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Abstract: For path following of snake robots, many model-based controllers have demonstrated
strong tracking abilities. However, a satisfactory performance often relies on precise modelling and
simplified assumptions. In addition, visual perception is also essential for autonomous closed-loop
control, which renders the path following of snake robots even more challenging. Hence, a novel
reinforcement learning-based hierarchical control framework is designed to enable a snake robot
with an onboard camera to realize autonomous self-localization and path following. Specifically,
firstly, a path following policy is trained in a hierarchical manner, in which the RL algorithm and gait
knowledge are well combined. On this basis, the training efficiency is sufficiently optimized, and the
path following performance of the control policy is greatly improved, which can then be implemented
on a practical snake robot without any additional training. Subsequently, in order to promote visual
self-localization during path following, a visual localization stabilization item is added to the reward
function that trains the path following strategy, which endows a snake robot with smooth steering
ability during locomotion, thereby guaranteeing the accuracy of visual localization and facilitating
practical applications. Comparative simulations and experimental results are illustrated to exhibit
the superior performance of the proposed hierarchical path following the control method in terms of
convergence speed and tracking accuracy.
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1. Introduction

Over the past decades, many researchers have been devoted to the control of snake
robots due to their complex multi-joint structure and high motion flexibility [1-3]. As the
application tasks of snake robots become more complex, the requirement for accomplishing
a safe and accurate path following tasks with independent perception continues to increase.
Specifically, path following, as one of the most fundamental and indispensable motion
skills, requires the robot to move along a specific curve. Visual self-localization provides
the real-time position of the robot via visual perception, which plays an important role
in assisting a robot in completing autonomous motions. However, the highly redundant
degrees of freedom and unique serpentine motion gait introduce many challenges to the
path following of snake robots with visual self-localization.

Snake robots typically move forward by mimicking the motion gait of biological
snakes. One of the most efficient and widely used motion gaits is the lateral undulatory
gait; that is, it periodically propagates a wave along the body, presenting an S-shaped
movement trajectory, which is named a serpenoid by Hirose [1]. For snake robots, the lat-
eral undulatory gait can be mathematically approximated by a gait equation that imposes
a sinusoidal signal for each joint. The path following control of snake robots has been
investigated for years based on the gait equation. There is substantial research that focuses
on designing a control law for the gait equation to adjust the motion direction and thus
control the robot in moving towards the desired path with the desired turning angle, which
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is calculated by the line-of-sight (LOS) guidance law [4-6]. Furthermore, for more com-
plicated application scenarios, path following controllers with an adaptive LOS guidance
law or gait equation are adopted for faster convergence speed, and higher stability [7-9].
In addition, for holonomic snake robots, virtual constraints are employed to regulate the
orientation, and forward speed of the snake robot via a state-dependent undulatory gait
equation, which replaces time-dependent signals in the lateral undulatory gait equation
with state-dependent constraints [10-13]. However, the methods mentioned above heavily
rely on precise modelling and laborious parameter tuning, which cannot guarantee optimal
path following performance.

Reinforcement learning (RL), as a popular machine learning algorithm that constantly
interacts with the environment to maximize expected returns, has made much progress in
robotic control [14-16]. Unlike traditional control methods, RL algorithms endow robots
with various motion skills without acquiring the exact robot model and exhibit excellent
robustness and flexibility regarding environment variations. In addition, in RL, the control
objectives and constraints can be conveniently added as terms to the reward function to
guide robots to complete the specified task, e.g., manipulator manipulation, tracking a
target velocity, mimicking human motor skills, etc. Model-free (MF) RL has shown its
unique advantages in mastering specific skills or accomplishing specific tasks. However,
end-to-end MFRL training often suffers from sample inefficiency and is prone to generating
weird and unnatural actions, which seriously reduce training speed, and the learned
policy may even damage the practical robot. Consequently, it is essential to integrate
RL algorithms with gait knowledge to improve training efficiency and generate natural
actions that make deployment on a practical robot easier. Recently, RL algorithms assisted
by gait knowledge have made great progress in the fields of quadruped robots, bipedal
robots, etc. [17-21]. For snake robots, the gait equation can reflect the shape of the motion
trajectory; thus, it is an ideal source of gait knowledge. However, incorporating the gait
equation with the RL algorithm for path following tasks is still a difficult problem. In our
prior work [22], a two-stage control framework that combines PI? with the gait equation is
proposed for the snake robot to perform goal-driven tasks, but the gait equation is only
adjusted at each gait cycle. As a result, the robot cannot promptly correct its gait according
to the position error, so the control accuracy of this method is too low for performing path
following tasks.

