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The great success of the Sojourner rover in the Mars Pathfinder mission set off a global upsurge of planetary exploration with
autonomous wheeled mobile robots (WMRs), or rovers. Planetary WMRs are among the most intelligent space systems that
combine robotic intelligence (robint), virtual intelligence (virtint), and human intelligence (humint) synergetically. This article
extends the architecture of the three-layer intelligence stemming from successful Mars rovers and related technologies in order
to support the R&D of future tele-operated robotic systems. Double-layer human-machine interfaces are suggested to support
the integration of humint from scientists and engineers through supervisory (Mars rovers) or three-dimensional (3D) predictive
direct tele-operation (lunar rovers). The concept of multilevel autonomy to realize robint, in particular, the Coupled-Layer Ar-
chitecture for Robotic Autonomy developed for Mars rovers, is introduced. The challenging issues of intelligent perception
(proprioception and exteroception), navigation, and motion control of rovers are discussed, where the terrains’ mechanical
properties and wheel-terrain interaction mechanics are considered to be key. Double-level virtual simulation architecture to re-
alize virtint is proposed. Key technologies of virtint are summarized: virtual planetary terrain modeling, virtual intelligent rover,
and wheel-terrain interaction mechanics. This generalized three-layer intelligence framework is also applicable to other sys-
tems that require human intervention, such as space robotic arms, robonauts, unmanned deep-sea vehicles, and rescue robots,

particularly when there is considerable time delay.
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1 Introduction

Exploration of planets such as Mars and the Moon with au-
tonomous wheeled mobile robots (WMRSs), or rovers, has
already been shown to be effective by the successfully exe-
cuted rover-based missions. In the 1970s, the former USSR
launched two eight-wheeled rovers called ‘“Lunakhod-1”
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and “Lunakhod-2”, which were directly tele-operated by
operators on the Earth [1]. The achievement of the Sojourner
rover of the Mars Pathfinder exploration mission [2] in
1997 began a worldwide upsurge in the exploration of plan-
ets with autonomous WMRs. In 2003, the Mars exploration
rovers (MERs) Spirit and Opportunity were launched [3],
and have undergone many years of activity on Mars and
made many significant discoveries [4,5]. On August 6, 2012,
NASA’s Mars Science Laboratory (MSL) spacecraft suc-
cessfully landed on Aeolis Palus in Gale Crater, and the
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Curiosity rover [6] started its exploration on the red planet.
Several other rover-based planetary exploration missions
are currently in progress. As the first mission in ESA’s Au-
rora Exploration Programme, ExoMars was scheduled to
launch in 2013 and is now delayed to 2018; it will carry a
rover with several scientific instruments dedicated to exobi-
ology and geology research [7]. China’s six-wheeled Yutu
(Jade Rabbit) rover of Chang’e-3 mission has reached the
surface of the Moon on December 14, 2013 [8]. The
SELENE-2 mission of Japan has been planned to land on
the Moon and investigate its surface, rocks, and subsurface
using a lunar lander and a rover [9].

According to NASA’s Solar System exploration roadmap,
“habitability,” the guiding theme of planetary exploration
missions is decomposed into five related science objectives
[10]: The origin of the Sun’s family of planets, the Solar
System’s evolution, life’s origins, extraterrestrial life, and
hazards and resources that affect humans in space. Planetary
rovers are expected to help scientists achieve such objec-
tives by performing remote experiments on the soil, rocks,
atmosphere, etc. at various locations [11,12].

To carry out in-situ experiments and realize complex
scientific goals on planetary surfaces that are a long dis-
tance from the Earth, planetary rovers have been among the
most intelligent space systems [13—15]. Their robotic intel-
ligence is implemented by the development of software that
supports the autonomous capabilities of navigation and mo-
bility control, scientific instrument placement onto surface
samples, onboard resource management, science data gath-
ering, etc. [13]. Rovers are expected to be increasingly in-
telligent in order to satisfy the requirements of more chal-
lenging missions in complex unknown terrains.

However, current robotic intelligence cannot ensure that
planetary rovers can fulfill the complicated mission tasks
autonomously with little intervention from scientists and
engineers. Tele-operation—the manipulation of a robot that
allows an operator to perform tasks at a distance in a hostile
environment where human access is difficult but human
intelligence is necessary—is a good way to combine the
intelligence and maneuverability of humans with the capac-
ity of robots [16]. Scientists must select targets or destina-
tion points according to results downlinked from rovers,
such as images and terrain characteristics [17], and the op-
erators drive the rovers by selecting the waypoints and gen-
erating command sequences to guide the rover to realize its
objectives [18]. In particular, if the rovers encounter prob-
lems that they cannot manage themselves, engineers must
use their intelligence and experience to aid them. For in-
stance, in 2005, Opportunity became stuck in the soft Pur-
gatory Dune, and operators spent around five weeks at-
tempting to rescue it through planning, testing, and carefully
monitored driving based on ground experiments and simu-
lations [19]. To support effective integration of human in-
telligence from scientists and engineers into planetary ex-
ploration missions, there must be efficient human-machine
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interfaces (HMIs) of hardware and software. For instance,
the Web Interface for Telescience [17] is an Internet-based
tool that enables members of geographically distributed
science teams to participate in mission planning for plane-
tary rovers, and Rover Sequencing and Visualization Pro-
gram (RSVP) [18] tools are used by engineers to process
and visualize terrain, and to generate and validate command
sequences for rovers.

Because of the long distance and bandwidth limitations,
the time delay of transmission from the Earth to the Moon is
approximately several seconds, which makes the direct tele-
operation of lunar rovers unstable. Virtual simulation-based
3D predictive display could be used to realize successive
tele-operation of lunar rovers [20]. The round-trip time delay
between the Earth and Mars ranges from approximately 20
to 40 min depending on the relative positions of the planets
[21]; thus, supervisory tele-operation is used for Mars rov-
ers to update mission planning every day after command
sequence validation based on virtual simulation. Both suc-
cessive tele-operation mode based on 3D display and super-
visory tele-operation mode with command validation re-
quire the support of virtual simulation. Virtual intelligence
is crucial to implementing high-fidelity simulation by com-
bining the intelligent exploration rover, rough and deforma-
ble planetary terrain, and rover-terrain interaction.

Therefore, planetary rovers have a three-layer intelligence
architecture—human intelligence (humint), robotic intelli-
gence (robint), and virtual intelligence (virtint)—and the
majority of humint and virtint can be integrated into rovers
with continuous improvement of robint in order to develop
autonomous exploration rovers with little or no need for
intervention from scientists and engineers. The contribution
of this paper lies in extending the general concept of the
three-layer intelligence architecture stemming from plane-
tary exploration rovers to the application of other space
systems and tele-operated robots, and in providing an over-
view , including future prospects, of the technologies of
robint, humint, and virtint for planetary exploration rovers.

