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BISNI) G247 X & A Hdf . Rk, A FL0 ] e
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Vk € K,Ym #m' € M} (24)
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s(t) = [op(t),01 (1), 05 (1), 00 (] (25)
m AN TE AHUELI B P BPIRES o, (1) R

EFETANLRA M AL, FoRA
om (t) = {0, (t), 0, (t)} ,¥Ym € M (26)

(2)ah sl RS REAR I B 22 18 B4
To AHLH AT SRS M55 SN RN, SR
HLEHI AT 710 0,,(¢) € [0,2n], o AHLA KAT BE &5

Lu(t) € [0, lnax] » EDVELELHIOE, (1) € [-1,1] - A 1L,
T AL B 1217
A () = [0u () .1 (£), Op, (1)] (27)

(3) il ek . £ 2 o AL BV B W sk 5 4E
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e X (22) 4 2 Jil R HiE SN

P (1) = —610E, (1) — ©25E, (1) + &A (1) (28)
Horh, At NA@W) MR, BIAG) =A@t +1)-
At), BUENIE, UAVFHIREFERMWSN - fE
MR . BeAh, A TR R LR %A, Al
FAE T e A AR T P U I B 22 i, R R
1) 0 A5 o AL ROk Bl KO R 2 4 IR AP X1 A
B. R, HAUAV mB ST AR R A

Ry (t) =7y (t) —r° — rP (29)
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BRI 1], SRAFR U o NATLEHLIZE KRR R 4 B8 20 284 5 s
AR A i) . 38 HH A MA S A C B35 22 4 11 3 T
N, BAEEEE —Mactor M4 ., (a|om; Orm)
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Abstract:

Objective Ensuring the safety and stability of train operations is essential in the advancement of railway
intelligence. The growing maturity of Wireless Sensor Network (WSN) technology offers an efficient, reliable,
low-cost, and easily deployable approach to monitoring railway operating conditions. However, in complex and
dynamic maintenance environments, WSNs encounter several challenges, including weak signal coverage at
monitoring sites, limited accessibility for tasks such as sensor node battery replacement, and the generation of
large volumes of monitoring data. To address these issues, this study proposes a multi-Unmanned Aerial
Vehicle (UAV)-assisted method for data collection and computation offloading in railway WSNs. This approach
enhances overall system energy efficiency and data freshness, offering a more effective and robust solution for
railway safety monitoring.

Methods An intelligent data collection and computation offloading system is constructed for multi-UAV-
assisted railway WSNs. UAV flight constraints within railway safety protection zones are considered, and
wireless sensing services are prioritized to ensure preferential transmission for safety-critical tasks. To balance
energy consumption and data freshness, the system optimization objective is defined as the weighted sum of
UAV energy consumption, WSN energy consumption, and the Age of Information (Aol). A joint optimization
algorithm based on Multi-Agent Soft Actor-Critic (MASAC) is proposed, which balances exploration and
exploitation through entropy regularization and adaptive temperature parameters. This approach enables
efficient joint optimization of UAV trajectories and computation offloading strategies.

Results and Discussions (1)Compared with the Multi-Agent Deep Deterministic Policy Gradient (MADDPG),
MASAC-Greedy, and MASAC-AQOU algorithms, the MASAC-based scheme converges more rapidly and
demonstrates greater stability (Fig. 4), ultimately achieving the highest reward. In contrast, MADDPG exhibits
slower learning and less stable performance. (2)The comparison of multi-UAV flight trajectories under different
algorithms shows that the proposed MASAC algorithm enables effective collaboration among UAVs, with each
responsible for monitoring distinct regions while strictly adhering to railway safety protection zone constraints
(Fig. 5). (3)The MASAC algorithm yields the best objective function value across all evaluated algorithms
(Fig. 6). (4As the number of sensors and the Aol weight increase, UAV energy consumption rises for all
algorithms; however, the MASAC algorithm consistently maintains the lowest energy consumption (Fig. 7).

(5)In terms of sensor node energy consumption, MADDPG achieves the lowest value, but at the expense of
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information freshness (Fig. 8). (6)Regarding average Aol performance, the MASAC algorithm performs best
across a range of sensor densities and Aol weight settings, with the greatest improvements observed under
higher Aol weight conditions (Fig. 9). (7)The Aol performance comparison by sensor type (Table 2) confirms
that the system effectively supports priority-based data collection services.

Conclusions This study proposes an MASAC-based intelligent data collection and computation offloading
scheme for railway WSNs supported by multiple UAVs, addressing critical challenges such as limited WSN
battery life and the high real-time computational demands of complex railway environments. The proposed
algorithm jointly optimizes UAV flight trajectories and computation offloading strategies by integrating
considerations of UAV and WSN energy consumption, data freshness, sensing service priorities, and railway
safety protection zone constraints. The optimization objective is to minimize the weighted sum of average UAV
energy consumption, average WSN energy consumption, and average WSN Aol. Simulation results demonstrate
that the proposed scheme outperforms baseline algorithms across multiple performance metrics. Specifically, it
achieves faster convergence, efficient multi-UAV collaboration that avoids resource redundancy and spatial
overlap, and superior results in UAV energy consumption, sensor node energy consumption, and average Aol.
Key words: Railway Wireless Sensor Networks (WSNs); Unmanned Aerial Vehicle (UAV); Computation
offloading; Multi-Agent Deep Reinforcement Learning (MADRL)
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