In addition to path following control, satisfactory visual self-localization of snake
robots is also a challenging topic. Due to the slender body structure and serpentine
motion gait, a snake robot obtains forward momentum using whole-body motion; thus,
the camera installed on the robot also shakes accordingly, which brings difficulties to stable
visual perception and localization. To solve this problem, the robot is usually required
to remain stationary or to move slowly during the imaging process, which optimizes
localization accuracy but sacrifices locomotion efficiency [23,24]. Ref. [25] proposes a pan-
tilt compensation strategy to realize visual self-localization without reducing the robot’s
locomotion efficiency, in which the position of the robot is updated by an external visual
marker. The camera is mounted on a pan-tilt that actively rotates to compensate for head
motions, which ensures that the visual marker is always within the camera’s field of view.
Consequently, this method requires relatively smooth head swings at adjacent moments
to guarantee the successful compensation of the pan-tilt. However, during the training of
the path following policy using RL algorithms, a snake robot is prone to learning a policy
that gains a higher reward for approaching the desired path faster, leading to an aggressive
policy; i.e., it vigorously wiggles the entire body from side to side to gain stronger forward
momentum, based on which, the pan-tilt cannot promptly compensate for the motion of
the head; thus, the camera installed on the pan-tilt will lose the target marker.

To solve the above-mentioned problems, a novel hierarchical path following the
control method is proposed for snake robots, which presents high training efficiency and
promising tracking performance. Specifically, the hierarchical path following the control
method is developed by combining the RL algorithm and the gait equation. On the
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one hand, the hierarchical control method generates motion gaits by modifying the gait
equation, which provides gait knowledge for the RL algorithm and thus accelerates the
training process. In addition, it ensures that the resulting motor gait belongs to the lateral
undulatory gait so that the learned policy can be directly transferred to the practical snake
robot without any retraining. On the other hand, the proposed hierarchical method adjusts
the gait equation in real-time via the RL algorithm, which expands the feasible gait set
of the gait equation, thus enabling a snake robot to change the motion gait based on the
feedback state promptly. In addition, in order to enable a snake robot to achieve visual
self-localization using the pan-tilt compensation strategy, a visual localization stabilization
item is added to the reward function of RL policy training, which effectively limits the
swing amplitude of the head at adjacent moments. The contributions of this paper are
summarized as follows:

¢ A novel hierarchical control method that combines the RL algorithm and the gait
equation is developed for the path following of snake robots, which guarantees
efficient training and is satisfactory following the accuracy.

e A visual localization stabilization term is introduced into the reward function to
avoid excessive head swings, which ensures successful pan-tilt compensation, thereby
optimizing the accuracy of visual localization.

*  To verify the effectiveness of the algorithm, real-world experiments are implemented
on a practical snake robot, and the experimental results demonstrate the promising
path following the performance of the proposed method.

2. Materials and Methods
2.1. Problem Statement

The path-following task of snake robots can be formulated as a Markov decision
process (MDP) defined by the tuple (S, A, R, P, ), where S denotes the state space, A
represents the action space, R is the reward function, P indicates the state transition
probability, and <y stands for the discount factor. At each timestep, the snake robot samples
and then executes the action a; ~ 7(a; | s;) based on current state s; observed from
the environment, and then the robot transfers to a new state s;;1 ~ p(s;y1 | st,a;) and
receives a reward r; = (s, at, S¢.+1), where the subscript ; depicts the current timestep
t. The objective of this MDP is to train a policy 7y, with parameter ¢ that maximizes the
expected cumulative discounted return J, as indicated in Equations (1) and (2), so as to
equip a snake robot with the excellent path following skill:

ey = arg max J 1)
T-1

J= ETNP(T\TE) [E 7t,,;| 2)
t=0

where T denotes the planning horizon of each episode, and T denotes a trajectory {so, ag, 7o,
S$1,...,8T-1,4T7-1,7T-1, ST}'