The remainder of this paper is organized as follows. Sec-
tion 2 advances the three-layer intelligence architecture of
planetary rovers. Section 3 describes humint, which includes
the intelligence of scientists and engineers, and HMIs. Sec-
tion 4 summarizes the prospects for robotic intelligence,
including framework, perception, navigation, and motion
control. Section 5 discusses the virtual intelligence frame-
work and key technologies. Finally, concluding remarks are
drawn in Section 6.

2 Three-layer architecture of planetary explo-
ration rovers’ intelligence

In this section, we analyze the requirements of missions
involving Mars rovers and lunar rovers according to their
scientific goals and discuss the intelligence that is required
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for a tele-operated rover system. A three-layer intelligence
architecture for the rovers is designed to support the imple-
mentation of planetary exploration rovers.

2.1 Mission requirement analysis

Planetary rovers achieve mission objectives through carry-
ing out various scientific experiments using their onboard
instruments. The objective of Mars exploration concentrates
on searching for extraterrestrial life because Mars is consid-
ered as one of the most likely places. The primary objective
of the Spirit and Opportunity rovers is to search for evi-
dence of past water at Gusev Crater and Meridiani Planum
on the opposite sides of Mars by studying the rocks and
soils at various places [22]. The MSL mission with the Cu-
riosity rover (Figure 1) attempts to determine whether life
ever arose on Mars, characterize the Martian climate and
geology, and study the planet’s habitability for future hu-
man exploration, using an overall science strategy of “fol-
lowing the water” [25]. ESA’s ExoMars rover will also at-
tempt to search for signs of past and present life on Mars
and to characterize the water and geochemical environment
as a function of depth to within 2 m from the subsurface
[26]. Unlike Mars, the Moon is considered to be a corner-
stone for planetary science and ideal future habitat [27]. It
started its evolution in the same form as the Earth and other
planets, and underwent limited weathering processes be-
cause it has no atmosphere and has been exposed to solar
wind; thus the Moon provides a record of the Sun’s evolu-
tion, planetary differentiation, and early evolution. Moreo-
ver, living habitats and refueling stations for humans could
be established on the Moon because it contains the ingredi-
ents for fuels and supporting life, and it takes only several
days to arrive at the Moon [27]. The mission goals of the
SELENE-2 lunar exploration, which has a lander and a

Figure 1 Curiosity rover at Gale Crater [23]. Curiosity has a mass of 899 kg
with 80 kg of scientific instruments; it is 2.9 m in length, 2.7 m in width,
and 2.2 m in height [24].

Sci China Tech Sci

August (2015) Vol.58 No.8 1301

mobility system, are to investigate radial variations of
structure and chemical composition and to perform astro-
nomical observations of the unique lunar environment with
a view to future lunar utilization [28]. China’s Change’e-3
mission has investigated the topography and geomorpholo-
gy of the lunar surface, comprehensive utilization of lunar
soil, lunar dynamics, and space weather with a six-wheeled
lunar rover, an experimental mockup of which is shown in
Figure 2.

Most planetary rovers have six independently driven
wheels (the four corner wheels have steering motors) and
rocker-bogie suspensions with passive joints, which give
them high traversability on rough terrain; they also carry a
number of sensors and cameras for autonomous navigation
and perception of both the environment and their own status.
They have a comprehensive suite of instruments dedicated
to in-situ observation and investigation with the help of ro-
botic arms. For example, each of the Spirit and Opportunity
rovers have a five-degrees-of-freedom arm called the In-
strument Deployment Device [30], four sets of stereoscopic
cameras, three spectrometers, a Microscopic Imager, and a
Rock Abrasion Tool for cleaning and grinding rock surfaces
[31]. Figure 3 shows the location of scientific instruments
on the Curiosity rover [32]. The instruments can be divided

Figure 2 Lunar rovers of China. (a) Mockup of Yutu rover of China’s
Chang’e-3 mission, taken by Wenjie Zhou of Xinhua News Agency, China,
on October 31, 2006, when the rover was exhibited at the Zhuhai Airshow
[29]. The rover was assembled by the Chinese Academy of Space Tech-
nology, and the locomotion system was researched and developed by the
authors in State Key Laboratory of Robotics and System, Harbin Institute
of Technology. (b) Yutu rover on the lunar surface, photographed by the
Chang’e-3 lander [8].
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Figure 3 Scientific instruments of the Curiosity rover and their locations
[32].

into four categories: (1) The remote sensing instruments
located on the remote sensing mast—MastCam (Mast Cam-
era) and ChemCam (Chemistry and Camera complex); (2)
the contact scientific instruments at the end of the robotic
arm— APXS (Alpha Particle X-ray Spectrometer) and
MAHLI (Mars Hand Lens Imager); (3) the analytical labor-
atory instruments inside the rover body—CheMin (Chemis-
try and Mineralogy) and SAM (Sample Analysis at Mars);
and (4) the environmental instruments—RAD (Radiation
Assessment Detector), DAN (Dynamic Albedo of Neutrons),
REMS (Rover Environmental Monitoring Station), and
MARDI (Mars Descent Imager). There is also a Sample
Acquisition, Processing, and Handling subsystem used for
the acquisition of rock and soil samples and the processing
of samples into fine particles, which are then distributed to
the scientific instruments. The Sample Acquisition, Pro-
cessing, and Handling subsystem consists of a robotic arm
on the end of which are turret-mounted devices, which in-
clude a drill, brush, soil scoop, sample processing device,
and mechanical and electrical interfaces to the two contact
scientific instruments.

Planetary rovers must primarily face two types of chal-
lenges. The first is how to traverse complex and unknown
terrains safely to search for features of interest; the second
is how to carry out scientific investigation step by step by
combined usage of various types of tools and instruments.
Tackling such challenges requires long-term efforts to de-
velop autonomous robotics systems that integrate the intel-
ligence of the experienced scientists and engineers, such as
selection of targets of interest, onboard evaluation of the
scientific value of local targets, and the interaction of in-
struments [18]. In the meantime, it is essential to have au-
tonomous path planning and traversability evaluation while
taking into account the mechanical property of terrains and
avoiding wheel stuck autonomously. However, two obsta-
cles hinder the realization of such complete intelligent plan-
etary rovers: one is the limitations of technology because
there remain many issues yet to be resolved; the other is that
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the planetary rovers have extremely limited computational
and storage resources because of high radiation levels, large
temperature changes, and low power in space. The Sojourn-
er rover has a 0.1 MHz Intel 80C85 CPU with 512 kB RAM
and 176 kB flash memory; each MER rover has a single
general purpose processor, 20 MHz RAD6000 CPU with
128 MB RAM and 256 MB flash memory; and the MSL
rover has a 200 MHz RAD750 PowerPC with 256 MB
RAM and 512 MB flash memory [14,15]. The rovers run
many parallel tasks simultaneously using the VxWorks op-
erating system, leaving less than 75% of the CPU time
available for autonomous software.

