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Abstract: Terrain-aware autonomy is critical for rovers to safely traverse heterogeneous surfaces. 
Multimode mobility across loose sand and sharp relief remains challenging because mode switching, which 
induces mechanical reconfiguration, is constrained by reduced contact stability. This study developed a 
terrain-aware autonomy control framework incorporating multimode mobility, informed by in situ datasets 
from China’s Zhurong Mars rover in Utopia Planitia, and subsequently validated it using an Earth-based 



prototype. In situ traverse logs and imagery spanning 359 sols were analyzed to quantify the wheel–terrain 
interaction and wheel-rolling mobility limits. Autonomous obstacle-avoidance drives achieved longer 
traverses per drive than Earth-commanded drives (mean 13.9 m vs 6.1 m), and slip-sinkage statistics were 
used to update Martian sinkage parameters. Obstacle morphologies extracted from close-range images were 
further systematically categorized into terrain undulations, surface obstacles, and topographic barriers by 
linking terrain characteristics to traverse-interruption conditions. A mechanics-constrained action library of 
120 maneuvers was constructed and grouped into six basic mobility modes, including body creeping and 
wheel lifting. A “Look, Touch, and Move”  strategy is proposed for multimode decision-making through 
fuzzy logic safety gating. Efficient waypoint cruising was experimentally demonstrated on a Mars-analog test 
site using a Zhurong Mars rover prototype, where five representative obstacle types were overcome with 
online replanning and nine autonomous mode switches. 

Keywords: Mars exploration; Planetary rover; Autonomous cruise; Multimode mobility; Terramechanics

1. Introduction

An approximately 22 min communication delay and limited onboard computation impose fundamental 
constraints on continuous ground intervention and autonomous planning for Mars planetary rovers [1]. To 
extend traverse range and maximize scientific outcomes, terrain-aware autonomy has been increasingly 
recognized as a key control objective [2]. As exploration targets shift toward scientifically interesting regions 
with stronger relief, heterogeneous regolith, and abundant hazards, rover mobility is limited by the mismatch 
between a single wheel-rolling mode and diverse terrain-traversal challenges [3]. Accordingly, multimode 
autonomy control for self-reconfigurable rovers should advance beyond geometric hazard avoidance towards 
integrated perception–decision–execution methods, where terrain–obstacle characteristics are parameterized 
and mapped to admissible and safe motion actions.

Landed planetary rovers have been developed with varying levels of autonomy. In early Mars rovers, such 
as Spirit and Opportunity, operations were primarily based on ground-generated commands, while 
safeguarded driving, AutoNav, and later visual-odometry-based slip compensation were progressively 
introduced to improve mobility performance [4–6]. For Curiosity, higher-rate onboard state estimation and 
terrain-adaptive mobility risk mitigation were further integrated [7,8]. In Perseverance, autonomy was further 
advanced through improved onboard perception and navigation, upgraded path planning, and higher-level 
decision support, enabling longer autonomous traverses in complex terrain [9,10]. Accordingly, traverse 
challenges have frequently been associated with wheel–terrain interaction conditions on Mars [11]. Loose 
bedforms and steep slopes are associated with increased wheel slip and sinkage, and rocky fields and sharp 
relief are associated with wheel overloading, chassis obstruction, and forced replanning [3]. Significant 
advances have been reported in learning- or perception-assisted traversability evaluation and terrain-aware 
path planning [12,13], as well as in terrain-adaptive control strategies [8]. However, the systematic integration 
of terrain morphology into different modes of mobility execution remains limited. Motion hazards are 
primarily handled through geometric avoidance and conservative safety termination under a wheel-rolling 
assumption [14,15]. Lunar rover operations have mainly been conducted through crewed driving or low-
latency supervised teleoperation, with waypoint planning and hazard assessment strongly dependent on 
ground-based vision products [16,17]. By contrast, this study targeted the multimode decision (MD)–obstacle 
traversal (OT) (MD–OT) layer for self-reconfigurable rovers: the executable action space is expanded through 



a mechanics-constrained action library, and a terrain-contact-aware mode gate is implemented to map the 
obstacle morphology to admissible mobility modes. Moreover, the algorithmic computational load and 
attainable onboard intelligence remain key design considerations for planetary mobile systems, motivating 
lightweight decision schemes, such as fuzzy logic algorithms [18,19].

Rover vision-based localization, including visual inertial odometry (VIO), is used for map fusion and 
decision-making but remains uncertain owing to traversal length drift, feature degeneracy, and imagery-
motion timing misalignment [20,21]; these uncertainties are increased by blur and rapid viewpoint changes 
during reconfiguration motion. Obstacle maps from stereo elevation mapping are also uncertain owing to 
disparity noise, range-dependent degradation, and discretization from grid resolution [22,23]. These input 
uncertainties can be incorporated into uncertainty-aware mapping and iterative belief-space replanning under 
probabilistic safety constraints [24]. To reduce VIO-related localization uncertainty, camera attitude 
stabilization is implemented through an online coordinate frame reset routine to maintain viewing-geometry 
consistency during rover traversal, consistent with [25]. In planetary rover localization, vision-based pose 
estimates can be complemented by wheel-based measurements through multi-sensor fusion, often within a 
Kalman filter-based state estimation framework [26]. In this study, a VIO-based localization method was used 
as a controlled baseline for evaluating terrain-aware multimode mobility, rather than as a spaceflight-qualified 
multi-sensor navigation architecture.

To connect perceived terrain morphology with multimode locomotion feasibility without relying on high-
fidelity rover–environment interaction models, this study introduces a general methodology. The Zhurong 
Mars rover was employed as an in situ reference platform, and the developed autonomy control framework 
was validated through Earth-based experiments using a Zhurong-like rover prototype. The main novelty is a 
contact state-aware mapping from terrain morphology to mode admissibility, in which obstacle geometry is 
converted into mode feasibility constraints and online safety margins using a compact set of low-complexity 
intelligent algorithms. Specifically, terrain contact conditions are represented by a unified contact surface 
complexity descriptor synthesized from roughness- and steepness-related parameters, enabling consistent 
characterization across heterogeneous obstacle types without imposing a single hard slope/roughness cutoff. 
This descriptor is further coupled with motion-state descriptors that capture wheel load redistribution and 
trajectory-tracking smoothness, thereby providing comparable safety margins across distinct mechanical 
configurations. The rover multimode autonomy control problem is then formulated as a terrain morphology-
driven decision process with lightweight onboard computation while remaining constrained by mechanism 
reconfiguration.

