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Abstract Vehicular Mobile Crowd Sensing in Urban Road Networks (VMCS) is an emerging paradigm that
aims to achieve large-scale, high-timeliness urban data collection by leveraging the mobility of vehicles as
sensing carriers. As cities become increasingly instrumented and interconnected, the ability to continuously
monitor road conditions, traffic dynamics, and environmental variables at scale has emerged as a foundational
requirement for intelligent urban management. The core effectiveness of such systems depends on agent
coordination mechanisms and multi-source sensor data fusion. However, existing methods predominantly assume
agent homogeneity, overlooking the heterogeneous contributions of agents in spatiotemporal distribution and
capability, leading to policy oscillation, inefficient convergence, and limited scalability, which severely constrain
practical deployment in dynamic and open environments. In practice, the heterogeneity among agents is not
merely a theoretical concern but a pervasive reality in urban road networks, where vehicles differ substantially in
their sensing ranges, communication capabilities, energy constraints, and mobility patterns. Treating such
inherently diverse agents as equivalent contributors inevitably introduces systematic biases into the learning
process, causing well-performing agents to be under-rewarded while underperforming agents receive
disproportionate influence over the shared policy. This mismatch between actual contribution and received
incentive is a root cause of policy oscillation and convergence failure in existing multi-agent reinforcement
learning frameworks applied to VMCS. To address this challenge, this paper proposes the Contribution-Aware
Adaptive Proximal Policy Optimization (CA2-PPO) algorithm, a novel multi-agent reinforcement learning
framework specifically designed for heterogeneous vehicular sensing scenarios. The proposed algorithm
introduces three key technical innovations. First, it achieves differentiated incentivization through
contribution-weighted entropy, which quantifies each agent's relative contribution to the overall sensing task and
adjusts incentive signals accordingly. Second, CA2-PPO employs dynamic Kullback-Leibler (KL) divergence
clipping to adaptively balance training stability and convergence efficiency, allowing the policy update process to
respond flexibly to varying learning dynamics rather than relying on fixed clipping thresholds. Third, the
algorithm introduces advantage function clipping and normalization techniques to enhance the robustness of
policy updates, mitigating the risk of destabilizing gradient updates caused by outlier advantage estimates. The
algorithm further cooperates with Roadside Units (RSUs) to achieve global optimization of task scheduling and
resource allocation. To comprehensively evaluate the performance of the proposed algorithm, we conduct
systematic experiments on both grid simulation environments and real road network datasets from
OpenStreetMap (OSM). The grid simulation experiments provide controlled benchmarking across varying scales
and agent configurations, while the OSM-based experiments validate the algorithm's generalization capability
under realistic and topologically complex urban road structures. Experimental results demonstrate that in a 20 X
20 grid with 4 agents, CA2-PPO improves the average coverage score by 22.2% and 28.3% compared to
MADQN and MACPPO, respectively; in a 30X30 grid with 16 agents, the improvements are 7.9% and 4.8%.
Furthermore, in tests on real road networks, CA2-PPQ's average coverage score remains stable in the range of
0.60 to 0.95. Overall, this paper verifies, from both theoretical and empirical perspectives, the effectiveness of
contribution-aware incentives, dynamic clipping, and robust advantage handling as core components of an
efficient multi-agent sensing framework. The proposed CA2-PPO algorithm provides a scalable and practical
technical approach for coordinating heterogeneous agents and enabling cyber-physical integration in
swarm-networked systems, laying a solid foundation for the next generation of intelligent urban sensing
infrastructures that demand both adaptability and interpretability in complex real-world deployments.

Key words  Mobile crowd sensing; Multi-agent reinforcement learning; Contribution awareness; Proximal
policy optimization; Collaborative scheduling optimization; Heterogeneous agents
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