To overcome the current obstacles to carrying out chal-
lenging missions, the tele-operation approach could be used
to compensate for the limited robotic intelligence and the
limited onboard calculation resources by means of humint
and virtint, respectively.

2.2 Three-layer intelligence architecture

The three-layer intelligence architecture of planetary rovers
is illustrated in Figure 4 and comprises a robint layer, a
humint layer, and a virtint layer.

The robotic intelligence layer corresponds to the rover’s
autonomy, including autonomous perception (such as pro-
prioception of the rover’s status and its interaction with the
terrain, exteroception of the terrain’s geometry and me-
chanical properties), navigation, and motion control, the
best-known example of which is Coupled-Layer Architec-
ture for Robotic Autonomy (CLARAty) [33,34] developed
by NASA/JPL. Robint is the most important intelligence in
the success of exploration missions, particularly for super-
visory tele-operated rovers such as the Mars rovers, and
they are continuously developed by integrating more and
more humint and virtint. The human intelligence layer
compromises HMIs in the form of software and hardware
for scientists and engineers. The web-based interface (for
instance, Web Interface for Telescience [17]) allows geo-
graphically distributed scientists to participate in the mis-
sion planning of rovers that are far from the control center.
Software capable of rover data analysis and command se-
quence generation (for instance, RSVP [18,35]) is used by
engineers to analyze the downlinked information on the
rover and the environment, generate and validate command
sequences according to scientists’ suggestions, and uplink
them to the rovers. The virtual intelligence layer comprises
an intelligent virtual rover and a virtual environment capa-
ble of simulating the motion of planetary rovers for com-
mand sequence validation; examples include the ROver
Analysis, Modeling, and Simulation (ROAMS) software
[36]. Low-level simulation could be executed kinematically
and swiftly for scientists to estimate the mission’s feasibility,
whereas high-fidelity simulation is executed while consid-
ering kinematics, dynamics, and in particular wheel-terrain
interaction mechanics, with which engineers and scientists
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Figure 4 Three-layer intelligence architecture for planetary rovers.

at the control center could validate the motion of rovers
before commands are uplinked. Robotic intelligence pro-
grams should be integrated into the simulation software
with minor adjustments for adaptation to the difference be-
tween the actual rover and the environment and the virtual
counterparts.

During the development of Mars rovers, JPL developed
various software to realize the three-layer intelligence of
planetary rovers. Around ten years before the launch of Cu-
riosity rover, the Mars Technology Program, in conjunction
with the MSL mission, funded three complementary infra-
structure elements—ROAMS, Web Interface for Telesci-
ence, and CLARAty [37]—which respectively correspond
to each layer of the three-layer intelligence architecture.

3 Humint: Integrating intelligence of scientists
and engineers through HMIs

In designing a rover, scientists set its requirements such as
payload and mobility according to the scientific goals, and

the engineers develop the rover to satisfy these requirements.

During the operational phase, the science team plans the
rover missions in collaboration with the engineering team,
who will in turn generate command sequences to control the
rovers after validation with a simulation platform. The
HMIs that help to integrate the intelligence of scientists and
operators into the rovers are important during the operation-
al phase.

3.1 Intelligence of scientists for planetary rovers

Scientists play important roles during the operational phase
of planetary rovers while executing exploration missions in
at least two aspects.

(1) Science team members tell the rover “what to do” by

producing an acceptable science plan and marking targets of
interest in local terrain based on the scientific goals and the
suggestions of engineering team members. Figure 5 shows
the missions planned for the Sojourner rover [38]. Scientists
obtained fruitful scientific findings as expected by analyz-
ing the experimental results downlinked from the rovers
while performing the scientific missions. For example, us-
ing experimental data such as spectra obtained by Spirit’s
Miniature Thermal Emission Spectrometer (Mini-TES) at
eight locations on the Comanche outcrops, Richard et al.
identified outcrops rich in magnesium-iron carbonate in the
Columbia Hills of Gusev Crater [39]; the MER Opportunity
detected features that reveal ancient environmental condi-
tions, and microscope observations indicate that ancient
Meridiani once had abundant acidic groundwater and occa-
sional liquid flow on the surface [40]; the Microscopic Im-
ager on the Opportunity rover analyzed textures of soils and
rocks at Meridiani Planum, and image mosaics of cross-
stratification indicate that some sediments were deposited
by flowing water [41]; Opportunity was commanded to ex-
plore Victoria Crater and found meteoritic debris near the
crater rim [4]; Panoramic Camera images at Gusev Crater
revealed a rock-strewn surface, and the spectra of some
darker rock surfaces and rock regions exposed by brushing
or grinding showed near-infrared spectral signatures con-
sistent with the presence of mafic silicates such as pyroxene
or olivine [42]. Scientists’ selection of landing sites is also
of great importance in determining the success of rover
missions and the abundance of scientific findings [43].

(2) Scientists investigate the physical and mechanical
properties of terrains that are essential for determining the
wheel-terrain interaction mechanics of planetary rovers
based on experimental results. Terrain property parameters
such as particle size, density, internal cohesion, internal fric-
tion angle, and bearing strength could be used to estimate
the traversability of rovers by simulation and optimization
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Figure 5 (Color online) Scientific missions planned for the Sojourner rover (the line shows the traversing trajectory) [38].

of the control strategy. Based on the experimental data ob-
tained by the Sojourner rover, the rover team members
characterized the Martian surface deposits and found that
the soil-like deposits were similar to moderately dense soils
on the Earth such as clayed silt with embedded sands, gran-
ules, and pebbles; the average bulk density of the deposits
were near 1520 kg/m’; the internal cohesion estimated by
data fitting using the results of interaction mechanics ex-
periments with wheels and various terrains (cloddy, dune,
mixed, and compressible) ranged from —0.18 to 0.53 kPa,
and the corresponding internal friction angle ranged from
42.4° to 26.4° [44]. The MER Spirit and Opportunity rovers
measured surface temperatures in-situ using Mini-TES,
based on which Robin et al. analyzed the thermal inertias to
derive particle sizes, and compared the results with those

measured directly using the Microscopic Imager; it was
found that the bedforms on the floor of Bonneville Crater
were covered with fine sand with particle diameters of ap-
proximately 160 mm; the surface of Laguna Hollow at
Gusev Crater was silt 45 mm in diameter, the finest-grained
material observed by the rovers [45]. Based on the meas-
ured sinkage of Opportunity’s wheel track and the Moss-
bauer contact plate, Arvidson et al. estimated that Eagle
Crater floor soils had an average bearing strength of 80 kPa
with 5 kPa of internal cohesive and an internal friction angle
of 20°, and the bearing strength and internal cohesion of the
soils on the crater walls adjacent to the outcrops were one-
tenth of those of Eagle Crater floor soils, although they had
the same internal friction angles [46]; the corresponding
values estimated from the data obtained by the Spirit rover
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in the region in front of the drift Arena are 200 kPa, 15 kPa,
and 25°, respectively [47].

