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(b)

Figure 9. Microscopic scheduling behavior visualization comparison between CH-MADRL and rule methods at 20×10×5 scale: (a) Rule-
based method; (b) CH-MADRL.
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This paper proposes CH-MADRL for collaborative scheduling in complex supply chain networks. A hierarchical multi-agent
Markov decision process is constructed for the joint optimization of order assignment, heterogeneous manufacturer selection,
and logistics vehicle scheduling. To improve training under dynamic constraints, a constraint-progressive adaptive curriculum is
introduced, together with a stage-conditioned dynamic masking mechanism and a dual-gated promotion strategy. Experimental
results show that CH-MADRL achieves better convergence, lower makespan, and stronger zero-shot generalization across360
different problem scales.

Current work still has several limitations. Experimental evaluation is conducted in simulated environments with predefined
scale progression. Although the framework incorporates dynamic order arrivals and resource quality fluctuations, it does not
fully capture all disruption patterns encountered in real supply chain systems, such as supplier defaults and logistics network
interruptions. Extending the framework to handle such real-world disruptions remains an important direction for future work.365
In addition, the current framework considers only makespan minimization and does not address other objectives, such as oper-
ational cost, carbon emissions, and delivery reliability. Future research will extend CH-MADRL to multiobjective scheduling
and explore graph neural network-based representations to improve scalability in larger and more complex supply chain sce-
narios.
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