In this study, a terrain-aware autonomy control framework was developed for self-reconfigurable rovers, 
informed by the Zhurong in situ dataset. Trajectory planning (TP) is defined as the first module, within which 
VIO provides vision-inertial localization for terrain reconstruction and state estimation. An optimal mobility 
mode is then determined by the MD module, and the selected motion actions are executed by the OT module. 
Specifically, the slip and sinkage statistics of the Zhurong Mars rover are used to update Martian soil sinkage 
parameters through a wheel–soil interaction model. The conditions that interrupt wheel-rolling autonomous 
cruise are summarized by analyzing the rover steering curvature and obstacle size from synchronized drive 
logs and imagery. Terrain traversal challenges are then organized by systematically classifying the observed 
obstacle geometry and morphology into three categories: terrain undulations (TUs), surface obstacles (SOs), 
and topographic barriers. A multimode action library for Zhurong-like self-reconfigurable rovers is 



constructed by jointly imposing constraints on the spatial coordination of movable joints and on the timing 
and sequencing of action execution. Considering the rover’s mechanism limits, the library comprises 120 
discrete actions, including wheel lifting, chassis lifting, creeping, and wheel crabbing. The action library 
constructed in the OT module is integrated into the autonomy framework in a closed loop by the proposed 
three-layer “Look, Touch, and Move” decision strategy implemented in the MD module, in which perceived 
obstacle characteristics are mapped to an optimal mobility mode. Additionally, fuzzy logic gating indices are 
defined to link the characterized obstacle and contact conditions to the safe selection of motion modes and 
their deployment. The feasibility of the developed control framework was validated at a Mars-analog test site 
using a Zhurong-like rover prototype across five representative obstacle types, demonstrating reliable 
autonomous cruise enabled by multimode mobility.

2. Methods 

2.1. Wheeled locomotion performance of the Zhurong Mars rover and traversal challenges

The Zhurong Mars rover landed in southern Utopia Planitia on 15 May 2021, within a low-elevation, generally 
smooth sector of the northern lowlands that was selected for both engineering safety and scientific interest 
[27]. The landing area is characterized by diverse geomorphic features, including impact craters, pitted cones, 
troughs, mesas/ridges, and widespread aeolian bedforms, such as dunes and transverse aeolian ridges [28]. 
Orbital and in situ observations further indicate a dusty, fine-grained surface with relatively low rock 
abundance and locally variable roughness [29]. The site is also close to geomorphic contacts that have been 
associated with possible shoreline formation and other marine or water-related processes [30,31].

Over 359 Martian days, the rover drove a total of 1921.5 m in wheel-rolling mode, executed in two cruise 
submodes: 110 Earth-commanded drives (EMD) covering 673.3 m and 90 autonomous obstacle-avoidance 
drives (AOAD) covering 1248.2 m (Fig. 1(a) and Table 1). Compared with EMD, AOAD increased the mean 
distance traveled per commanded drive from 6.1 to 13.9 m during flat-terrain traverse evaluations, 
corresponding to an approximately 127% improvement in cruise efficiency. This analysis excluded 
nontraverse motions, including approach and positioning maneuvers, in-place turns without net translation, 
and other short drives constrained by operational requirements.





Fig. 1. Locomotion performance of the Zhurong Mars rover in wheel-rolling mode. (a) Autonomous and commanded traverse 
trajectories of the Zhurong Mars rover; (b) Navigation-camera views acquired at noon and in the afternoon, illustrating the 
illumination-driven change in the usable field of view; (c) Cumulative driven distance and corresponding elevation profile; (d) 
Rover slip ratio during the traverse; (e) Representative wheel sinkage variation measured on Sol 232; (f) Derived sinkage 
parameters updated from the measured sinkage data; terrestrial soil parameters are taken from Supplementary Table 2 of Ref. 
[11].

Table 1 

Locomotion records from the Zhurong Mars rover at southern Utopia Planitia. 

Cruise 
cycles

Sol Drives 
(EMD + 
AOAD)

Sequence 
duration

Driven 
odom (m)

Locomotion tasks

1 1

|

6

1 + 0 30 min 5.5 Downslope movement

2 7

|

19

3 + 2 7 h 32 min 21 Rotation in place; circular path movement; approximately 
linear movement; high curvature turning

3 20

|

39

14 + 12 20 h 32 min 180 Approximately linear movements; bypassing a small impact 
crater



Cruise 
cycles

Sol Drives 
(EMD + 
AOAD)

Sequence 
duration

Driven 
odom (m)

Locomotion tasks

4 40

|

47

3 + 0 8 h 17 min 34.7 Approaching a large sand dune

5 48

|

53

5 + 4 7 h 35 min 69.4 Circumventing a sand dune; avoiding two impact craters

6 54

|

67

12 + 12 20 h 5 min 273.5 Avoiding gravel areas and impact craters; traversing between 
two sand dunes

7 68

|

80

11 + 11 14 h 2 min 182.7 Approximately linear and large curvilinear movements; 
traversing between impact craters and dunes



Cruise 
cycles

Sol Drives 
(EMD + 
AOAD)

Sequence 
duration

Driven 
odom (m)

Locomotion tasks

8

81

|

100

13 + 11 22 h 23 min 238 Approaching and then circumventing a sand dune, the path 
leads to the midpoint between two sand dunes; traversing two 
sand dunes and approaching another 