2.2. Hierarchical Path Following Control

In this paper, the objective is to design a controller that enables a snake robot to follow
the given path with visual self-localization. To this end, we proposed a hierarchical RL
path following method to guarantee satisfactory following the ability for various desired
paths in terms of efficient training, strong robustness, and excellent following accuracy.
The proposed hierarchical algorithm effectively incorporates the RL algorithm with the
gait equation and consists of two layers, namely the RL policy training layer and the gait
execution layer. Specifically, compared with the motion gait produced by the traditional gait
equation, the proposed method tends to generate a forward gait with slighter head swings,
which improves the accuracy of visual localization and further guarantees satisfaction
following accuracy. In addition, compared with the end-to-end RL algorithm, the designed
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hierarchical RL method not only greatly accelerates the training speed but also learns a
natural and robust policy that can be directly implemented on a practical snake robot.

The overall architecture of the proposed control method is presented in Figure 1, which
consists of two stages, namely the visual localization and hierarchical RL path following
policy training. Specifically, for a n—link snake robot, at each timestep t, firstly, the pan-tilt
compensate strategy proposed in [25] is adapted to provide the real-time position of a
snake robot, which can be used to obtain the current system state; subsequently, the RL
policy training layer outputs an action to modify the gait parameter of the gait equation
based on the state, with the aim of changing the motion direction of the robot to make it
close to the desired path. Finally, the gait execution layer sends the corresponding joint
angles to the snake robot for executing the path following task.

Environment Information:

Pan-tilt Compensation:

« === «
Camera
optical axis

Hierarchical Path Following Policy o -: _
1 Joint angles ¢/
|

RL Policy
Training Layer: | , | Gait Executive Layer:
——

(x>3.) [ Distance from desired path d”
Distance from target point d°

Joint angles at last time ¢’

‘ ' #' ()= asin(wt +(i—1)5) + ¢,

Figure 1. The overall control architecture of the proposed path following method, which consists of
two stages: visual self-localization and hierarchical path following control.

2.2.1. Visual Localization

Due to the head swings caused by the lateral undulatory gait, the camera mounted
on the robot head always loses the visual marker, so the position of the robot cannot be
updated in real-time. Therefore, Ref. [25] proposes a pan-tilt compensation strategy to
always keep the camera plane parallel to the visual marker plane via active compensation,
where the compensation angle of the pan-tilt 6]’ is represented as follows:

o = —op 3)

where 0/ is the orientation angle of the head of a snake robot at timestep ¢, and the
compensation angle 6T is only related to 6/°* with the same value and the opposite
direction; that is, if the head turns to the left, the pan-tilt automatically rotates the same
angle to the right to keep the camera facing the visual target. 8/“*¥ can be indicated in the

following manner:
T

ot = = —0f — 0/, @
where 67¢ denotes the current deviation angle between the visual marker plane and the cam-
era plane after the last pan-tilt compensation. After the pan-tilt compensation, the position
of the head of a snake robot can be calculated through visual localization and coordinate
transformation as follows: ot
Xeam = ;‘étxcgm + P?ét
Xt = Repn XG0+ X

®)

where X, is the coordinate of the camera mounted on the head, which can be calculated by
rotation matrix Ry, and translation matrix pis, from the visual target coordinate system to

the world coordinate system and the position of camera Xgin in the visual target coordinate
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system. Furthermore, X}’ , is the position of the head of the snake robot, R¢;,,, denotes the
rotation matrix between the camera coordinate system and the world coordinate system,
and X;7", expresses the coordinate of the head in the camera coordinate system.

Based on the above introduction, it can be derived that the angle of the robot head
plays an important role in determining the accuracy of the visual localization. Excessive
head swings lead to loss of visual markers, which further results in the failure of path-tilt
compensation. Consequently, a visual localization stabilization term is proposed to reduce
head swings during motion and embedded in the training process of the path following

strategy, which will be described in detail below.

2.2.2. Rl Policy Training Layer

As the first stage of the hierarchical control framework, the training objective of the
RL policy training layer is to find a policy that outputs the optimal action according to the
current state of the whole system, which will be used to modify the gait equation [1] in the
later control stage to ensure good path following performance. To this end, the high-level
control law of the hierarchical control framework is defined as follows:

Upigh = a¢ ~ Top(as | st) (6)

In order to achieve satisfactory path following performance, a snake robot is expected
to approach the desired path as close as possible; in addition, to prevent the robot from
stopping as soon as it approaches the path, random target points are selected on the desired
path along the forward direction of the robot to guide its forward motion while continuing
the path following.

