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Abstract: To deal with the scheduling problem in rail vehicle assembly, where assembly line task allocation is complex and
car body components require frequent cross-station transfers relying on trolleys, this study proposed an end-to-end hierarchical
multi-agent deep reinforcement learning framework for scheduling optimization. Firstly. the allocation of assembly tasks across
multiple assembly lines was modeled as a sequential decision problem. The high-level agent encoded the assembly task and line
features using a Transformer and generated line assignment strategies with a Pointer Network. Secondly, the lower-level
agents coordinated the selection of operations, station assignments, and dolly scheduling, and used Graph Attention Networks
to extract relational features from heterogeneous nodes. Finally, multiple comparison experiments were conducted to validate
the effectiveness of the proposed method. The results show that the method achieves optimal scheduling across different
instance scales. The coordination of low-level agent strategies achieves an average maximum makespan gap of 11. 36 % , which
outperforms the 15. 00% achieved by the graph isomorphism network method, and the method provides high-quality scheduling
with computation efficiency significantly higher than the Late Acceptance Hill Climbing algorithm. The proposed hierarchical
collaborative scheduling framework achieves unified modeling and coordinated optimization of assembly task assignment and
multi-resource scheduling, providing an efficient and adaptable intelligent optimization approach for rail vehicle assembly sched-

uling.
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Fig. 3 Hyperparameter sensitivity analysis
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Tab. 2 Comparison results of cooperative scheduling by lower-level agents

01 A LAHC(H=1 000) DRL(GIN) Ours
(n Xm X u) Cus  GAP/Y%  CPU/s Cuw  GAP/%  CPU/s Cuw  GAP/%  CPU/s

MKTO01 10X 62 187 0. 00 209. 8 215 14.97 5.12 206 10. 16 1,72
MKTO02 10X 62 148 0. 00 241.5 167 12. 84 4,95 161 8.78 4.73
MKT03 15X 8% 2 371 0.00  2678.9 132 16. 44 5.67 394 6. 20 5.43
MK T04 15X 8% 2 225 0. 00 371.°8 258 14. 67 6. 41 253 12. 44 5.51
MKTO05 15X 4X2 312 0. 00 483.7 344 10. 26 5.45 337 8.01 5.15
MKTO06 10X 15X 2 389 0.00  3544.0 455 16. 97 6. 22 413 6.17 5.83
MKTO07 20X 5X 2 291 0. 00 582.7 332 14. 09 5.85 325 11.68 5.31
MK T08 20X 10X 2 846 0.00 6 809.2 980 15.84 7.19 912 7.80 6. 99
MKT09 20X 10X 2 794 0.00  8969.9 907 14.23 7.03 894 12.59 7.06
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. ik LAHC(H =1 000) DRL(GIN) Ours

(nXm Xu) C max GAP/%  CPU/s Crax GAP/%  CPU/s C s GAP/%  CPU/s
MKT10 20X 15X 2 712 0.00 10 768.3 843 18. 40 7.58 823 15.59 7.57
setb4xt 15X11X2 994 0. 00 1478.7 1134 14.08 6. 09 1137 14. 39 5.45
sethdxxt 15X 12X 2 1018 0.00 1307.4 1183 16.21 6.34 1205 18. 37 6.12
sethdxxxt 15X 13X 2 993 0.00  1529.7 1138 14. 60 6.52 1124 13.19 6.40
sethdxyt 15X 12X 2 969 0.00 1555.6 1121 15. 69 6.89 1076 11. 04 6.78
setbdxyzt 15X13X2 979 0.00  2000.9 1075 9.81 6.21 1039 6.13 6.33
setiSxt 15X16X2 1 365 0. 00 7 563.6 1604 17.51 7.12 1524 11.65 7.06
setibxxt 15X17X2 1409 0.00 7 580.5 1603 13.77 7.35 1519 7.81 7.25
setisxxxt 15X 18X 2 1390 0.00  7349.7 1617 16. 33 7.01 1 604 15. 40 7.03
seti5xyt 15X 17X 2 1379 0.00  8969.4 1589 15.23 7.16 1581 14.65 7.14
seti5xyzt 15X 18X 2 1347 0.00  8905.7 1591 18.11 7.84 1552 15. 22 7.91

HI R WA T 7 I TE i K58 T [ GAP $8 45 HIUS TR iy~ F 3 R0, P 22 7 0 11,36 0, 4
THT GIN JFEm P22 57 15,002, 45 R 3R W] v $2& 07 2 A S 4 ) J32 &1 v 245 S5 i f e L IX 4 BB T
REAS S A RO T8\ T S5 4 Z A B 52 2K OC & . A T4 O s 7e I8 B2 B it g fIRT LAHC Ji &
AEE EHAE TR R B0 $ 7 0] ATE 10 s 2R iy BT & 8 B2 7 %8, OF BB &
ST K O R R BB B K . MR . LAHC Ji & 2500 76 AN [R] B0 ASE 1) B 431) v o 530
[ 4T 3~180 min, H BN BB 2 BB I R, B4 J7 2 76 K iR B2 5 1 H 5 R8O8R 2 [a] 52
U =% SRR TN
3.2 HMADRL 88T
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FEW) N ¢ 48 25 Wit i} [B] (shortest processing time, SPT) 17 B K8 ) 8E 47 X3 bb 3286, 03 550 491) 76 Rip SC 555 1491) 5k il
AT A L A SR O B A R R RO R AR T Ll B T AR R AT YR . MR T R
AL T LB 6 42 TC KR 42 1R T8 TR 43 5 D B 2B P 4 1) — B0 o DB s 4R 20 2 28 D) IR g 3¢
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Tab. 3 Comparison results of HMADRL scheduling on homogeneous assembly lines