9 101

|

112

10 + 8 13 h 21 min 163.6 Circumventing two dunes in sequence

10 113

|

115

1 + 0 59 min 13.4 Approximately linear movements

11 181

|

209

4 + 3 7 h 52 min 142.1 Continuous large-curvature maneuvering to avoid gravel 
zones



Cruise 
cycles

Sol Drives 
(EMD + 
AOAD)

Sequence 
duration

Driven 
odom (m)

Locomotion tasks

12 210

|

236

6 + 4 11 h 13 min 96.4 Circular movement

13 237

|

297

18 + 14 31 h 40 min 325.7 Approximately V-shaped broken linear movements; 
approaching and then circumventing a sand dune

14 298

|

359

9 + 9 16 h 29 min 175.5 Approximately stationary 90-degree and high-curvature 
turns; driving to the middle position between the dune and 
impact crater

14 
cycles

359 
sols

200 drives 182 h 30 
min

1921.5 23 tasks

During stationary in situ observations, the rover remained immobile while the multispectral camera, Mars surface composition 
detector, magnetic-field sensor, and meteorological sensor were operated to investigate high-value terrain features. During 
mobile cruises, the meteorological sensor, subsurface radar, and magnetic-field sensor were operated throughout each 
traverse.

The vertical bar (|) separates the first and last sols of each cruise cycle.



Locomotion tasks executed by the Zhurong Mars rover were planned as approximately linear drives, in-
place rotations, circular traverses, high-curvature turns, and broken-line trajectories; frequent hazard-
avoidance maneuvers were also recorded around dunes, impact craters, and gravel zones (Table 1). 
Stationary scientific observations and mobile payload measurements were interleaved during these tasks, 
resulting in stop–sense–move cruise cycles. The obtained in situ dataset is operationally representative of 
planetary surface operations and provides a useful basis for quantifying traversal limits.

No substantial degradation in AOAD performance was identified from the noon-to-afternoon change in the 
mast-mounted navigation and terrain camera (NaTeCam) field of view (Fig. 1(b)). Meanwhile, a pronounced 
photometric change was observed between the two views, implying a reduced perception margin under 
afternoon illumination. Relative to the noon scene, underexposure was observed over the terrain in the 
afternoon scene: mean luminance was reduced by 19.3% (median by 35.0%), and the fraction of dark pixels, 
defined by 𝑌 < 60 on a 0–255 scale, where Y denotes pixel luminance, increased from 14.9% to 56.0%. 
Accordingly, the effective brightness dynamic range of the ground region was reduced by 33%, and the 
fraction of high-contrast terrain edges was reduced by 19%, indicating that fewer distinctive features were 
available for VIO tracking. However, the drive logs show that these conditions remained within the nominal 
daytime operating range of the onboard perception-and-control loop for the analyzed in situ traverses.

Fig. 1(c) shows the cumulative distance driven by the Zhurong Mars rover on terrain with gradually 
increasing elevation. Accordingly, the slip ratio for each sol is plotted in Fig. 1(d), where the bars denote the 
variation range. The slip ratio 𝑠 was defined as 𝑠 = (𝑉cmd ― 𝑉meas )/𝑉cmd, where 𝑉cmd  and 𝑉meas  denote the 
commanded and VIO-measured travel velocities, respectively; negative values indicate that the measured 
travel speed exceeds the commanded travel speed. Modest variation was observed along the traversed terrain. 
The 𝑠 value was mostly between −0.1 and 0.2, with a mean forward slip of 0.05 on slopes up to 5∘; during 
sharper downslope movements (e.g., a ― 5.7∘ descent on sol 312), brief negative slip was observed (𝑠
= ―0.19) for several seconds. The wheel imprint analysis described in Ref. [32] was further used to verify 
the consistency of forward-slip estimates for cases with 0 ≤ 𝑠 ≤ 1, as detailed in Appendix A. Stereo imaging 
from the rear hazard-avoidance camera pair was used to reconstruct wheel tracks, generating wheel sinkage of  
5–50 mm (mean ∼ 23 mm) during each drive (Fig. 1(e)).

As a result, the soil sinkage exponent 𝑁 ( ≈ 0.7 ― 1.0) and equivalent sinkage stiffness 𝐾s ( ≈ 8.6 × 102 
to 5.9 × 103 kPa ⋅ m―𝑁) were estimated, which are broadly consistent with previous Mars soil models (Fig. 
1(f)) [11]. A nominal cruise of the Zhurong Mars rover consisted of an EMD segment followed by an AOAD 
segment. In some cases, AOAD was intermittently interrupted when the local landforms exceeded the wheel-
rolling and steering limits. On sols 27–29, AOAD advanced through successive ∼ 1 m steps across obstacle-
dense ground, and the guidance system terminated each attempt at short intermediate targets (0.9 m, 0.2 m, 
0.6 m), indicating that continuous wheel-rolling over large rocks could not be achieved. On sol 104, a 
substantial heading deviation reduced the usable near-field imagery and triggered a fallback to EMD, resulting 
from unreliable estimation of the required turning curvature. On sol 254, a steep, rocky patch induced 
excessive yaw drift, and the corrective maneuver required to recover the intended path exceeded the rover’s 
steering capability; AOAD was then stopped, and EMD was used to continue the traverse. Consequently, the 
AOAD approached its operational limits owing to insufficient wheel-rolling capability over large obstacles 
and limited steering curvature under certain landform constraints.



To identify cruise challenges during rover traversal, the observed obstacles were systematically classified 
into three categories by linking the path-planning outcomes with the terrain characteristics inferred from the 
corresponding imagery. As shown in Fig. 2, loose soil areas, rocks, craters, ridges, troughs, and dunes were 
manually delineated across nine representative path-planning scenarios, and their characteristic dimensions 
were quantified using two annotated image reference scales: 0.7 m horizontal and 10 m longitudinal.