3.2 Intelligence of engineers for planetary rovers

Engineers tell the planetary rovers “how to act” to realize
the scientific goals by decomposing the mission tasks into
command sequences that the rovers can execute autono-
mously. If the rovers encounter dangerous situations such as
a stuck wheel, the engineers will attempt to help them to
overcome such problems. According to the experience of
driving Opportunity and Spirit rovers [18,31,48], for a su-
pervisory tele-operated planetary rover, operators’ intelli-
gence is integrated into the rovers through the following
steps with the help of HMIs.

(1) Analyze the data downlinked from the rovers and
generate data for visualization, mission planning, and com-
mand sequence validation. The downlinked data include the
current and historical states of a rover and imagery of ter-
rains. Information on the rover’s state is used to analyze and
review the current state, identify anomalous issues, review
previously commanded activities, and verify that the rover
is ready to accept and perform a new set of the commanded
activities [18]. Imagery is used to visually examine the sur-
rounding terrain, identify hazards and areas of interest,
specify targeting information for additional observations,
and essentially present the operator with the least-processed
view of the current environment [35]. Digital elevation
maps (DEMs) of terrains are generated from the imagery
information for 3D visualization and simulation. Figure 6
shows a graphical version of the MER rover in RSVP-Hy-
perDrive generated from the downlinked data [49].

(2) Generate command sequences that can be executed
effectively and safely by the rovers according to the science
missions determined by scientists. Engineering team mem-
bers assist the scientists in generating the science plan, build
a detailed activity plan, generate a skeleton of command
sequences and an animation showing the predicted activities
of the locomotion system, arms, and scientific instruments
based on virtual simulation, in order to verify that the rover

Figure 6 A graphical version of the MER rover displayed by RSVP-
HyperDrive [49].
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activities match the understanding of the scientists and en-
gineers. Then detailed command sequences are generated by
the engineers, and are checked, reviewed, and fine-tuned by
the engineers and scientists.

(3) Generate report products or remote team members to
review by combining sequence commands and timing re-
sults from high-fidelity simulation, and uplink the command
sequences to the planetary rovers.

(4) Supervise rover motion and send commands to the
rovers to release them from difficulties, and update the au-
tonomy of the rovers according to their experience during
the rover operation. The Spirit rover is a good example [18].
On sol 343, the rover’s right rear wheel dug into loose soil,
and a rock was jammed between the inner surface of the
wheel and the housing of the steering actuator. Engineers
reconstructed the situation in the testbed at JPL, building
slopes and digging trenches to test strategies for ejecting the
rock and determining the maneuvering method to gradually
extract the left rear wheel from the trench, eventually al-
lowing the rock to fall out of the wheel as it rotated. Ac-
cording to this experience, engineers command the rovers to
check their progress approximately every meter with Vi-
sOdom (visual odometry) to ensure that they encounter no
excessive slip on challenging terrain. Combined drive tech-
niques, including visual odometry, conditional overcom-
manding, slip checks, keepout zones, and “tricky drive,”
allowed Spirit to traverse slopes of up to 20° while tolerat-
ing slippage up to a preset limit of approximately 50%.

3.3 Double-layer HMIs

A double-layer HMI that could be used to integrate the in-
telligence of scientists and engineers into planetary rovers
effectively and efficiently is shown in Figure 7. It was de-
signed based on but not limited to the experience of the
Mars rovers to make it suitable for supervisory tele-operated
robots [17,18]. The Interactive Virtual Planetary Rover En-
vironment, which is introduced in Section 5, could be used
by scientists and engineers to realize direct tele-operation
for robots such as lunar rovers with relatively small time
delays.

One layer provides the interface for engineers and local
scientists to accomplish supervisory tele-operation of au-
tonomous planetary rovers, comprising rover analysis, visu-
alization, and sequencing software. Downlinked data, in-
cluding the images obtained by various cameras and the
motion state information measured by sensors, are used to
accomplish rover state analysis, image browsing, and terrain
modeling (including geometric modeling of DEMs, and the
terrain’s physical and mechanical properties). Then the re-
sults can be used to support 3D visualization, immersion,
and telepresence of the rover and terrain. Local scientists
can use a science activity planner to design the science mis-
sion. A tactile activity planner can be used by engineers to
generate initial command sequences and validate them by
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high-fidelity simulation that involves the terramechanics,
dynamics, and kinematics. The command skeleton will be
broken down into details, and a walkthrough will then be
done command-by-command by engineers and local scien-
tists. Then the final command sequences will be generated
together with an animation of the final validation, for creat-
ing archiving products, uplinking to rovers, and distributing
to remote scientists.

The other layer of the double-layer HMI is a web-based
interface for telescience that can be used by scientists at
their homes or their institutions to work collaboratively with
engineers and local scientists. During the long periods of
rover missions, it is not practical for science team members
to reside at the control center continually. They can make
use of the downlinked results with an activity planner to
construct scientific plans; the Science Activity Planner used
by MER rovers is shown in Figure 8. Low-level (for in-
stance, kinematics level) simulation can be used to perform
faster-than-real-time predictions of their plans.

4 Robint: Intelligent perception, navigation,
and motion control

This section summarizes the multilevel robotic intelligence
architecture and key technologies of the functional layer:
perception, navigation, and motion control. Most of the
challenges that require high robint to arise from rough (ge-
ometry) and deformable (property) terrains. The physical

and mechanical properties of deformable terrain have a sig-
nificant influence on the locomotion of a rover. For example,
while driving Spirit at Gusev Crater, Leger et al. found that
the rover slipped 15%—20% on a 19° slope, but that it
slipped 95% on a 16° slope 30m further; on some terrain,
slip can also vary widely (from 10% to 60%) over succes-
sive 60 cm drive steps [31]. How to characterize the physi-
cal and mechanical properties of terrains with propriocep-
tive and exteroceptive information and apply the infor-
mation to the motion control and navigation of planetary
rovers is the most challenging and interesting problem yet
to be solved.

4.1 Multilevel autonomy of planetary rovers

Typical robot and autonomy architectures composed of three
levels—Functional, Executive, and Planner [S0]—have been
improved into the two-tiered CLARAty to support the au-
tonomy of Mars rovers, as shown in Figure 9 [51]. The
contents of the Decision Layer are introduced in refs.
[51,52], and further details of CLARAty can be found in ref.
[53]. The Decision Layer breaks down high-level goals into
smaller objectives, arranges them in time based on known
constraints and the system state, and accesses the appropri-
ate capabilities of the Functional Layer to achieve the goals.
The Functional Layer is an interface to the system hardware
and its capabilities, including nested logical groupings and
their resultant capabilities. These hardware capabilities are
the interface through which the Decision Layer employs the
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Figure 8 Science Activity Planner used by scientists to create desired activities for MER rovers [49].
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Figure 9 Coupled-Layer Architecture for Robotic Autonomy [51], in-
cluding various types of generic technologies supported by each layer.

robotic system. This section focuses on the framework and
technologies of the Functional Layer that are essential for
the locomotion of planetary rovers. The double closed-loop
architecture of locomotion autonomy for planetary rovers is
shown in Figure 10.

