar

resource development and utilization, it is necessary to establish a set of support
system for large-scale extravehicular operations around astronauts, and take remote
operation as the main task mode. Extravehicular large-scale operations are charac-
terized by long duration, cooperative operation of multiple astronauts, and support
of various resources during operation. If the astronauts are located in a suitable envi-
ronment, the remote operation mode can avoid the inconvenience of fine operation
when wearing extravehicular clothing, and can also establish a friendly and more
convenient human-computer interaction channel through the mixed reality with the
support of rich resources in the cabin.
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3.2 Characteristic Analysis of Teleoperation Object

According to the results of teleoperation tasks and requirements analysis, the lunar
teleoperation objects can be divided into two kinds: mobile type and operation type.

The mobile type mainly refers to the interaction between the operated object and the
lunar terrain environment. The point of teleoperation is to measure and determine the
relative pose relationship between the lunar robot and the surrounding terrain, and select
the correct and safe mobile path (Fig. 5).

Fig. 5. Lunar surface moving robots

The operation type mainly refers to the interaction between the manipulator and the
operated object. The key point of teleoperation is tomeasure the relative pose relationship
between the manipulator and the operated object, and form the motion command of the
manipulator (Fig. 6).

Fig. 6. Task types of single arm and double arm of lunar surface manipulators

4 Research on Rapid 3D Environment Reconstruction Method
for Lunar Teleoperation

4.1 Comparative Analysis of Three-Dimensional Lunar Surface Reconstruction
Methods

As an important branch of computer vision, 3D reconstruction technology can be divided
into active acquisition and passive acquisition. The qualitative comparison of various
3D reconstruction methods is as follows (Table 1).

According to the characteristics of the lunar environment, binocular vision (BiV)
and Structure from motion (SFM) are used for 3D reconstruction:

(1) When there are many feature points, SFM based method is used for 3D reconstruc-
tion;

(2) When there are few feature points, BiV is used for 3D reconstruction.
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Table 1. Comparison of 3D reconstruction methods

Method Automation level Reconstruction effect

Shading method Fully automated The reconstruction effect is
poor, vulnerable to
illumination, and the
robustness is poor

Photometric stereoscopic
visual method

Can achieve a certain degree
of automation

The reconstruction effect is
good, affected by the light
source, and the robustness is
poor

Texture method Fully automated The reconstruction effect is
poor, insensitive to light and
noise, and has good
robustness

Contour method Fully automated Depends on the number of
contour images

Focusing method Difficult to realize automatic
reconstruction

It can calculate the depth of
each point, and the
reconstruction effect is better

Structure from motion method Fully automated The reconstruction effect is
better. The more images, the
better the reconstruction
effect

Binocular vision Fully automated The reconstruction effect is
better in the case of weak
texture scene

Time flight method Fully automated The reconstruction effect is
quite good

Structured light method Fully automated The reconstruction effect is
quite good

4.2 3D Reconstruction Based on Moving Structure Restoration

SFM is a method to restore camera parameters and 3D information using numerical
methods by detecting matching feature points in multiple uncalibrated images. The
method has very low requirements for images, and can use video or even random image
sequences for 3D reconstruction; At the same time, image sequences can be used to
realize the self-calibration of the camera in the reconstruction process, which eliminates
the pre-calibration steps of the camera; Moreover, due to the progress of various feature
point extracting and matching technology, the robustness of method is also very strong.

Considering the limited field of view of a singlemonitoring camera, we can introduce
the PTZ monitoring camera technology with target tracking, which can ensure that the
robot is always within the effective range of the monitoring camera. At the same time,
according to the new workspace of the mobile robot, we can control the scanning of
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the PTZ left, right and pitch, and provide a model for 3D environment reconstruction
(Fig. 7).

Fig. 7. Structural dimension and physical object of PTZ1

4.3 3D Reconstruction Based on Binocular Stereo Vision

Binocular stereo vision is a method to obtain depth information based on the parallax
principle. It observes the same object from multiple perspectives and obtains images,
then matches the images from different perspectives, calculates the depth information
through the triangulation principle and the offset between corresponding points. This
can obtain the distance between the object and the camera, and finally obtain the 3D
information of the object. This method simulates the process of stereoscopic imaging
of human eyes, and can achieve good results with low cost and simple system structure.
It is widely used in product detection and quality control, and can collect images in an
instant, so it is more effective for the measurement of moving objects.

5 Experiment and Accuracy Analysis of Rapid Reconstruction
of 3D Environment

5.1 3D Reconstruction Test Based on Structure from Motion

The robot head pan tilt camera collects 2D images of the surrounding environment,
imports the 2D images into the Meta-Shape software, and generates a 3Dmodel through
the process of aligning photos, establishing dense point clouds, generating meshes, gen-
erating textures. So the format is exported, and the ruler is placed in the environment. The
scene accuracy is detected by the robot walking through a specified distance. Secondly,
the model is imported into Unity 3D software for mapping, physical configuration and
other operations. Finally, HTC vive glasses are configured to observe the scene (Fig. 8).
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Fig. 8. Laboratory image collected by PTZ camera

The Meta-Shape software is imported for 3D reconstruction and accuracy analysis
(Fig. 9).

Fig. 9. Meta-Shape reconstruction diagram

3D environment is successfully reconstruct and observed with HTC Vive. By mea-
suring the error between the grid distance detection of the calibration plate and the real
environment, the test error is less than 1%, which can fulfill the requirement that the
error of 10m scale 3D environment reconstruction of the lunar surface teleoperation task
is less than 1% (Figs. 10, 11 and Table 2).