Fig. 2. Path-planning scenes of the Zhurong Mars rover with annotated terrain characteristics. (a) Sol 32; (b) Sol 55; (c) Sol 71; 
(d) Sol 86; (e) Sol 92; (f) Sol 275; (g) Sol 247; (h) Sol 255; (i) Sol 200; (j) Sol 325, showing the rover’s current parking location. 
The horizontal yellow line marks the look-ahead distance (d=10 m) used to evaluate forward traversability. The trapezoidal 
region defines the forward evaluation region of interest for determining candidate paths. A candidate path is labeled as passable 
if the terrain features along the forward path segment satisfy a predefined passability criterion; otherwise, it is labeled as 
impassable.

TU is defined by broad, low-amplitude landforms that vary the wheel–terrain contact without forming 
discrete step-like hazards, including gentle dune bedforms, sand ridges, shallow troughs, and loose soil 
patches. At close range, these TU features showed rover-scale planform dimensions: ridge crests were 
typically 1.2–6.0 m long and 0.25–1.4 m wide; trough openings were 0.7–5.5 m wide (visible spans 2–10 m); 
dune bedforms showed crest-to-crest spacing of 6–18 m (single-dune spans 3–12 m); and loose-soil patches 
extended 0.8–4.5 m along the major axis with widths of 0.3–1.8 m. As a result, wheel-rolling mode generally 
remained feasible, and TU terrain was associated with a mild degradation in locomotion efficiency, 
characterized by modest slip-sinkage increases and limited replanning.

SOs are isolated rocks and rocky clusters that impose discrete contact constraints on individual wheels. The 
measured maximum rock axis ranged from 0.07 to 0.70 m (with the majority falling within 0.15–0.40 m). 
During the traversal of SO terrain, localized tracking disturbances (e.g., transient sinkage) were frequently 
induced by wheel–rock interactions, and bypass trajectories were increasingly executed by the path planner 
as the rock size and areal density increased. 

Topographic barriers (TBs) are characterized by large, steep, or sharp-edged landforms that are difficult to 
safely negotiate under wheel rolling, such as crater rims/edges, steep dune faces, and pronounced terrain 
breaks. In the image-based measurements, rim-to-rim crater diameters ranged from 2 to 20 m, and the largest 
troughs and dune constructs approached the upper end of the above TU-scale ranges, forming locally steep 
transitions. TB-type obstacles were associated with rapid slip growth, and exceeding the onboard AOAD 
safety thresholds (slope 10∘; obstacle height 0.12 m) resulted in autonomy termination.

In summary, a mainly mild degradation in mobility performance was observed on TU-type ground, while 
wheel-rolling autonomy was driven towards its reliability limits by SO and especially TB features. The 
observed drive interruptions were concentrated in scenes with larger and denser rocks or locally steep terrain 
transitions, indicating that wheel-rolling mobility degraded systematically with increasing terrain roughness, 
barrier-like geometry, and reduced steering curvature.

Considering the obtained obstacle geometry, travel velocity, and wheel–terrain contact forces, a set of 
geometric descriptors and three control indices are defined to quantify traversal difficulty as follows:



(1) Geometric features are captured by the bounding rectangle (obstacle length, width, and height), obstacle 
clearance (area ratio within the travel zone), and obstacle-top traversability metrics, including surface flatness 
quantified by the plane-fitting degree 𝑀, average sharpness 𝑆a of local protrusions, and longitudinal profile 
smoothness 𝐼o along candidate wheel-contact trajectories.

(2) Trajectory-tracking smoothness 𝜇 is calculated from the magnitude of lateral and vertical accelerations. 
A larger 𝜇 indicates smoother tracking and reduced body vibration, with the opposite trend for smaller 𝜇. 

(3) Wheel load balance 𝜅 is inferred from the maximum differential wheel load Δ𝑊max and the maximum 
deviation from the mean wheel load Δ𝑊dev,max to indicate rollover risk under uneven normal-force 
conditions.

(4) Contact-surface complexity 𝛿 is indicated by obstacle steepness 𝜀 and roughness 𝜎, inferred from rover 
attitude and wheel-force state (including lateral forces and front-rear load redistribution) to characterize the 
intensity of wheel–terrain interactions.

These defined quantities are calculated using a fuzzy logic inference scheme (Fig. 3). 𝛿 is obtained by 
fusing 𝜎 and 𝜀 after fuzzification with trapezoidal membership functions. After defuzzification, candidate 
obstacle-surface trajectories are ranked by grey relational analysis (GRA) using the three obstacle-top 
indicators (𝑀,  𝑆a,  𝐼o). The motion-risk level 𝜈1 is inferred from (𝛿, 𝜅) for partial wheel suspension, while 𝜈2 
is inferred from (𝛿, 𝜇) for full wheel contact. Both levels are used for online motion-safety gating. To balance 
predictive adequacy and interpretability, the breakpoints of the membership functions and fuzzy rules were 
determined using a hybrid data-driven and expert-guided procedure. Breakpoints were initialized from 
distribution-based data and refined using semantic constraints, including ordering, monotonicity, and 
plausible thresholds. Candidate rules were weighted from the data, pruned using objective criteria, and 
finalized by expert review for consistency.



Fig. 3. Linguistic fuzzy sets and rule bases used in the designed fuzzy-logic module. (a, c) Membership functions of contact-
surface roughness 𝜎 and contact-surface steepness 𝜀; (b, d) rule tables used to infer 𝜎 from rover roll angle 𝛩 and differential 
lateral force 𝐹L,lrw, and 𝜀 from rover pitch angle 𝛹 and differential normal force 𝐹N,frw, respectively; (e, f) membership functions 
of contact-surface complexity 𝛿 and the rule table mapping (𝜎, 𝜀) to 𝛿; (g, h) membership functions of wheel load balance 𝜅 and 
the rule table mapping the maximum differential wheel load Δ𝑊max and the maximum deviation from the mean wheel load Δ
𝑊dev,max to 𝜅; (i, j) membership functions of trajectory-tracking smoothness 𝜇 and the rule table mapping additional lateral and 
vertical accelerations (𝐴L, 𝐴V) to 𝜇; (k, l) membership functions and rule table for motion-risk level 𝜈1 under partial wheel 
suspension above the ground, obtained from (𝛿, 𝜅); (m, n) Membership functions and rule table for motion-risk level 𝜈2 under 
full wheel contact with the obstacle, obtained from (𝛿, 𝜇).