50 AL FFW + Lower-agent SPT+ Lower-agent Ours
(nXq) C o GAP/%  CPU/s C s GAP/%  CPU/s C o GAP/%  CPU/s
DMKTO1 10X 2 115 25.00 4. 90 106 15.22 4.90 92 0. 00 4.95
DMKTO02 10X 2 98 20.99 5.11 101 24.69 5.08 81 0. 00 5.13
DMKTO03 15X 2 224 13.71 6.02 247 25.38 6.10 197 0. 00 6.04
DMKT04 15X2 264 17.33 5.97 284 26.22 5.96 225 0. 00 6.01
DMKTO05 15X2 161 10. 27 5.74 175 19. 86 5.72 146 0. 00 5.83
DMKTO06 10X 2 195 18. 90 6.13 206 25.61 6.09 164 0. 00 6.15
DMKTO07 20X 2 158 17.91 5.89 175 30. 60 5.93 134 0. 00 5.97
DMKTO08 20X 2 442 7.28 7.70 492 19.42 7.62 412 0. 00 7.78
DMKTO09 20X 2 423 14.95 8. 14 467 26.90 8. 07 368 0. 00 8.27
DMKT10 20X 2 419 11.44 8.31 437 16. 22 8.22 376 0. 00 8. 46
Dsetb4 xt 15X3 387 15.52 6.42 379 13.13 6.17 335 0. 00 6.33
Dsetb4 xxt 15X 3 348 18. 37 6.28 368 25.17 6.23 294 0. 00 6.41
Dsetb4 xxxt 15X3 348 9.09 6.39 374 17. 24 6.21 319 0. 00 6.43
Dsetb4xyt 15X3 308 6.57 6. 44 348 20.42 6.25 289 0. 00 6.51
Dsetb4xyzt 15X3 326 8.31 6.50 339 12.62 6. 34 301 0. 00 6.59
Dseti5xt 15X 3 498 15.01 7.35 516 19.17 7.06 433 0. 00 7.45
Dsetibxxt 15X 3 468 9. 35 7.61 501 17.06 7.20 428 0. 00 7.66
Dsetibxxxt 15X 3 484 14.42 7.87 507 19. 86 7.66 423 0. 00 7.87
Dseti5xyt 15X3 496 9.73 7.79 533 17.92 7.43 452 0. 00 8.02
Dseti5xyzt 15X3 514 17. 89 8.13 531 21.79 8. 06 436 0. 00 8. 34
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T2 HEMG BT T AR T S5 I R A X MLHPS-ITC #E47 4 BR8] 5004k R B0 T Fr 42 75 1
AU 9 R e e SR AR B
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Tab.4 Comparison results of HMADRL scheduling on heterogeneous assembly lines

5 FHAEL FFW+ Lower-agent SPT+ Lower-agent Ours
(n X q) Crax GAP/% CPU/s C ax GAP/%  CPU/s Crax GAP/%  CPU/s
DMKT-01 10X 2 112 15. 46 4. 82 104 7.22 4.78 97 0. 00 5.12
DMKT-02 10X 2 104 14. 29 5.23 109 19.78 5.14 91 0. 00 5.67
DMKT-03 15X 2 231 6.94 6.18 247 14. 35 6.22 216 0. 00 6.63
DMKT-04 15X 2 298 17.32 5.84 284 11.81 6.07 254 0. 00 6.57
DMKT-05 15X 2 176 15.79 5.67 175 15.13 5.63 152 0. 00 6.45
DMKT-06 10X 2 213 15.76 6.29 206 11.96 6.18 184 0. 00 6.76
DMKT-07 20X 2 161 11.03 5.76 175 20. 69 5.81 145 0. 00 6.32
DMKT-08 20X 2 514 11.50 7.58 492 6.72 7.55 461 0. 00 7.34
DMKT-09 20X 2 493 21.43 8.03 467 15.02 8.19 406 0. 00 8.98
DMKT-10 20X 2 516 17. 81 8. 46 537 22.60 8. 11 438 0. 00 8.33
Dsetb4x 15X3 370 22.52 6.55 354 17.22 6.09 302 0. 00 6.90
Dsetb4xx 15X3 351 22.30 6.11 341 18. 82 6.32 287 0. 00 6. 89
Dsetb4xxx 15X3 408 15. 25 6.27 426 20. 34 6.15 354 0. 00 6.32
Dsetbdxy 15X3 338 10. 10 6.59 362 17.92 6.33 307 0. 00 6. 84
Dsetb4x 15X3 412 18. 39 6.38 403 15. 80 6.26 348 0. 00 7.32
Dsetibx 15X3 550 16. 77 7.49 594 26. 11 7.18 471 0. 00 7.69
Dseti5xx 15X3 518 14. 60 7.72 543 20.13 7.11 452 0. 00 7.88
Dseti5xxx 15X3 471 16. 30 7.95 497 22.72 7.28 405 0. 00 7.62
Dseti5xy 15X3 571 13.52 7.66 616 22.47 7.51 503 0. 00 8.03
Dseti5xyz 15X3 539 12.06 8.28 578 20.17 8.22 481 0. 00 8.57
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