Fig. 10. 3D environmental map
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Fig. 11. 3D reconstruction error measurement results

Table 2. Accuracy error of 3D reconstruction

Line segment
number

Direction Measured
value

Software
measurements

Relative error Relative
error

Average
error

/mm /mm /mm

1 level 30 30.118 0.118 0.393% 0.271%

2 level 30 30.235 0.235 0.783%

3 level 30 29.891 -0.109 -0.363%

4 vertical 30 30.001 0.001 0.003% 0.089%

5 vertical 30 29.841 -0.159 -0.530%

6 vertical 30 30.238 0.238 0.793%

Considering the task characteristics of no-obvious-features such as poor light and
less texture information in the lunar environment, the meeting room and corridor area
is selected as the on-site test environment with dark light and weak ground texture
information. The 3D environment model is successfully reconstructed, as shown in the
following figure (Fig. 12).

Fig. 12. 3D reconstruction of meeting room and corridor scene
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5.2 3D Reconstruction Test Based on Binocular Vision

SFM 3D reconstruction is not good for weak texture scene with few feature points.
According to the characteristics of less lunar terrain environment texture and no

obvious prominent features, binocular visionmethod is used to reconstruct the 3Dmodel,
and the model is accurately measured and monitored. Ranging experiment is carried out
as following:

(1) A binocular stereo vision system with parallel optical axis is constructed by using
two cameras of the same model;

(2) The binocular stereo vision system is calibrated to determine the internal and external
parameters of the two cameras;

(3) Use both left and right cameras to shoot the fixed calibration plate scene at the same
time (the obtained image pairs are shown in the figure);

(4) In the self-developed human-computer interaction interface, the captured image
pairs are imported, while the matching corresponding points in the left and right
images are manually selected. Then the 3D coordinate information of the obtained
image points in the world coordinate system is calculated by using the principle of
triangular ranging.

Fig. 13. Human-computer interaction interface and image pair display

In order to effectively verify the accuracy of 3D reconstruction, the gray image of
calibration plate is selected for ranging. The actual size of the calibration plate is 30
mm× 30 mm. In order to verify the accuracy of distance measurement, 8 corners in the
first row and 6 corners in the first column of the calibration plate are selected, and the
absolute and relative error of the measurement distance are obtained (Fig. 13).

Absolute error calculation: � = (L’ - L)/L, where L’ is the measured value and L is
the true value;

Relative error calculation: � is the absolute error and L is the true value, δ = �/L
× 100% (Fig 14).

It can be seen from the data in the table that the reconstructed environment size
is basically the same as the real size. With the increase of measurement distance, the
absolute error and relative error are reduced, and both arrive below 1%. The best working
distance of the camera is within 5m. In the ranging test, it can be seen from the table
that there is no significant difference in the y-axis coordinates with the increase of the
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Fig. 14. Absolute and relative error of 3D reconstruction

measurement distance, which indicates that the measured points are at the same height.
These verifies the accuracy of the measurement.

5.3 3D Reconstruction Experiment of Typical Lunar Teleoperation Mission

The simulation of virtual scene is based on Unity3D software. Unity3D is a cross plat-
form, fully integrated professional virtual simulation engine that provides rich scene
management functions (Fig. 15).

Fig. 15. Unity3D operation interface

Based on a campus environment, 3D reconstruction and robot walking control in
virtual reality is simulated (Fig. 16).

The requirement of 3D reconstruction based on Metashape software is very low.
Video or even random image sequences can be used for 3D reconstruction. At the same
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Fig. 16. Description of 3D simulation control based on VR

time, image sequences can be used to realize the self calibration of the camera in the
reconstruction process and eliminate the pre-calibration steps of the camera. With the
progress of various feature point extraction and matching technology, the robustness of
SFM is also very strong. However, the shortage of 3D reconstruction based on software
is mainly due to the large amount of computation. Because the reconstruction effect
depends on the density of feature points, the reconstruction effect of weak texture scene
with fewer feature points is poor.

In order to test the matching accuracy between the size of the environment model
in Unity3d and the size in the real scene, the method of walking and rotating the robot
is used to verify the accuracy of the model. The matching accuracy of the model has
a great impact on the subsequent tests. First, a graph is drawn in OpenGL, which is
composed of several concentric circles (green) and rays (red) divergent from the center
of the circle. The spacing of several concentric circles is set to a value, and the angle
between the rays is set to a value. Then place the robot’s walking starting point in the
center of the drawing, and verify the dimensional accuracy of the model (Fig. 17).

In OpenGL, we set the radius of the first concentric circle as 2.5m, the radius of the
second concentric circle as 5m, and set the angle between several red rays to 30°. Then
we add a walking program for the robot in Unity3D. The starting point is the center
of the concentric circle, so the robot can move 2.5m and 5m from the starting point
respectively. Running the program shows the robot has reached the concentric circle of
2.5m and 5m. Editing the program (let the robot rotate 30° and walk), we can see the
robot walking along the rays separated by 30° (Fig. 18).
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Fig. 17. Starting point of robot placement

Fig. 18. Robot walking and rotating control2

With simulation verification, it is proved that the size of the environment model in
Unity 3D is consistent with that in the real scene, which lays the foundation for the
subsequent experiments.

6 Summary

According to the requirements of 3D environment reconstruction in the future manned
lunar exploration teleoperation mission, the structure from motion + binocular vision
method was selected, and the 3D reconstruction test is successfully carried out in the
laboratory environment. The 3D environment reconstruction and motion control test
including robot is successfully realized in the outdoor environment, and the 3D recon-
struction accuracy is better than 1%, which can meet the requirements of lunar surface
teleoperation for manned lunar exploration.
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