The state of the path following task is embedded in vector s; € R"*1 which consists
of the distance between the real-time position of the snake robot and the desired path
d?, the distance between the robot and the endpoint d¢, and the joint angles command
¢§71,i =1,2,..,n — 1 at the last timestep.

According to state s;, action a; € R! drives the snake robot to follow the desired path
by adjusting the parameter of the gait equation, which generates the lateral undulatory gait
as the Equation (7), with &, w, §, and ¢, denoting the gait amplitude, angular frequency,
phase difference, and offseting of the lateral undulatory gait, respectively.

@' (t) = asin(wt + (i —1)8) + ¢o @)

where ¢i(t),i = 1,2,...,n — 1 is the i-th joint angle of the snake robot at time ¢. Different
groups of four gait parameters generate different forms of the motion trajectory of the
lateral undulatory gait. To drive the robot to follow the desired path, the joint offset ¢,,
which can modify the motion direction in real-time, is selected as the action and then
generated by the policy network.

ar = Po (8)

To improve the accuracy and efficiency of the path following, the reward function is
designed as follows:
re="rp+re— pi ©)

where ), encourages the snake robot to approach the desired path with a defined tolerance,
the second term r, rewards the robot for moving forward towards the endpoint as soon as
possible, and the last term pj, is the visual localization stabilization term, which penalizes
the robot for excessive head swings in adjacent moments. Specifically, the three terms are
constructed as follows:

¢ if d | < d
rp =14 Cpexp (d — ‘dfﬂ‘) ifd; < ‘dﬂ_l’ <dy (10)
0.0 if[af,| > 2
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re = ce(df — di 1) (1)

where ¢, and ¢, are the weighting constants, and d; and d; are the distance thresholds at
which the reward approaching the goal path can be obtained.

In order to improve the accuracy of the visual localization mentioned in Section 2.2.1,
the visual localization stabilization term py, is depicted as follows, with ¢j, being a negative
constant and ¢, being the angle threshold:

_ Ch if |¢}+1 _¢H 2 ¢« 12
Pr {o.o if gl — L] < ¢- 12

where ¢} and 4)} 1 are the head angles of the snake robot at timestep f and ¢ + 1.
The Proximal Policy Optimization (PPO) algorithm is adopted to train policy 7ty, which
is represented by a fully connected network with 3 Tanh hidden layers of [64, 32, 32| units.

2.2.3. Gait Executive Layer

The gait executive layer is the second stage of the hierarchical control framework,
which is controlled by the high-level action a; and presents a modified motion gait via the
gait equation shown in Equation (7). The low-level control law is illustrated as follows:

Ulow = (Pi(t) (13)

The generated control command u,,,, of the joint angels is directly sent to a snake
robot and helps it to change the motion direction and then converge to the desired path.

3. Results

In this section, the hierarchical path following policy is firstly trained and then tested in
the simulation, and the training efficiency and the effectiveness of the proposed algorithm
are verified. Subsequently, the trained policy is directly transferred to real-world experi-
ments, and several experiments are implemented on a practical snake robot to validate the
actual following performance for different desired paths.

3.1. Simulations

The simulation environment is developed based on the Mujoco [26] simulator, and the
model of the snake robot is composed of nine connection modules with a pair of pas-
sive wheels and eight yaw joints. During training, the start point of the snake robot is
(0m,0m). The desired paths are straight lines y = y* € [-1.5m, 1.5m]|, sinusoidal curves
y = Asinwx+¢, A € [02m,1.0m], w € [Frad, rad], ¢ € [~1.5m,1.5m], and circles
x? +y* = R%,R € [1.5m,3.0m], respectively. The target point is a random point on the
desired path with an x—coordinate x* € [4.0m,5.0m]. The end-to-end PPO algorithm,
which takes the same state as the input and directly outputs joint angles, is selected as the
comparative method to demonstrate the training efficiency and tracking performance of
the proposed algorithm. Firstly, the comparison of the mean reward of an episode between
the two methods is depicted in Figure 2.