4.2 Proprioception

One of the most challenging proprioception problems is to
estimate the terrain properties and classify them based on
the proprioceptive information for both scientific purposes
and operational purposes [54,55]. Methods of estimating or
identifying terrain parameters according to wheel-terrain
interaction mechanics models have been developed by many
researchers [56-59], but these approaches rely on the preci-
sion of the results such as slip ratio and contact forces that
are fused from the proprioceptive information to a great
extent [60—62]. The stereo odometry that will be introduced
in the next subsection offers good precision in measuring
the slip ratio of a rover [63], but the computation load is
excessive, and it cannot estimate the slip ratios of different
wheels. Theoretically, the linear velocity of each wheel can
be predicted by fusion of kinematics information of the ve-
hicle body and the passive joints, and the contact mechanics
can be estimated by quasistatic analysis, but the precision
levels are not yet ideal. Local terrain geometry and wheel
sinkage are difficult to measure even with a visual method.
If each wheel has a six-axis force/torque sensor installed at
the wheel axle, the contact mechanics may be measured rela-
tively easily. How to improve the proprioception precision
and to apply the measured information to realize on-line ter-
rain property characterization remain challenging issues.
Figure 11 shows the architecture of three-loop terrain char-
acterization in which the inner loop is realized in real-time to
support control algorithm optimization by estimating the es-
sential parameters (sinkage exponent and internal cohesion).
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The middle loop is executed on-line when there is sufficient
spectrum of slip ratios to identify other parameters (such as
sinkage modulus, internal cohesion, deformation modulus,
and contact angle coefficients) that are not sensitive to the
contact mechanics. The outer loop is used to estimate and
classify the terrain properties using image features and pa-
rameters and a learning algorithm, which will be introduced
in the next subsection. A large amount of research must still
be done before terrain characterization with three-loop al-
gorithms can be realized.

4.3 Exteroception

The exteroception of both indoor and off-road mobile robots
has been a hot research topic for many years. Localization
(Where is the robot?) and terrain mapping (What is the ter-
rain geometry?) are two basic problems. To solve the para-
dox of “to move precisely, a mobile robot must have an
accurate environment map; however, to build an accurate
map, the mobile robot’s sensing locations must be known
precisely” [64], SLAM (simultaneous localization and map-
ping) was put forward and has become a key approach to
the navigation of off-road wheeled robots [65,66]. Visual
information is widely used for the localization and mapping
of mobile robots [67,68] and planetary rovers [69,70].

/ /
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Compared with conventional vehicles, the difficulty of
localization and mapping for planetary rovers lies in the
high slip ratio, which arises from the coupling effects of
terrain geometry and mechanical properties (deformability).
Because the dead-reckoning method of estimating rover
position is not accurate due to wheel slip, visual odometry
has been used by planetary rovers successfully [71], but
limited to special situations with off-line data processing
because of the heavy computation load. Research efforts to
find ways to realize real-time localization of rovers with
high precision remain essential.

Planetary rovers have presented another challenge to the
perception of WMRs that has attracted the interest of many
researchers: the characterization of terrain with exterocep-
tive sensors for rover navigation. Simultaneous terrain
characterization, terrain mapping, and localization is a po-
tential topic of future research for off-road mobile robots
that could improve robotic intelligence by adding a new
dimension. Pioneering research has been carried out. Brooks
and Iagnemma [72] proposed a self-supervised learning
framework that enables a robotic system to predict the me-
chanical properties of terrains; a proprioceptive terrain clas-
sifier was designed to distinguish terrain classes based on
features derived from rover-terrain interaction, and labels
from the classifier were used to train a vision-based extero-
ceptive terrain classifier, which was in turn used to recog-
nize similar terrain classes in stereo imagery [72]. However,
Leger et al. reported that high-resolution PanCam (Pano-
ramic Camera) imagery of regions where the Spirit rover
experienced slips of 15%—-20% on a 19° slope and slips of
95% on a 16° slope showed no difference in terrain appear-
ance [31]. New approaches should be developed to com-
pensate for the drawbacks of stereo vision methods; for
example, surface temperatures measured by Mini-TES could
be applied to estimate particle diameters to support terrain
classification [45], and experiments using terrestrial WMRs
have verified that infrared and ultrasonic range sensors
could be used to classify terrains [73].

Ree=n Motion Planetary
——> Navigation —> control |—>| Rover 4@
Vision  |¢—
processing (— | vision
‘%l
P(l
_K> SI'P ratllo F: contact mechanics
F estimation . . . .
N - — . S;: slip ratio of the ith wheel
P, Real-time S; ) Lo .
T i« z K: kinematics information
- N z;: sinkage of the ith wheel
T E, F 5,: slip ratio of the rover’s body
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Figure 11 Three-loop terrain characterization.
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4.4 Navigation

The navigation of planetary rovers [74] mainly involves
terrain traversability analysis and path planning. Lacroix et
al. proposed a rover navigation approach on unknown rough
terrains [75], and Maimone et al. proposed a method of ter-
rain assessment (Figure 12) and path selection for autono-
mous navigation of MER rovers [13]. Compared with ter-
rain geometry, the mechanical properties of terrain have a
greater influence on the trafficability of rovers [76] and
must be considered in rover navigation.

How to predict the traversability of a rover while fol-
lowing and evaluating potential paths for selecting the op-
timal one with consideration of wheel-terrain interaction
mechanics is a key challenge. lagnemma et al. proposed a
rapid physics-based path planning approach that takes into
account uncertainty in the robot model, terrain model, and
range sensor data [77]. Ishigami et al. [78] presented a path
evaluation method that considers the wheel slip dynamics of
planetary exploration rovers by comparing the values of
criteria functions calculated using the path-following results
in dynamic simulation. Howard and Kelly developed an
algorithm with high generality and efficiency for trajectory
generation of WMRs with application to planetary rovers
that could accommodate the effects of rough terrain, vehicle
dynamics, and wheel—terrain interaction [79], as shown in
Figure 13.

With the progress of the related key technologies such as
terrain characterization methods and wheel—terrain interac-
tion mechanics models, new autonomous navigation ap-
proaches will be developed to ensure that rovers are able to
traverse rough and deformable terrains more efficiently and
safely, and artificial intelligence such as fuzzy logic [80],
[81] and neural networks [82] will be integrated into the
navigation system of planetary rovers.