2.2. Multimode action library and decision-making for the Zhurong-like self-reconfigurable rover

To enhance traversability beyond wheel-rolling on obstacle-dense Martian terrain, a mechanics-constrained 
multimode action library was constructed for Zhurong-like self-reconfigurable rovers. The library provides 
an explicit bridge between actuator-level capabilities and obstacle-level traversal requirements, enabling 
reproducible multimode execution and quantitative reasoning about mobility limits. The actuation functions 
are categorized into four classes according to the mechanical structure of the rover: active suspension, passive 
suspension, wheel driving, and wheel steering. To provide a unified representation of spatial coordination 
among movable joints and the associated temporal execution complexity, combinations of classes are 
organized into phases (defined by the number of engaged actuators) and levels (defined by the number of 
distinct action steps), as shown in Table 2. This library provides an effective mechanism for tracking the 
degree of mechanical reconfiguration during rover motion.

Table 2

Simplified motion library for the movable joints of the Zhurong-like Mars rover. 

Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

1 -1 -1 0 0 2 2 2/1/0 Middle wheels are lifted 
relative to the ground



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

2 -1 -1 0 1 2 2 2/1/0

Middle 
wheel is 
lifted 
relative to 
the 
ground

Body box 
is lifted 
relative 
to the 
ground

3 -1 -1 1 1 2 2 2/1/0 Rover chassis is lifted 
relative to the ground

4 -1 0 0 0 2 1 2/1/0

Middle 
wheel is 
lifted 
relative to 
the 
ground

Wheel 
rolling 
while 
rocker-
bogies 
stationary

5 -1 0 0 1 2 1 2/1/0

Middle 
wheel is 
lifted 
relative 
to the 
ground

Wheel 
rolling 
with 
movable 
rocker-
bogies



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

6 -1 0 1 0 2 1 2/1/0

Body box 
is lifted 
relative to 
the 
ground 

Wheel 
rolling 
while 
rocker-
bogies 
stationary

7 -1 0 1 1 2 1 2/1/0

Body box 
is lifted 
relative to 
the 
ground

Wheel 
rolling 
with 
movable 
rocker-
bogies

8 -1 1 0 0 2 2 2/1/0

Middle 
wheel is 
lifted 
relative to 
the 
ground

Front or 
rear 
wheel is 
lifted 
relative 
to the 
ground



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

9 -1 1 0 1 2 2 2/1/0

Middle 
wheel is 
lifted 
relative to 
the 
ground

Body box 
is 
lowered 
relative 
to the 
ground

10 -1 1 1 0 2 2 2/1/0

Body box 
is lifted 
relative to 
the 
ground

Front or 
rear 
wheel is 
lowered 
relative 
to the 
ground

11 -1 1 1 1 2 2 2/1/0

Body box 
is lifted 
relative to 
the 
ground

Body box 
is 
lowered 
relative 
to the 
ground

12 0 0 0 0 0 0 2/1/0 Wheel rotation in place



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

13 0 0 0 0 1 1 2/1/0

Wheel rolling with 
locked rocker-bogies

14 0 0 0 1 0 0 2/1/0 Stationary

Wheel 
rotation 
with

movable 
rocker-
bogies

15 0 0 0 1 1 1 2/1/0

Wheel 
rolling 
with 
locked 
rocker-
bogies

Wheel 
rolling 
with 
movable 
rocker-
bogies

16 0 0 1 1 0 0 2/1/0 Wheel rotation with 
movable rocker-bogies



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

17 0 0 1 1 1 1 2/1/0 Wheel rolling with 
movable rocker-bogies

18 0 1 0 0 1 1 2/1/0

Wheel 
rolling 
with 
locked 
rocker-
bogies

Front or 
rear 
wheel is 
lifted 
relative 
to the 
ground

19 0 1 0 1 1 1 2/1/0

Wheel 
moving 
with 
locked 
rocker-
bogies

Body box 
is 
lowered 
relative 
to the 
ground

20 0 1 1 0 1 1 2/1/0

Wheel 
rolling 
with 
movable 
rocker-
bogies

Front or 
rear 
wheel is 
lifted 
relative 
to the 
ground



Motion action phase (spatial order)

Active suspension 
rocker class

Passive suspension 
rocker class

Wheel driving 
class

Wheel 
steering 

class

Functionality of the 
motion actions

Motion action 
level 

(chronologically)

Left 
active 
rocker-
bogies 
rotation

Right 
active 
rocker-
bogies 
rotation

Left 
passive 
rocker-
bogies 
rotation

Right 
passive 
rocker-
bogies 
rotation

Left 
wheel 
rolling

Right 
wheel 
rolling

All 
wheel 
rotation

Left side 
of the 
rover 
body box

Right 
side of 
the rover 
body box

21 0 1 1 1 1 2 2/1/0

Wheel 
rolling 
with 
movable 
rocker-
bogies

Body box 
is 
lowered 
relative 
to the 
ground

22 1 1 0 0 2 2 2/1/0
Front or rear wheels are 
lowered relative to the 
ground

23 1 1 0 1 2 2 2/1/0

Front or 
rear 
wheel is 
lowered 
relative to 
the 
ground

Body box 
is 
lowered 
relative 
to the 
ground

24 1 1 1 1 2 2 2/1/0 Body box is lowered 
relative to the ground

To reduce table length, symmetric left–right joint motions are omitted. The wheel-steering class (“All wheel rotation”) is defined 
by three discrete steering configurations: 0 (WCM-0) for rectilinear motion, 1 (WCM-1) for curvilinear motion, and 2 (WCM-
2) for crabbing motion. Accordingly, the notation 2/1/0 indicates that each motion-action level can be combined with any of the 



three steering configurations, with class 2 emphasized as the crabbing steering configuration, enabling lateral maneuvers. In the 
active-rocker rotation columns, −1 denotes a negative rotation command (opposite to +1); 0 denotes no rotation.