The training results demonstrate that the proposed hierarchical control method achieves
a superior training performance with a higher episode reward and faster convergence speed
compared with the comparative method. Specifically, the proposed method converges to
higher episode reward within about 1M timesteps, while the comparative method slowly
converges to a reward value that is less than one-third of that of the proposed method at
about 2M timesteps, which clearly indicates the strong path following ability and reliable
training efficiency of the proposed method.
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1.0
—— Proposed Method
—— Comparative Method
0.8
el
806
=
3}
a7
§04
=
0.2
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oM 2M 4M 6M &M

Timestep

Figure 2. Mean reward of an episode for the proposed hierarchical method and the end-to-end
comparative method.

To verify the following performance of the learned policy, the path following tests are
performed on three different types of desired paths, and the following results are shown in
Figures 3-5. It is indicated that the snake robot converges to the desired path agilely and
accurately, and then it keeps following the path with small tracking errors driven by the
proposed method, implying the superior path following ability of the hierarchical trained
policy; in comparison, under the control of the end-to-end comparative method, the snake
robot requires longer convergence time and presents larger tracking errors.

E
=
e
Z
~
S
0.2 === Desired Path
Proposed Method
0.0 1 Start Point —— Comparative Method
0 1 2 3 4 5

X Position (m)

Figure 3. Simulation path following results of the desired line for the proposed hierarchical method
and the end-to-end comparative method.
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> 0.0
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=== Desired Path
—0.51 Proposed Method
—— Comparative Method
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0 1 2 3 4 5 6 7
X Position (m)

Figure 4. Simulation path following results of the desired sinusoidal curve for the proposed hierar-
chical method and the end-to-end comparative method.

Start Point

Y Position (m)
[w]

-1 -
=== Desired Path
= Proposed Method
=2 1 Comparative Method

-1 0 1 2 3 4
X Position (m)

Figure 5. Simulation path following results of the desired circle for the proposed hierarchical method
and the end-to-end comparative method.

3.2. Experiments

To validate the actual performance of the proposed method, two groups of hardware
experiments are conducted on a self-built practical snake robot, and the results and analyses
are provided in this part. Specifically, the snake robot is composed of visual localization
module and motion modules, where the visual localization module contains a RealSense
D435i camera for capturing images and a Dynamixel AX-12A actuator serving as the
pan-tilt, and each 3D-printed body module has a mass of 0.416 g; it consists of a Hitec
HS-5585MH actuator, a lithium battery pack with a voltage of 7.4 V, a wireless serial port
and a pair of passive wheels.
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Firstly, to examine whether visual localization stabilization term pj, improves the localiza-
tion accuracy by reducing head swings, we compare the accuracy of the visual localization for
the trained policies with and without the stabilization item pj,, and the comparative results are
depicted in Figure 6. To intuitively present the accuracy of the visual localization, the position
and orientation results obtained by visual localization are compared with the results of the
motion capture system Qualisys Track Manager (QTM). The desired path is y = —0.1, the start
point of the snake robot is (1.0 m, 0.6 m), and the initial orientation is 7.

==+ Desired Path
0.6 *=- == Proposed Method (QTM) ] .
\ = Proposed Method (Visual Localization) 2 Start Point
Start Point“ Comparative Method (QTM)
] = Comparative Method (Visual Localization)

~ 044 3 1
g £
& g
Z 021 g0 ¥
- 8

=
. S

-1
0.0 = = Proposed Method (QTM)
= Proposed Method (Visual Localization)
-2 Comparative Method (QTM)
0.2 = Comparative Method (Visual Localization)
0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 0 25 50 75 100 125 150 175
X Position (m) Steps
(@) (b)

Figure 6. Results of visual localization for the trained policies with and without the visual stabilization
item py,. (a) Position results. (b) Orientation results.

From the results depicted in Figure 6, it is clear that the results of the visual localization
are close to the actual results regardless of the position or orientation under the control of
the proposed method. In contrast, under the control of the comparative method without
the stabilization item pj, the position and orientation of the snake robot (denoted by the
solid blue lines shown in Figure 6) are only obtained at the beginning of the experiment,
and subsequently, this information cannot be updated and the robot fails to follow the
desired path, which is caused by the loss of visual target by the camera mounted on the
head. At the beginning of the path following, the comparative method tends to generate a
relatively large joint angle of the head to rapidly change the motion direction of the robot,
thereby improving the convergence speed of the robot. However, the large head angle
leads to a violent head swing, so the camera mounted on the head loses the visual target
and thus, the pan-tilt cannot successfully compensate the joint angle of the head.

