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Adaptive Manifold Constrained Reinforcement Learning for

Dynamic Balance Between Safety and Performance

LIU Zheng-Tang"** WU Yue"*® HU Chun-He"*? LU Ren-Zhi' CHENG Cheng' ZHENG Yi-Li"*?

Abstract In the deployment of robots to real-world scenarios, balancing strict safety constraint satisfaction and
learning exploration efficiency has become a critical challenge restricting the practical application of robotic systems.
Existing safe learning methods rely on fixed control-gain designs, making it difficult to dynamically balance explora-
tion efficiency and constraint satisfaction during training, which may lead to overly conservative behavior or insuffi-
cient constraint maintenance. To address this issue, this paper proposes a state-dependent gain-scheduled adaptive
ATACOM method for dynamic safety-performance balancing, termed SGA-ATACOM. Without altering ATA-
COM s original tangent-space exploration structure on the constraint manifold, a two-layer online scheduling mech-
anism is developed. Specifically, the constraint layer adaptively adjusts viability-constraint parameters according to
the current constraint state, its variation trend, and short-term predictions, while the controller layer updates the
error-correction gain and velocity-feasibility gain online based on the constraint residual and velocity-risk indicators.
Thus, stronger constraint recovery and velocity protection are activated at high risk, whereas more effective explor-
ation space is released at low risk. Simulations are conducted on the CircularMotion task and the Planar Air
Hockey manipulator task using different reinforcement learning algorithms. The results show that the method exhib-
its good generality across different tasks and reinforcement learning algorithms, achieving a better safety-perform-
ance trade-off while maintaining low constraint violations. Ablation studies verify the complementary roles of con-
straint-layer and controller-layer scheduling mechanisms. Overall, the proposed method provides a geometrically in-
terpretable and structure-preserving improvement for coordinated safety-performance optimization in constrained
reinforcement learning.

Keywords Safe reinforcement learning; constraint manifold; ATACOM; state-dependent gain scheduling; safety-
performance balance
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Table 3  Quantitative results of different methods in the Planar Air Hockey environment
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Ablation results of SGA-ATACOM in the CircularMotion environment
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