To ensure the feasibility of the established action library on the Zhurong Mars rover, motion constraints 
have been defined by limiting the action space with coordination and safety rules, under which independent 
steering of each wheel is permitted, suspension-driving coupling is coordinated on each body side, rocker 
motion is enforced symmetrically, and lifting is limited to no more than one wheel per body side. 
Consequently, the practical set of discrete actions was reduced to 120 (Table 2) and further grouped into six 
fundamental mobilities: wheel rolling mode (WRM), rover chassis lifting mode (RCLM), rover creeping 
mode (RCM), single-wheel lifting mode (SWLM), double-wheel lifting mode (DWLM), and wheel crabbing 
mode (WCM), accompanied by their derivative variants.

To differentiate the mobility performance of each mode, the modes are characterized by quantifiable 
metrics, including suitable terrain type, achievable speed, turning ability, energy efficiency, and recoverability 
from failures. Relatively smooth or gently sloping ground can be traversed in WRM for efficient travel. On 
soft sand or under increasing sinkage, RCM should be activated, where rocker motions redistribute the wheel 
loads to reduce sinkage and improve traction. For large vertical obstacles or steep scarps, RCLM or wheel 
lifting modes can be utilized for crossing or climbing, and small rocks can generally be overcome by SWLM. 
WCM should be utilized to bypass hazards or align laterally with the planned path by steering wheels around 
their vertical axis and then driving sideways.

Moreover, motion actions from the library are combined to realize rover reconfiguration, and an optimal 
action sequence is selected by mode decision-making according to the characterized terrain-traversal 
difficulty. Under the observed obstacle morphology and mechanics-based constraints of the rover, adaptive 
mode switching beyond regular wheel rolling is achieved. Specifically, the optimal motion mode is 
determined according to three control objectives: ① high traction to limit wheel sinkage and slip, ② OT to 
climb over or bypass hazards, and ③ trajectory tracking to ensure feasible local trajectory generation and path 
following. The corresponding mobility capabilities, including fast traversal, sinkage escape, hurdle 
overcoming, obstacle climbing, and obstacle avoidance, are organized within a proposed three-layer “Look, 
Touch, and Move” strategy, through which each terrain challenge is matched to the appropriate mode actions.

In the initial Look layer, the positional relationship between terrain obstacles and the planned trajectory 
and obstacle profile dimensions is evaluated. If the distribution of obstacles whose perpendicular distances to 
the path are within a preset threshold is too dense for safe traversal in any motion mode, replanning is 
triggered. Otherwise, the wheel–obstacle contact form and entrance/exit angles are analyzed. If the predicted 
contact poses an overturning risk, replanning is activated; otherwise, the decision proceeds to the second layer 
to determine a candidate motion mode. Based on the relative size of the obstacles with respect to the rover’s 
wheel, wheel–obstacle contact forms were classified into five types in this study: steps (e.g., small rocks), 
walls (e.g., large rocks), steep hybrid slopes (e.g., complex rocks), gentle slopes (e.g., craters), and pits (e.g., 
trenches).



In the Touch layer, the feasibility of crossing or climbing is determined after traversal towards the obstacle 
has been commanded. Obstacle height and upper-surface sharpness are evaluated against the motion 
capabilities of RCLM and wheel-lifting modes. If the obstacle is traversable with a non-contact lifting motion, 
an optimal mode is selected; otherwise, the contact fitness between the obstacle surface and wheel rim is 
further assessed. If climbing is judged as infeasible, replanning is activated; otherwise, the decision proceeds 
to the third layer to determine an execution mode during traversal.

In the Move layer, motion safety is evaluated in real time using three defined control indices: trajectory-
tracking smoothness 𝜇, wheel load balance 𝜅 among wheels in ground contact, and contact-surface complexity 
𝛿 at the wheel–obstacle interface. These metrics are further combined to define two fuzzy logic-based motion 
risk indices for governing motion execution, denoted 𝜈1 for partial wheel suspension above the ground and 
𝜈2 for full wheel contact with the obstacle. In both cases, a larger 𝜈 indicates higher risk (levels I–V); levels 
I and II correspond to very safe and safe motion, respectively. If the motion is judged safe, the current mode 
is maintained; otherwise, the rover is rerouted or driven in reverse to avoid the obstacle.

Safe traversability across diverse Martian landforms is enhanced by a library-based selection architecture, 
implemented as an MD–OT pipeline that autonomously selects an optimal motion mode in response to the 
characterized OT difficulty.

3. Results

3.1. Terrain-aware autonomous control framework for self-reconfigurable rovers

To close the loop between perceived terrain–obstacle characteristics, multimode mobility, and path 
planning, a terrain-aware autonomy control framework was developed for self-reconfigurable rovers, as 
shown in Fig. 4. The framework comprises three coupled modules: TP for terrain reconstruction, state 
estimation, and local trajectory generation; MD for planned trajectory and mode selection under quantified 
mobility limits; and OT for executing the selected motion action from the library using a specific rover model. 
Specifically, VIO is employed as the localization component of the TP module; the image frames and inertial 
measurements used by VIO are acquired directly from an onboard visual inertial camera mounted on the mast. 
The 3D kinematic model of the Zhurong Mars rover adopted in this study followed the detailed formulation 
reported in Refs. [33,34].
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Fig. 4. Physics-informed autonomous cruise framework for the Zhurong-like self-reconfigurable rovers: (a) TP 
module; (b) MD module; (c) OT module; (d) Harbin Institute of Technology-Mars Rover II (HIT-MRII) rover 
model. 

To ensure reliable autonomy control under irregular obstacle geometry and perception uncertainty, a low-
compute algorithm set was employed in the TP–MD pipeline to provide reliable terrain parameterization and 
decision-making inputs. First, elevation mapping was used to construct a height/slope map for obstacle 



detection and cost-map planning. The resulting obstacle map was then segmented into individual hazard 
instances using connected component labeling, enabling density checks and replanning. Next, surface feature 
extraction was performed to parameterize obstacle-top morphology from the elevation map for downstream 
decision indices. The candidate wheel-contact regions were subsequently screened using a fitting plane (FP) 
by evaluating the wheel-supporting planarity. GRA was then applied to rank candidate wheel-contact paths 
on the nonplanar obstacle upper surface using three defined indicators—plane-fitting degree, surface 
sharpness, and longitudinal profile smoothness—while a reject margin was enforced to flag “no-safe-path” 
cases.