Subsequently, different actual experiments for a straight line and a circle are carried
out to evaluate the following accuracy of the proposed hierarchical path following method.
For the straight-line path following, ¥ = 0.0 is taken as the desired path, and the start
point of the snake robot is (0.0m, —0.9m). Then, circle x> + y> = 4 is chosen as the
desired path, and the start point is (—0.25m,2.0m). The following results are illustrated
in Figures 7 and 8, which denote that the learned hierarchical path following policy can
be directly transferred to the practical system and successfully drive the snake robot to
converge to and then follow the desired paths.
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Figure 7. Path following results of the desired line for the proposed hierarchical method.

2.0 1
184 Start Point

Y Position (m)
- = = ==
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0.4 -
0.0 0.5 1.0 1.5 2.0

X Position (m)
Figure 8. Path following results of the desired circle for the proposed hierarchical method.

4. Discussion

We can observe that the experimental results shown in Figure 8 exhibit the following
performance of a snake robot for a quarter circle rather than an entire circle. This is because
the number of the visual marker and the maximum rotation angle of the pan-tilt in our
experiment are both limited; that is, there is only one fixed visual marker, and the rotation
angle of the pan-tilt is limited to (—140°,140°). When the snake robot tracks the remaining
three-quarters of the circle, the direction of the robot head will be opposite to the direction
of the visual marker so that the angle that the pan-tilt needs to compensate for is larger than
the maximum rotation angle, and the visual localization cannot be successfully completed.

Additionally, it is noteworthy that the accuracy of the path following in simulations
and experiments mainly depends on the accuracy of localization. However, in this paper,
an external visual marker is employed to assist positioning, which introduces additional
systematic errors. In addition, the lack of diversity of the input data sources, i.e., only a
monocular camera, limits the robustness and stability of the localization.

Future work: In future, we will focus on more intelligent methods to solve the prob-
lems mentioned above. Firstly, we will adopt multiple visual markers to assist the visual
localization. When the direction of the head changes, a snake robot will autonomously
select a visual marker in the corresponding direction to update its position so as to achieve
the all-around visual positioning and track the path in any direction. In addition, we will
focus on multi-sensor fusion technologies, where the sensors include GPS, IMU, camera,
radar, etc., to complete autonomous perception without any external assistance, which
will further improve the intelligence of perception and expand the application scenarios of
snake robots. Finally, in order to further improve the robustness of the proposed method,
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some extrinsic perturbations will be imposed on a snake robot during training, including
external force disturbance, sensory information noise and changes in physical parame-
ters, thereby promoting the adaptability of a snake robot to system errors and changes in
different application scenarios.

5. Conclusions

In this paper, a hierarchical RL-based control method is proposed to achieve satisfac-
tory path following performance for snake robots with an onboard camera. Specifically,
firstly, the hierarchical path following method, consisting of the RL policy training layer
and the gait executive layer, optimizes the learning efficiency, exhibits reliable path fol-
lowing ability, and guarantees the transferability of the learned policy to the practical
system by sufficiently combining the advantage of the RL policy network and the gait
equation. Subsequently, the position of a snake robot can be updated in real time via
visual localization due to the introduction of the visual localization stabilization item in the
reward function. A series of simulation and hardware experimental results validate that
the proposed method is capable of achieving a precise and fast convergence with respect to
the path following tasks for a snake robot with autonomous visual perception.

Author Contributions: Conceptualization, X.G., Y.F. and L.L.; methodology, X.G., Y.F. and L.L,;
software, L.L.; validation, L.L.; formal analysis, L.L.; investigation, L.L.; resources, L.L.; data curation,
L.L.; writing—original draft preparation, L.L.; writing—review and editing, X.G. and Y.F,; visualiza-
tion, L.L.; supervision, X.G. and Y.E; project administration, X.G. and Y.F.; supervised the project,
X.G. and Y.F; funding acquisition, X.G. and Y.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (62073176).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hirose, S. Biologically Inspired Robots: Snake-like Locomotors and Manipulators; Oxford University Press: Oxford, UK, 1993.