4.5 Motion control

Intensive research has been carried out for many years aiming

Figure 12 (Color online) Traversability map: grid cell goodness evalua-
tions and possible paths [13]; the tall rocks are assigned “impassable”
evaluations in red, medium rocks are assigned “moderate” evaluations in
yellow, and flat areas are assigned “perfect” evaluations in green.
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Figure 13  Trajectory planning on the rough terrain of Mars [79].

at control problems encountered by WMRs, because they
are considered to be typical nonholonomic systems [83,84].
Despite fruitful theoretical results on stabilization, path fol-
lowing, and trajectory tracking for conventional terrestrial
WMRs with assumptions of flat hard terrain without slip-
ping and skidding, planetary rovers present many new chal-
lenges such as redundant control (six driving motors with
four steering motors to drive with three degrees-of-freedom
mobility), rough terrain control, slipping, and skidding due
to deformable characteristics of terrain.

Although six-wheeled rocker-bogie rovers have been
controlled successfully for traversing Mars, theoretical re-
search has been insufficient, and methods for improving
driving efficiency and decreasing wheel dynamic sinkage
are lacking. Physics-based control algorithms must be de-
veloped by considering not only the kinematics and dynamics
but also the terramechanics to enhance mobility on rough
and deformable terrain [85]. Advanced rover control algo-
rithms are expected to be developed to realize robust and
optimal control and to follow a planned path with high en-
ergy efficiency. Human intelligence in driving rovers to
avoid wheel stuck and to escape from dangerous situations,
as reported by the operators of Mars rovers, could also be
integrated into the algorithms. Figure 14 shows the ad-
vanced rover control architecture that should be realized in
order to enhance the mobility of future planetary rovers that
traverse challenging off-road terrains.

The rovers should have the ability of following a planned
path autonomously in order to avoid obstacles and arrive at
the destination successfully. To follow the path and de-
crease the deviation distance caused by lateral skidding of
wheels, the steering motors should be controlled coordi-
nately [86,87]. Wheel slip should also be measured and
compensated [88-90] to maintain the velocity of the rovers
and, more importantly, to coordinate the angular velocities
of wheels’ driving motors and decrease the “fight” among
wheels, thus improving energy efficiency [91] and avoiding
wheel stuck caused by slip-sinkage. A path-following algo-
rithm and slip-compensation algorithm could be combined
to generate the angular velocities of both the steering mo-
tors and the driving motors [92].

The current physics-based control algorithms for planetary
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Figure 14 Architecture of advanced control for planetary rovers on de-
formable and rough terrain.

rovers traversing rough and deformable terrains are ad hoc
solutions, lacking complete theoretical analysis. Fruitful
results for conventional nonholonomic WMRs could be
used to support the development of control algorithms from
the perspective of control theory. Initial research has been
carried out to fill the gap between the engineering require-
ments and control theory, including the backstepping con-
trol of nonholonomic wheeled robots on slopes [93], and
analysis of slipping and skidding of the wheeled robots on
the kinematics level [94] and terramechanics level [95] from
the control design perspective. However, such efforts are
still at an early stage of realizing optimal and robust force/
motion hybrid control of nonholonomic planetary rovers
based on kinematics, dynamics, and terramechanics as in-
dicated in Figure 14.

S Virtint: Intelligent virtual rover interacting
with virtual planetary terrain

Several examples of simulation software that could predict
the mobility of intelligent virtual planetary rovers traversing
virtual planetary terrain have been developed to support the
tele-operation of planetary rovers [96]. ROAMS was de-
veloped by Yen et al. [97] for the MER rovers, and the
CLARALty software could be used to realize the autonomy
of virtual rovers [98]. Recently, Zhou et al. [99] developed a
software tool entitled Artemis (Adams-based Rover Ter-
ramechanics and Mobility Interaction Simulator) that can
simulate the motion of rovers with high slippage and sink-
age, in order to help evaluate mobility of Mars rovers on
candidate paths. RSVP contains two main components—
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ROSE (Rover Sequence Editor) and Hyperdrive—and the
latter is an immersive 3D simulation of the rover that ena-
bles operators to construct detailed rover motions and verify
their safety [18]. Schifer et al. [100] simulated planetary
rover mobility on soft and uneven terrain and carried out
experimental validation on the basis of the future European
Mars rover mission ExoMars.

A double-level simulation architecture that supports faster-
than-real-time simulation and high-fidelity simulation is
proposed in this section, and three key aspects of its realiza-
tion—virtual rover, virtual terrain, and wheel-terrain inter-
action mechanics—are summarized.

5.1 Double-level virtual simulation

Figure 15 shows the operation of the double-level simula-
tion software RoSTDyn [96], which was developed for the
analysis of China’s Yutu lunar rover. The low-level simula-
tion is based on kinematics and can be used by scientists
through the science activity planner to detect the geomet-
rical impact with a faster-than-real-time speed while exe-
cuting the planned activities. The high-fidelity simulation is
based on terramechanics, dynamics, and kinematics to sup-
port the 3D predictive display for direct tele-operation of
lunar rovers. If the scientific “goals” are sent to the rovers
directly, the virtual rover will move in Autonomous Navi-
gation (AutoNav) mode based on virtual stereo vision; if
“paths” such as line, arc, and steering-in-place are sent to
the rover, the Locomotion mode will be executed, and the
Motor Control mode will drive the motors directly by set-
ting their “positions.” Figure 16 shows the simulation snap-
shots of China’s Yutu lunar rover in RoSTDyn.

Engineers can use the Interactive Virtual Planetary Rover
Environment program to realize direct tele-operation of
lunar rovers by comparing the feedback motion of an actual
lunar rover with that of the virtual lunar rover predicted by
RoSTDyn. The virtual motion is ahead of the actual motion
in terms of a twofold time delay, which could be increased
further by setting an additional time delay before the com-
mand sequences are sent, and decreased by setting a time
delay to the virtual rover. The mechanical and physical
properties of the terrain are expected to be estimated using
the proprioception information and imagery from the rover
based on terramechanics.

5.2 Virtual planetary terrain modeling

Characterizing the terrain with which the rover intimately
interacts is important in simulation. Planetary terrain con-
tains two types of information that influence the locomotion
of rovers: one type comprises physical and mechanical
properties as described earlier, and the other is terrain ge-
ometry, as described in this subsection.

The DEM of terrain meshes is usually used to describe
the geometry of terrain [35,98,101]. Raw camera images
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Interactive Virtual Planetary Rover Environment.