To implement a mode-safety gate without requiring high-fidelity rover-environment interaction models, a 
fuzzy logic rule base was designed using the defined terrain-feature and contact-form descriptors (𝜎,  𝜀,  𝛿) 
along with motion-state descriptors (𝜅,  𝜇). The rule base was constructed in two coupled stages. First, joint 
(𝜎,𝜀) conditions were mapped to 𝛿 through fuzzy logic rules, enabling consistent complexity labeling across 
obstacle types rather than relying on a single slope or roughness threshold. Second, two contact-state-
dependent rule sets were used: (𝛿, 𝜅) was mapped to 𝜈1 for partial wheel suspension, while (𝛿, 𝜇) was mapped 
to 𝜈2 for full wheel contact. Safety margins were maintained during mode switching between lifting-related 
and obstacle-contact traversal modes.

3.2. Experimental validation

To evaluate the autonomous cruising performance of the Zhurong-like rover prototype Harbin Institute of 
Technology-Mars Rover II (HIT-MRII) (Fig. 4(d)), experiments were conducted at a Mars-analog test site. 
Compared with the Zhurong Mars rover, the HIT-MRII is additionally equipped with six-axis force/torque 
sensors integrated into each wheel axle. The experimental setup and traversal sequence are shown in Fig. 5. 
Four waypoints were set: the first and third (green stars) as pass-through waypoints, and the second and fourth 
(red stars) as stationary observation points (Fig. 5(a)). Five simulated Martian obstacle types were placed 
sequentially: a small ridge, large rock, trough, large mesa, and sloped loose soil bedform inclined at 15∘.

The HIT-MRII rover initially cruised in WRM until encountering a small ridge (Fig. 5(k)), triggering a 
switch to SWLM (Fig. 5(b)) by the designed control system. It then returned to WRM (Fig. 5(c)) before 
reaching a large rock at the first cruise point (Fig. 5(l)). Accordingly, the rover switched to RCLM (Fig. 5(d)) 
and then resumed WRM (Fig. 5(e)) along the second route segment. Steering in narrow spaces was facilitated 
by maintaining the increased ground clearance of the lifted chassis. At the second point, the rover encountered 
a trough (Fig. 5(m)) and switched to WCM (Fig. 5(f)) to avoid it through a locally replanned trajectory. Upon 
reaching the third cruise point, the mode was switched from WCM to WRM (Fig. 5(g)). A large mesa was 
then encountered (Fig. 5(n)), leading to a switch to DWLM (Fig. 5(h)). The final trajectory segment was 
initially planned and executed in WRM (Fig. 5(i)). However, owing to insufficient traction caused by the 
slope and loose soil (Fig. 5(o)), the rover switched to RCM (Fig. 5(j)) to reach the destination.

The decisions generated by the three layers of the MD module are summarized in Fig. 6. Under 
heterogeneous terrain conditions, the MD module acted as the decision core by reporting decision progress 
and safety indices associated with the selected maneuver class (Figs. 6(a) and (c), respectively). In the first 
layer, noncontact obstacles were assessed using geometric proximity and wheel-obstacle contact-angle 
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features (forward/lateral/vertical distance components and entry/exit contact angles in Fig. 6(a)). Ridge- and 
rock-type obstacles indicated completed mode selection and were consequently handled directly by 
SWLM/RCLM without activating contact-risk evaluation.

Obstacles requiring surface contact were processed in the second layer, where obstacle-top traversability 
was evaluated using the number of candidate paths 𝑁t, plane-fitting degree 𝑀, average upper-surface 
sharpness 𝑆a, longitudinal profile smoothness 𝐼o, and GRA-based obstacle-top traversability score 𝛤(0,𝑖) (Fig. 
6(b)). Here, i indexes a candidate wheel-contact trajectory, and 0 denotes the ideal reference sequence (1, 1, 
1) for the three normalized indicators. The trough case showed relatively high upper-surface sharpness, and 
WCM was selected to bypass the hazard through local replanning. For mesa-type obstacles, favorable values 
of 𝑀,𝐼o,𝑁t, and 𝛤(0,𝑖) were obtained, and DWLM was consequently selected for controlled climbing. In 
bedform and sandy-slope cases, admissible paths were retained.
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Fig. 5. Experimental validation in representative Martian terrain scenarios: (a) traversed trajectory; (b) SWLM traversal; (c, e, 
g, i) WRM traversal shown at four stages; (d) RCLM traversal; (f) WCM traversal; (h) DWLM traversal; (j) RCM traversal; (k) 
simulated Martian ridge; (l) simulated Martian rock; (m) simulated Martian trough; (n) simulated Martian mesa; (o) simulated 
bedform. The experimental sequence is provided in Appendix A.

However, stronger indicators associated with contact angle and upper-surface sharpness were observed, 
and RCM was selected to improve traction. Safety during DWLM/RCM execution was governed by the third 
layer by evaluating the contact-surface complexity from the calculated roughness and steepness, in addition 
to motion smoothness and wheel load balance indices (Fig. 6(c)). Across representative climbs, the contact-
surface complexity index 𝛿 remained within the low-to-intermediate range. During DWLM, 𝜈1 was 1.8 for 
front-wheel lifting and predominantly 0.72 for middle- and rear-wheel lifting, with brief increases up to 1.8. 
During RCM, 𝜈2 ranged from 0.12 to 1.8. These values remained within the safe range represented by fuzzy 
risk levels I and II.

