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Abstract. Legged robots have attracted much attention both from
industry and academia. Despite the recent progresses in robotics, plan-
ning and control in complex environments are still great challenges for
legged robots. Generally, constructing the planning and control system
for legged robots requires complex designing and parameter tuning. To
reduce resource consumption and potential risk in this process, a sim-to-
real hierarchical planning and control system is proposed in this paper.
The proposed hierarchical system can improve the data efficiency and
reduce the training cost utilizing the reinforcement-learning-based frame-
work. Several experiments are conducted to demonstrate the feasibility
and effectiveness of the proposed method.
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1 Introduction

Legged robot is a challenging research topic in the field of robotics. It has poten-
tial applications in military and civilian fields, such as military reconnaissance,
intelligent manufacturing monitoring and disabled assistance [1–4]. Compared
with tracked and wheeled robots, multi-legged robots have advantages in adapt-
ing to complex unstructured environments [5–7]. However, the planning and con-
trol system for the multi-legged robot is more complex due to its “multi-input,
multi-output and multi-end-effector” property [8]. Compared with bipedal and
quadruped robots, six-legged robots have better stability, bearing capacity and
adaptability [9].
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In recent years, the field of multi-legged robot has made great progresses. Par-
ticularly when utilizing simulation environment, reinforcement learning methods
have shown potentials in planning and control for unstructured environments
[10]. For instance, with an end-to-end approach, a policy network can be trained
to control the torques of the robot with different height maps as input [11,12].
In addition, sim-to-real framework facilitates the planner to learn the boundary
of the motor skills of the robots [13].

To improve the adaptability and the intelligence of six-legged robots in
diverse environments, a hierarchical planning and control system is proposed
in this paper. In this two-layer framework, the bottom layer performs local
motion planning and balance control, while upper layer adaptively learns the
capabilities of the robot and generates global trajectory considering the capabil-
ity embeddings of the robot. In the training process of the proposed framework,
a Sim-to-Real pipeline is employed for efficiency and safety, where the robot is
modeled in the simulator to train the policy for the planning and control system.

2 Methods

2.1 Sim-to-Real Training Framework

To simulate the kinematics and dynamics motion of the robots, the model of
the six-legged robot is created in the simulator. In this process, the identified
parameters of the real robot directly influence the accuracy of the simulated
model. As shown in Fig. 1, the physical model reflects the topological motion
characteristics of the six-legged robots, and the control policy is optimized in
the simulation environment by utilizing reinforcement learning methods. Since
a gap between reality and simulation still exists, data from the real-world data
are utilized during training. The learned control policy network can be deployed
on a real robot and evaluated in indoor and outdoor environments.

Fig. 1. Sim-to-real legged-robot policy learning process. Policy learned in the simula-
tion environment can be transferred to a real robot.

2.2 Hierarchical Planning and Control System

To improve the accuracy and the robustness of the control policy for the six-
legged robot, a hierarchical architecture is presented to integrate planning and
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control modules. As shown in Fig. 2, the hierarchical adaptive planning frame-
work is designed, which has the advantages of efficient and accurate computation
for global planning. This hierarchical structure contains a bottom and an upper
layer. The bottom layer is responsible for the balance and local motion control
of the six-legged robot, and the upper layer learns the capabilities of the bottom
controller and provides the guiding trajectory by considering the surrounding
height map and the target location. In the training process, the control mod-
ule consists of an active compliance control method based on the whole-body
dynamics model and an impedance control method for a single leg based on the
foot-ground contact stiffness identification model.

Fig. 2. The overall framework of proposed hierarchical planning and control system.
The bottom-level controller is designed to control the robot’s motion in real time
according to the instructions from upper-level policy learned in the simulation envi-
ronment.

3 Experiments

Based on the proposed intelligent system, a variety of six-legged robots have been
developed and applied to different scenarios, as shown in Fig. 3. The mechani-
cal structure of the high-load six-legged robot is designed based on the bionics
of an octopus. The mechanism and motion topology of the robot are complex,
hence the design of the controller is a complicated task. With the support of the
proposed hierarchical system, the robot can be modeled and trained in the sim-
ulator, and then the system with the learned policy can be deployed to the real
robot for real-time execution. In terms of the guide-dog robot, the employment
of the sim-to-real framework can avoid the potential risks caused by unexpected
behaviors in policy training and physical human-robot interaction.

For skiing and skating robots, the uncertainty and complexity of the environ-
ment is the major challenge for the planning and control system of the robots.
Hence in the training process, the environment characteristics are parameter-
ized to generate diverse training scenarios for better adaptability of the system.
On the other hand, the data of the robot and the environment is collected and



624 Y. Gao et al.

(a) High-load robot (b) Guide-dog robot (c) Skiing robot

Fig. 3. The experiments of several six-legged robots based on the sim-to-real planning
and control system. The effectiveness of the proposed system has been verified in
different application scenarios.

transferred into the simulator to improve the fidelity of the simulation and rep-
resent the variability of the environment. According to the above experiments
and applications in various scenarios, the adaptability and the universality have
been demonstrated on the planning and control for legged robots.

4 Discussion and Conclusion

A sim-to-real hierarchical planning and control System for the six-legged robot is
proposed in this paper. The implementation and experiments show the feasibil-
ity and effectiveness of this framework in practical scenarios. In the future, more
work can be done to increase the efficiency of each module. For instance, the effi-
ciency of data utilization during training and the accuracy of model construction
can affect the performance of this system.
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