Figure 16

can aid rover operators’ understanding of environments
through visualization, but such images cannot be used di-
rectly in simulation. Terrain meshes must be generated from
imagery of stereo cameras on the rovers, such as panoramic

(Color online) Snapshots of rover simulation in RoSTDyn [96].
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Rover Simulation based on Terramechanics and Dynamics (RoSTDyn) and its application to direct tele-operation of lunar rovers with the aid of

cameras, navigation cameras, and hazard avoidance cameras.
Left and right imagers generate stereo pairs for producing
3D terrain models, and Wright et al. [102] described the
processing performed on the stereo pairs. Each stereo pair is



1312 Ding L, et al.

first processed with a correlator that produces a disparity
map that identifies matching features in each image. The
camera model is then used to compute the range to each
pixel in one image using the disparity to its matching pixel
in the other image. Then, the camera pointing information is
used to project the pixels to an (x, y, z) location in 3D space.
Several image-derived products specialized for rover simu-
lation, visualization, and operations are presented in detail
in refs. [103,104]. LiDAR (Light Detection And Ranging)
could also be used to model the terrain DEM [105] with the
advantage of superior resolution and range, but LiDAR lacks
imagery information for immersion and telepresence and
requires relatively more energy. The LiDAR-based systems
have been successfully used in space missions and thus are
space qualified. Patrick et al. [106] developed a long-range
rover localization approach by matching LiDAR scans to
orbital elevation maps. The physical and mechanical prop-
erties of terrains can also be characterized on the Earth
based on the on-board approaches for rovers. Because the
computation ability for virtual intelligence is much higher
than that for rover autonomy, more complicated and intelli-
gent methods could be developed further.

5.3 Virtual intelligent rover

A virtual intelligent rover should behave as a real rover with
high fidelity, the technologies of which are illustrated in
Figure 15. Virtual rovers should simulate the properties of
real rovers, including kinematics, dynamics, terramechanics,
power, motor, scientific instruments, and sensors. On the
other hand, virtual rovers should have virtual robotic intel-
ligence, developed according to robotic intelligence but
improved to adapt to the virtual environment. Kinematics,
dynamics, and terramechanics are all essential for the high-
fidelity simulation of a rover. General kinematics and dy-
namics modeling of planetary rovers is described in this
subsection, and the terramechanics will be summarized in
the next subsection.

Planetary rovers are articulated multibody systems with a
moving base and n,, end-points (wheels). Let g=[q, g, qnv]T
denote the joint variables, where n, is the number of joints.
Let ¢=lq: gn . L qs]T denote a branch from the rover body
to a wheel, and n, denote the number of elements in ¢,. Re-
place the joint number [, m, n, -, s of the branch with 1, 2,
3 -+, ny, as shown in Figure 17, which also shows the inertial
coordinates {%;}, and coordinates {X;} attached to link i (i=l,
m, n, -, s) and related vectors, where p; is the position vec-
tor of link i, r; is the position vector of the centroid of link i,
¢;; is the link vector from link i to joint j, [;=p~—p; is the link
vector from joint i to joint j, and [, is the vector from joint i
to end-point e.

The kinematic equations can be deduced with the recur-
sive method for each branch [101,107], to calculate the ve-
locities of each body’s center of mass and those of the centers
of wheels. The velocities of all the branches can then be
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N

Figure 17 Coordinates and vectors from rover body to a wheel [101]

combined to formulate the general kinematic equation of a
rover.
. T . . .

Let @ = [(vg wg) qTJ , which is a vector with
(6+nv) elements, consisting of the linear velocity and angu-
lar velocity of the body, and the joint velocity. If we let
X, and J,. denote the velocities of all the wheel centers
and the corresponding Jacobian matrix, which are a 6n,x1
vector and a 6n,,x(n,+6) matrix, respectively, we obtain

X'vae:']aeé‘ (1)

The same method is used to deduce the Jacobian matrix
of mapping the velocity from the generalized coordinates to
the link centroid, and the following equation is obtained:

X, =] &, 2)

where Xa (6n,x1) is the velocity vector of all of the cen-

troids, and J, (6n,x(n,+6)) is the Jacobian matrix.
According to the Lagrange function,

(DD +C (D, D)D+f (D) +G (D), (3)

sys sys

N+JIN, =H

where C is a (n, +6)x(n, +6) stiffness matrix describing
the Coriolis and centripetal effects, which are proportional
to ¢’ and 4,9, respectively; fis a (n, +6)x1 matrix that
describes viscous and coulomb friction, negligible for rig-
id-body dynamics system; G is a (n,+6)x1 gyroscopic
vector reflecting the gravity loading; and Fiy is the vector
of generalized forces:

Fsys:N+J;reNae’ (4)

where N is a (n,+6)x1 matrix including the forces
(Fo)moments (M) acting on the body and those acting on
the joints (7 =[7, 7, T, I', and N, is a 6n,x1
vector including the external forces ( F, ) and moments (M,)
of the soil acting on the wheel.

If we let C(®,®)D+f(P1+G(P)=E , the generalized
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accelerations can be calculated according to eq. (3) as

D =H_ (N+J,'N,-E). (5)

o sys

The recursive Newton-Euler method is used to deduce an
equivalent dynamics equation to eq. (3) [96,107].

If we let ésys =0 and N, =0, E can be calculated

recursively in simulation. We can substitute E into eq. (5) to
calculate the acceleration, which is then integrated to pre-
dict the velocity and position of the joints step by step.

If the contact is between the scientific instruments and
the terrain, such as in the case of the Rock Abrasion Tool,
the contact force should also be considered. Kinematics of
robotic arms, such as with the Instrument Deployment De-
vice, can also be deduced with a similar method.

5.4 Wheel-terrain interaction mechanics of rovers

The modeling of wheel-terrain interaction comprises two
parts: geometrical contact and interaction mechanics, cor-
responding to the terrain geometry and mechanical proper-
ties, respectively.

(1) Geometrical Contact Calculation. Calculating the in-
teraction area of a wheel moving on soft soil is important
for high-fidelity simulation, based on which the interaction
mechanics can be predicted and transformed. Figure 18(a)
shows the interaction area of a wheel moving on rough ter-
rain. The known parameters are: (x,, Y, Zy), Which is the
position of a wheel’s center w; ¢,, which is the yaw angle
of a wheel; and the DEM of the terrain. The interaction area
is simplified as an inclined plane determined by points Py,
P,, and P;. The equation of the inclined plane P,P,P; is

A(x=x)+B(y-y)+C/(z—2)=0. (6)

Equations of predicting the coordinates of points P;, Pa,
P; and A,, B, C; are presented in ref. [101]. The contact can
be considered as a wheel with a simplified slope determined
by points P, P,, P;, as shown in Figure 18 (b), where {Z,.}
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and {Z,} are coordinate systems with the same orientation

and different origins, at the end point and wheel center, re-

spectively. The wheel sinkage is then determined by

A B G G, —2)
\/ A’+B}+C’

(7

Z

The contact can be decomposed into climbing up a slope
with angle 6, and crossing a slope with angle 6,,:

0, =arcsin[(-A, — B, tang, )/ X | )
6., =arcsin[C, (A tangp, —B,)/X, ]’

where X, = \/C12(1+ tan’ @, )+ (A +B tang,)* and

X,=\X,[A>+C} +2AB tang, + (B> +C})tan’ g, ].