2. Ye,C.;Ma,S,; Li, B.; Wang, Y. Turning and side motion of snake-like robot. In Proceedings of the IEEE International Conference
on Robotics and Automation, 2004. Proceedings. ICRA "04. 2004, New Orleans, LA, USA, 26 April 2004-1 May 2004; Volume 5,
pp. 5075-5080. [CrossRef]

3. Liljebéck, P,; Pettersen, K.Y.; Stavdahl, &.; Gravdahl, ].T. A review on modelling, implementation, and control of snake robots.
Robot. Auton. Syst. 2012, 60, 29-40. [CrossRef]

4.  Liljeback, P.; Haugstuen, L.U.; Pettersen, K.Y. Path following control of planar snake robots using a cascaded approach. IEEE
Trans. Control Syst. Technol. 2011, 20, 111-126. [CrossRef]

5. Rezapour, E.; Pettersen, K.Y.; Liljeback, P.; Gravdahl, ].T. Path following control of planar snake robots using virtual holonomic
constraints. In Proceedings of the 2013 IEEE International Conference on Robotics and Biomimetics (ROBIO), Shenzhen, China,
12-14 December 2013; pp. 530-537. [CrossRef]

6. Wang, G,; Yang, W,; Shen, Y.; Shao, H. Adaptive path following of snake robot on ground with unknown and varied friction
coefficients. In Proceedings of the 2018 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS), Madrid,
Spain, 1-5 October 2018; pp. 7583-7588.

7. Yang, W.; Wang, G.; Shao, H.; Shen, Y. Spline based curve path following of underactuated snake robots. In Proceedings of the
2019 International Conference on Robotics and Automation (ICRA), Montreal, QC, Canada, 20-24 May 2019; pp. 5352-5358.

8. Cao, Z.; Zhang, D.; Zhou, M. Direction Control and Adaptive Path Following of 3-d Snake-Like Robot Motion. IEEE Trans.
Cybern. 2021, 52, 10980-10987. [CrossRef] [PubMed]

9. Li, D,;Pan, Z; Deng, H.; Hu, L. Adaptive path following controller of a multijoint snake robot based on the improved serpenoid
curve. IEEE Trans. Ind. Electron. 2021, 69, 3831-3842. [CrossRef]

10. Mohammadi, A.; Rezapour, E.; Maggiore, M.; Pettersen, K.Y. Direction following control of planar snake robots using virtual

holonomic constraints. In Proceedings of the 53rd IEEE Conference on Decision and Control, Los Angeles, CA, USA, 15-17
December 2014; pp. 3801-3808.


http://doi.org/10.1109/ROBOT.2004.1302522
http://dx.doi.org/10.1016/j.robot.2011.08.010
http://dx.doi.org/10.1109/TCST.2011.2107516
http://dx.doi.org/10.1109/ROBIO.2013.6739514
http://dx.doi.org/10.1109/TCYB.2021.3055519
http://www.ncbi.nlm.nih.gov/pubmed/33784629
http://dx.doi.org/10.1109/TIE.2021.3075851

Sensors 2022, 22, 9867 12 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rezapour, E.; Hofmann, A.; Pettersen, K.Y.; Mohammadi, A.; Maggiore, M. Virtual holonomic constraint based direction
following control of planar snake robots described by a simplified model. In Proceedings of the 2014 IEEE Conference on Control
Applications (CCA), Juan Les Antibes, France, 8-10 October 2014; pp. 1064-1071.

Rezapour, E.; Hofmann, A.; Pettersen, K.Y. Maneuvering control of planar snake robots based on a simplified model. In
Proceedings of the 2014 IEEE International Conference on Robotics and Biomimetics (ROBIO 2014), Bali, Indonesia, 5-10
December 2014; pp. 548-555.

Mohammadi, A.; Rezapour, E.; Maggiore, M.; Pettersen, K.Y. Maneuvering control of planar snake robots using virtual holonomic
constraints. IEEE Trans. Control Syst. Technol. 2015, 24, 884-899. [CrossRef]

Duan, Y.; Chen, X.; Houthooft, R.; Schulman, J.; Abbeel, P. Benchmarking deep reinforcement learning for continuous control. In
Proceedings of the International Conference on Machine Learning, PMLR, New York, NY, USA, 20-22 June 2016; pp. 1329-1338.
Kiumarsi, B.; Vamvoudakis, K.G.; Modares, H.; Lewis, F.L. Optimal and autonomous control using reinforcement learning: A
survey. IEEE Trans. Neural Networks Learn. Syst. 2017, 29, 2042-2062. [CrossRef] [PubMed]

Ibarz, J.; Tan, J.; Finn, C.; Kalakrishnan, M.; Pastor, P.; Levine, S. How to train your robot with deep reinforcement learning:
Lessons we have learned. Int. |. Robot. Res. 2021, 40, 698-721. [CrossRef]

Iscen, A.; Caluwaerts, K.; Tan, J.; Zhang, T.; Coumans, E.; Sindhwani, V.; Vanhoucke, V. Policies modulating trajectory generators.
In Proceedings of the Conference on Robot Learning, PMLR, Ziirich, Switzerland, 29-31 October 2018; pp. 916-926.