Stable closed-loop performance of the developed control framework was demonstrated during a simulated 
21 m cruise mission, with successful multimode decision-making and autonomous mode switching across 
five representative obstacle types. All target waypoints were autonomously reached in sequence, during which 
nine mode transitions were executed and only one local replanning operation was triggered at the trough. 
Moreover, across numerous independent runs under two terrain setups, the overall success rate was 
approximately 95%. The primary failure was attributed to perception degradation: VIO tracking was lost 
during high-contrast lighting transitions, and camera pose drift accumulated during mechanism 
reconfiguration, ultimately leading to trial termination.
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Fig. 6. Motion-mode decisions of the MD module during the autonomous cruise experiment. (a) First-layer decision for 
noncontact obstacles, based on the forward/lateral/vertical distance components between the HIT-MRII rover and obstacles, 
entry contact angle, exit contact angle, and the resulting decision progress; (b) Second-layer decision for wheel-contacting 
obstacles, based on the number of candidate paths, plane-fitting degree, average upper-surface sharpness, longitudinal profile 
smoothness, obstacle-top traversability score, and the resulting decision progress; (c) Third-layer decision for climbing 
maneuvers, based on contact-surface roughness, contact-surface steepness, trajectory-tracking smoothness, contact-surface 
complexity, wheel load balance, and the motion-risk levels, and used for mode selection. The terrain, motion-state, and 
motion-risk indices are dimensionless. Decision progress is approximately 33% and 66% after the first and second layers, 
respectively, while mode selection remains unresolved, and reaches 100% once a mode is determined.

3.3. Limitations and possible improvements

Among the experimental trials, failures were mainly observed during joint-action switching on uneven 
terrain, particularly during wheel-lifting transitions involving rapid changes in wheel loads. Under complex 
wheel–terrain interactions (increasing 𝛿), the normal loads on the grounded wheels were dynamically 
redistributed (decreasing 𝜅), causing slippage of the unactuated wheels and significant body-box vibration, 
which in certain cases manifested as 𝜇 fluctuations. In such trials, larger fluctuations coincided with degraded 
visual perception, characterized by fewer trackable features and geometric inliers and increased reprojection 
residuals.

To minimize wheel slippage, future work should explore real-time load balancing through active 
adjustment of the rover’s center-of-mass position. To reduce high-frequency vibration transmission, the 
camera support and body box should be connected using appropriate damping and isolation. A systematic 
evaluation framework can be formulated by correlating 𝜇,𝜅, and 𝛿 with selected TP metrics and by modeling 
failure probability via logistic regression. This provides quantitative guidance for improving posture stability 
during mechanical self-reconfiguration. Moreover, TP performance is constrained by the VIO-based 
localization component. Localization robustness could be improved through Kalman-filter-based fusion of 
visual, inertial, and wheel odometry measurements.

4. Discussion and conclusion

This study analyzed the synchronized drive logs of the Zhurong Mars rover and near-field imagery acquired 
during its in situ traverse in southern Utopia Planitia to derive terrain-conditioned mobility limits and to 
inform a terrain-aware autonomy framework for self-reconfigurable rovers. Across 200 drives, the employed 
autonomous wheel-rolling mode approximately doubled the mean distance per drive (13.9 m vs 6.1 m), 
indicating improved traverse efficiency. The in situ dataset was also utilized to characterize wheel–terrain 
interaction under Martian regolith conditions by inverting a quasi-static wheel–soil interaction model, which 
generated an updated sinkage exponent of N ≈ 0.7–1.0, and to parameterize autonomy interruption conditions 
as measurable thresholds in steering curvature and obstacle scale. 



The designed MD-OT pipeline provides a structured mechanism for mapping perceived obstacle 
morphology to an executable motion mode. Terrain-traversal difficulties are classified into three categories 
(TUs, SOs, and TBs), and the corresponding geometric descriptors (including contour size, upper-surface 
sharpness, and longitudinal profile) are defined for multimodal decision-making. To enable mode switching 
when wheel-rolling autonomy is assessed to be low-confidence or unsafe, a mechanics-constrained action 
library that spans wheel rolling, wheel lifting, wheel crabbing, chassis length-and-height adjustment, and body 
creeping was constructed. The mapping between traversal difficulty and multimode mobility is realized by 
the proposed three-layer “Look, Touch, and Move” control strategy, in which hazards are predicted at a 
standoff distance, traversability is refined after approach, and action safety is enforced online using a set of 
fuzzy logic-defined control indices (including contact-surface complexity, trajectory-tracking smoothness, 
and wheel load balance). The designed fuzzy logic algorithm effectively handles uncertainty by transforming 
noisy wheel-force and body-pose estimates into control indices through linguistic rules and membership 
functions, enabling robust decision-making.

The closed-loop feasibility of the developed autonomy control framework was demonstrated in Mars-
analog cruising experiments over a 21 m route using a Zhurong-like rover prototype. In the experiments, all 
waypoints were reached in sequence, nine mode transitions were executed, and only one replanning event 
was triggered at the trough. Moreover, across independent runs under two terrain setups, the overall success 
rate was approximately 95%. The primary failure during mode switching was VIO tracking loss under high-
contrast lighting transitions, compounded by accumulated pose drift, suggesting that perception robustness is 
a key limiting factor for long-range autonomy during mechanism reconfiguration on natural terrain. The 
obtained results provide practical guidance for advancing self-reconfigurable rover autonomy beyond wheel-
rolling cruise by combining empirically grounded mobility limits with structured multimode action selection. 
Future work will improve perception robustness under sudden body vibrations, refine risk-gated mode 
selection via uncertainty-aware safety constraints, and expand field validation across broader soil states and 
lighting conditions.
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Data availability

The raw data used to generate the figures in this paper are available from the corresponding author upon 
reasonable request. The functional structure of the multimode decision block is provided in the GitHub 
repository, while its specific implementation is influenced by differences in programming environments and 
hardware configurations.

GitHub Repository: Robot-Starscream
https://github.com/Robot-Starscream/MultimodeAutonomousCruise_Rover

An experimental movie has been uploaded to the MobRoboTrans YouTube channel: 
https://www.youtube.com/@MobRoboTrans 
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