The transformation matrix from {Z,} to {%;} is

I ¢ _ArBt _(Bt2+ Crz)tan P Ar |
Xl XZ X3
Ct C’+A’+AB,t B
Ae — t an¢w t AI Tt an¢w _t , (9)
Xl XZ X3
—A —-B tang, AC tangp —BC, C
Xl XZ X3

where X, =,/A’+B’+C’ . Let ‘F, and ‘M, denote

the wheel-terrain interaction forces and moments, respec-
tively, that act on the wheel in the coordinate {X.}. The
equivalent forces and moments that act on the wheel in the
inertial coordinate {Z;} are

{Fe gt (10)

M =A,‘M,.

(2) Wheel-Terrain Interaction Mechanics. The soil ap-
plies three forces and three moments to each wheel, as
shown in Figure 19. The normal force, denoted by Fy, can
sustain the wheel. The cohesion and shearing of the terrain

(a) Interaction of wheel and deformable terrain

(b) Force of a wheel moving on a simplified slope

Figure 18 Interaction geometry and mechanics of a wheel on deformable terrain [96,101].
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Figure 19 Wheel-soil contact mechanics [108].

can generate a resistance moment Mpg and a tractive force.
A resistance force is produced because the wheel sinks into
the soil. The combined net force of the tractive and re-
sistance forces is called the drawbar pull Fpp, which is the
effective force of a driving wheel. When a wheel steers or
the terrain is rough, the skid angle S is generated to produce
a lateral force F;, steering resistance moment Mgz, and
overturning moment M, on the wheel.

The wheel-soil contact mechanics are influenced by the
soil properties, wheel properties, terrain geometry, and mo-
tion state variables. Therefore a generalized form for wheel-
soil contact mechanics is

F, :sz :FN(Ps’PT’PW’PM):W’

Fop=F, =F,, (PP, By, P,)= fop
FL:FW:FL(PsaPT’PW’PM)’ (11)
MO :wa :MO(PS’RNPW’PM)’

Mp, =-M,, =M (Fs. B, By, By) =T,

Mg =-M_, =My (F, P .k, P,) =T,

where W is the vertical load, fpp is the resistance force, T} is
the driving torque generated by the driving motor and gears,
and Ts is the steering torque generated by the steering
mechanism.

The soil interacts with a wheel in the form of continuous
normal and shearing stresses. The functions in eq. (11) are
relatively complex because they are the integration of
stresses, which are influenced by numerous parameters. To
deduce the detailed form of eq. (11) to predict the wheel-
soil contact mechanics with high fidelity, the equations of
normal stress and shearing stress should be obtained first
based on theoretical analysis and experimental study. When
a model with considerable fidelity is obtained, the unknown
parameters can be estimated with inverse functions of eq.
(11) if the wheel-soil interaction forces and moments are
measured or given, and can in turn be used for high-fidelity
rover simulation.

The terramechanics developed for conventional terrestrial
vehicles [109,110] provide the foundation of wheel-terrain
interaction mechanics for planetary rovers and are usually
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directly used; however, there are many differences between
rovers and conventional vehicles in terms of the wheel di-
mensions, motion state, payload, running environment, ve-
locity, chassis configuration, etc., which result in large dif-
ferences in their terramechanics [111]. For example, WMRs
violate almost all the conditions that Bekker [109] pointed
out for the application of his model; conventional pres-
sure—sinkage relationship equations are based on static state
experiments and are incapable of reflecting the dynamic
process during the interaction of a wheel and terrain. An
overview of the terramechanics for planetary exploration
WMRs can be found in ref. [111]. Some typical and recent
research results will be discussed here.

Experiments were carried out to investigate slip-sinkage,
lug effect, dimension effect, and load effect during the in-
teraction of planetary rovers’ wheels and a planetary soil
simulant [112], and improved models that could reflect
multiple effects were deduced and validated by experiment
[113,114]. Meirion-Griffith and Spenko proposed a modi-
fied pressure—sinkage model for small and rigid wheels on
deformable terrains [115]. Irani et al. developed a dynamic
terramechanic model for small and lightweight vehicles in
sandy soils considering the fluctuation of contact mechanics
due to the wheel lugs [116]. Preliminary study of longitudi-
nal skid mechanics for wheels of planetary rovers was per-
formed, including experiments, modeling, and comparison
with slip mechanics [117,118]. Ishigami et al. deduced a
model to predict the lateral force of rovers’ wheels with
lateral skid [86]; Ding et al. comprehensively investigated
steering sinkage and steering resistance moment by consid-
ering the multiple effects on the wheels of planetary rovers
[108].

The equations in integral form of the normal and shear
stresses are complex. To improve calculation speed, closed-
form analytical equations have been derived [58,119,120],
which could also be used for improving robotic intelligence.
Despite recent research conducted on rover terramechanics,
much remains to be done if a systematic theory is to be
formulated.

6 Summary and conclusions

(1) There is a long way to go before rovers may evolve
into robotic scientists and engineers capable of exploring
planets with little intervention from humans. The three-layer
robint-humint-virtint intelligence architecture, which inte-
grates human intelligence into robotic intelligence with the
help of virtual intelligence, is already standard and applica-
ble to planetary exploration rovers such as the Mars and
lunar rovers.

(2) The intelligence of scientists in mission planning and
that of engineers in generating command sequences to drive
rovers safely and efficiently may be integrated into plane-
tary rovers by means of double-layer HMIs, i.e., with the
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web-based interface for telescience and with the rover anal-
ysis, visualization, and sequencing program.

(3) Robotic intelligence features a multi-level autonomy
architecture. The functional layer has key technologies of
perception (proprioception and exteroception), navigation
(path planning and evaluation), and motion control. The
physical and mechanical properties of rough and deforma-
ble terrains present the most challenging issues to improv-
ing robint; for example, SLAM for WMRs must evolve to
enable not only simultaneous localization and mapping but
also terrain characterization.

(4) Virtint is composed of the double-level virtual simula-
tion of planetary rovers, i.e., faster-than-real-time kinematics
simulation and high-fidelity simulation based on terrame-
chanics, dynamics, and kinematics, to support command
generation and validation for scientists and engineers. The
virtual planetary environment, virtual intelligent rover, and
wheel-terrain interaction are the three basic components.
The wheel-terrain interaction includes contact geometry and
interaction mechanics, which are key in determining the
mobility of rovers, but as yet lack a systematic theory.

(5) The architecture of the three-layer intelligence based
on planetary exploration rovers may be generalized for use
by other space systems (such as on-orbit manipulator [121])
and robotic systems (such as the legged robots [122]) that
require tele-operated commands with a certain time delay.
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