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To address the severe challenges of UAV swarm and intelligent loitering missile saturation attacks

bringing massive, sudden, and heterogeneous early warning tasks, designing a scalable networked-radar-based

collaborative scheduling architecture is critical for maximizing air defense early warning potential. Overcoming

existing limitations like rigid dynamic collaboration and inadequate heterogeneous task scheduling, this paper
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decouples the non-convex collaborative scheduling problem into a multi-stage decision process of multi-
dimensional dynamic resource collaboration and adaptive heterogeneous task scheduling, and, by introducing a
dispatching mechanism and hierarchical reinforcement learning, proposes a hybrid architecture integrating
network-level centralized dynamic target allocation and node-level distributed scheduling with scalability as the
design goal. The architecture is specifically realized through an execution-redispatching cognitive closed-loop
encompassing environmental perception, network collaboration, node scheduling, task execution, and target re-
dispatching, together with a target dispatching algorithm and a hierarchical command-and-scheduling method,
resolving multi-radar, multi-target, and multi-task scheduling dilemmas in saturation scenarios.

Methods Collaborative scheduling is initially decoupled into dispatch-centric network-level multi-dimensional
resource collaboration and hierarchical-command-centric adaptive node-level scheduling. The environmental
perception layer establishes a fidelity model utilizing the Bayesian Cramér-Rao Lower Bound (BCRLB) and
radar detection probability to jointly evaluate target threats and radar states. Subsequently, the network
collaboration layer references a dispatching mechanism, dynamically allocating targets via an adaptively
weighted dispatching model based on quantified combat effectiveness and constructing the scalable execution-
redispatching cognitive closed-loop. To solve the ensuing large-scale, nonlinear, multi-constraint generalized
bipartite graph matching problem, the proposed Target Dispatch Algorithm (TDA), an MMAS variant
incorporating feasibility rule constraint handling, provides a constructive solution. The node scheduling layer
then references Hierarchical Q-Learning (HQL), utilizing a serial dual Q-table engineering implementation for
distributed heterogeneous task scheduling. Addressing the massive multi-constraint job-shop scheduling
problem, a hierarchical mechanism uses task proportion control as a sub-goal, translating upper-level
operational intent into specific lower-level beam dwells for the adaptive, long-term, and interpretable execution
of intertwined heterogeneous tasks.

Results and Discussions A simulated point-defense scenario against swarm or missile saturation attacks was
designed, deploying three networked isomorphic S-band medium-range phased array radars against 200 high-
speed maneuvering targets. For network collaboration, the proposed Target Dispatch Algorithm (TDA)
employs a hierarchical solving mechanism with feasibility rule constraints, replacing traditional penalty
functions. Leveraging model prior information, TDA demonstrates superior scheme quality and convergence
speed compared to the Max-Min Ant System (MMAS), Artificial Bee Colony (ABC), and Genetic Algorithm
(GA) (Fig.3). Despite increased computational complexity, the calculation time of TDA remains strictly within
the dispatching cycle, enhancing scheme quality at a millisecond-level cost while ensuring wartime real-time
compliance (Fig.4). For node scheduling, the proposed Hierarchical Q-Learning (HQL) guarantees policy
consistency via macro/micro-step decisions. Aided by an internal dense transfer reward environment, HQL
demonstrates superior long-term policy quality and learning efficiency compared to the Q-Learning (QL) and
the Priority-Based Method (PBM) (Fig.5). Utilizing a hierarchical, serial dual Q-table structure, HQL
maintains balanced task proportions, maximizing combat effectiveness while improving resource utilization
(Fig.6). Further, target loss rate and mean tracking error confirm that HQL achieves the lowest mean tracking
error by concentrating resources on high-quality tracking tasks, despite a higher target loss rate, validating
superior long-term scheduling performance (Fig.7).

Conclusions The proposed hybrid architecture integrating network-level centralized dynamic target allocation
and node-level distributed heterogeneous task scheduling effectively counters swarm saturation attacks by
overcoming limitations of dynamic coordination rigidity and inadequate heterogeneous task scheduling
capability. By dynamically coordinating networked radars in real-time for scheduling of search, confirmation,
and tracking tasks during large-scale, high-speed saturation attacks, the architecture releases the defensive
potential of early warning network. Simulations validate its improvement in applicable processing scale,
environmental adaptability, long-term scheduling capability, scalability, and interpretability. Future research
will explore online learning to mitigate offline-training-online-deployment model distortion, or extend the
architecture to integrate weapon-target assignment for unified early warning and fire control defense systems.
Key words: Saturation attack; Networked radar; Target allocation; Task scheduling; Dispatch mechanism;

Hierarchical reinforcement learning
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