Lee, ].; Hwangbo, J.; Wellhausen, L.; Koltun, V.; Hutter, M. Learning quadrupedal locomotion over challenging terrain. Sci. Robot.
2020, 5, eabc5986. [CrossRef] [PubMed]

Yang, Y.; Caluwaerts, K.; Iscen, A.; Zhang, T.; Tan, J.; Sindhwani, V. Data efficient reinforcement learning for legged robots.
In Proceedings of the Conference on Robot Learning, PMLR, Cambridge, MA, USA, 16-18 November 2020; pp. 1-10.

Xie, Z.; Berseth, G.; Clary, P; Hurst, J.; van de Panne, M. Feedback control for cassie with deep reinforcement learning.
In Proceedings of the 2018 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS), Madrid, Spain, 1-5
October 2018; pp. 1241-1246.

Li, Z.; Cheng, X.; Peng, X.B.; Abbeel, P; Levine, S.; Berseth, G.; Sreenath, K. Reinforcement learning for robust parameterized
locomotion control of bipedal robots. In Proceedings of the 2021 IEEE International Conference on Robotics and Automation
(ICRA), Xi’an, China, 30 May 2021-5 June 2021; pp. 2811-2817.

Liu, L.; Guo, X.; Fang, Y. Goal-driven Motion Control of Snake Robots with Onboard Cameras via Policy Improvement with Path
Integrals. In Proceedings of the 2021 IEEE International Conference on Robotics and Biomimetics (ROBIO), Sanya, China, 27-31
December 2021; pp. 61-68. [CrossRef]

Ponte, H.; Queenan, M.; Gong, C.; Mertz, C.; Travers, M.; Enner, F.; Hebert, M.; Choset, H. Visual sensing for developing
autonomous behavior in snake robots. In Proceedings of the 2014 IEEE International Conference on Robotics and Automation
(ICRA), Hong Kong, China, 31 May 2014-7 June 2014, pp. 2779-2784.

Chang, A.H.; Feng, S.; Zhao, Y.; Smith, ].S.; Vela, P.A. Autonomous, monocular, vision-based snake robot navigation and traversal
of cluttered environments using rectilinear gait motion. arXiv 2019, arXiv:1908.07101.

Liu, L.; Xi, W,; Guo, X,; Fang, Y. Vision-based Path Following of Snake-like Robots. In Proceedings of the 2021 IEEE International
Conference on Robotics and Automation (ICRA), Xi’an, China, 30 May 2021-5 June 2021; pp. 3084-3090. [CrossRef]

Todorov, E.; Erez, T.; Tassa, Y. MuJoCo: A physics engine for model-based control. In Proceedings of the 2012 IEEE/RS]
International Conference on Intelligent Robots and Systems, Vilamoura-Algarve, Portugal, 7-12 October 2012; pp. 5026-5033.
[CrossRef]


http://dx.doi.org/10.1109/TCST.2015.2467208
http://dx.doi.org/10.1109/TNNLS.2017.2773458
http://www.ncbi.nlm.nih.gov/pubmed/29771662
http://dx.doi.org/10.1177/0278364920987859
http://dx.doi.org/10.1126/scirobotics.abc5986
http://www.ncbi.nlm.nih.gov/pubmed/33087482
http://dx.doi.org/10.1109/ROBIO54168.2021.9739252
http://dx.doi.org/10.1109/ICRA48506.2021.9561468
http://dx.doi.org/10.1109/IROS.2012.6386109

	Introduction
	Materials and Methods
	Problem Statement
	Hierarchical Path Following Control
	Visual Localization
	Rl Policy Training Layer
	Gait Executive Layer


	Results
	Simulations
	Experiments

	Discussion
	Conclusions
	References

