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®2 NBEBIXIWER(n=10, m=1)
Table 2 Experimental results of small-scale instances (n =10, m=1)
| A ER Gurohi A AT
b CPU(s) Gap b CPU(s) Cap
R201 102. 46 0.1 0.00% 102. 46 1.3 0.00% 0.00% -92.35%
R202 102. 46 0.2 0.00% 102. 46 1.2 0.00% 0.00% —85.00%
R203 102. 46 0.2 0.00% 102. 46 1.2 0.00% 0.00% —86.57%
R204 102. 46 0.1 0.00% 102. 46 1.3 0.00% 0.00% -89.81%
R205 102. 46 0.1 0.00% 102. 46 1.4 0.00% 0.00% -94.10%
R2 R206 102. 46 0.2 0.00% 102. 46 1.4 0.00% 0.00% -86.65%
R207 102. 46 0.2 0.00% 102. 46 1.4 0.00% 0.00% -86.02%
R208 102. 46 0.1 0.00% 102. 46 1.5 0.00% 0.00% -91.48%
R209 102. 46 0.1 0.00% 102. 46 1.7 0.00% 0.00% -95.91%
R210 102. 46 0.2 0.00% 102. 46 1.4 0.00% 0.00% -85.87%
R211 102. 46 0.1 0.00% 102.46 1.3 0.00% 0.00% -93.30%
C201 87.47 0.2 0.00% 87.47 2.0 0.00% 0.00% -89.47%
C202 87.47 0.1 0.00% 87.47 9.3 0.00% 0.00% -98.79%
C203 87.47 0.1 0.00% 87.47 9.3 0.00% 0.00% -98.77%
. C204 87.47 0.1 0.00% 87.47 10.2 0.00% 0.00% -98.90%
C205 87.47 0.1 0.00% 87.47 5.1 0.00% 0.00% -97.74%
C206 87.47 0.1 0.00% 87.47 7.6 0.00% 0.00% -98.51%
C207 87.47 0.4 0.00% 87.47 7.5 0.00% 0.00% -95.18%
C208 87.47 0.1 0.00% 87.47 6.7 0.00% 0.00% -98.32%
RC201 99.51 0.2 0.00% 99.51 78.7 0.00% 0.00% -99.70%
RC202 99.51 0.3 0.00% 99.51 109.2 0.00% 0.00% -99.71%
RC203 99.51 0.3 0.00% 99.51 107.3 0.00% 0.00% -99.70%
RC204 99.51 0.3 0.00% 99.51 91.5 0.00% 0.00% -99.65%
ez RC205 99.51 0.3 0.00% 99.51 104.1 0.00% 0.00% -99.70%
RC206 99.51 0.2 0.00% 99.51 95.8 0.00% 0.00% -99.74%
RC207 99.51 0.2 0.00% 99.51 109.7 0.00% 0.00% -99.78%
RC208 99.51 0.2 0.00% 99.51 106.3 0.00% 0.00% -99.86%
#x3 HEBEGHIWLER(n=15, m=2)
Table 3 Experimental results of medium-scale instances (n =15, m =2)
W | 4R o Gurobi A0l AT
b CPU(s) Gap b CPU(s) Gap
R201 132.01 0.2 0.00% 132.01 35.3 0.00% 0.00% -99.54%
R202 132.01 0.2 0.00% 132.01 36.5 0.00% 0.00% -99.36%
R203 132.01 0.2 0.00% 132.01 20.4 0.00% 0.00% -98.99%
R204 132.01 0.2 0.00% 132.01 33.1 0.00% 0.00% -99.46%
R205 132.01 0.1 0.00% 132.01 34.0 0.00% 0.00% -99.56%
R2 R206 132.01 0.2 0.00% 132.01 21.8 0.00% 0.00% -98.98%
R207 132.01 0.2 0.00% 132.01 34.0 0.00% 0.00% -99.35%
R208 132.01 0.2 0.00% 132.01 26.1 0.00% 0.00% -99.35%
R209 132.01 0.2 0.00% 132.01 39.3 0.00% 0.00% -99.60%
R210 132.01 0.6 0.00% 132.01 42.8 0.00% 0.00% -98.60%
R211 132.01 0.2 0.00% 132.01 18.2 0.00% 0.00% -98.93%
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Table 3 Continues
= .
| 4R PR — N AT
o CPU(s) Gap 0bj CPU(s) Gap
C201 95.46 18.0 0.00% 95.46 19.6 0.00% 0.00% -8.50%
€202 95.46 0.3 0.00% 95.46 298.4 0.00% 0.00% -99.91%
C203 95.46 0.3 0.00% 95.46 170.9 0.00% 0.00% -99.84%
. C204 95.46 0.3 0.00% 95.46 184.7 0.00% 0.00% -99.83%
2 €205 95.46 0.3 0.00% 95.46 146.0 0.00% 0.00% -99.79%
C206 95.46 0.3 0.00% 95.46 135.4 0.00% 0.00% -99.77%
€207 95.46 0.2 0.00% 95.46 95.5 0.00% 0.00% -99.75%
€208 95.46 0.2 0.00% 95.46 173.1 0.00% 0.00% -99.87%
RC201 115.32 0.5 0.00% 115.32 NA 16.79% 0.00%
RC202 115.32 10.8 0.00% 115.32 NA 16.91% 0.00%
RC203 115.32 3.3 0.00% 115.32 NA 43.48% 0.00%
RC2 RC204 115.32 3.4 0.00% 115.32 NA 37.92% 0.00%
RC205 115.32 4.8 0.00% 115.32 NA 12.94% 0.00%
RC206 115.32 7.0 0.00% 115.32 NA 12.92% 0.00%
RC207 115.32 0.8 0.00% 115.32 NA 26.11% 0.00%
RC208 115.32 0.8 0.00% 115.32 NA 21.79% 0.00%
4 KWEHRBER(1=19, m=3)
Table 4 Experimental results of large-scale instances (n =19, m=3)
PR | SR04 PR R A0b AT
0bj CPU(s) Gap Obj CPU(s) Gap
R201 154.47 276.5 0.00% 154.47 405.9 0.00% 0.00% -31.87%
R202 154.47 47.0 0.00% 154.47 926.7 0.00% 0.00% -94.93%
R203 154.47 51.0 0.00% 154.47 2 083.6 0.00% 0.00% -97.55%
R204 154.47 53.3 0.00% 154.47 NA 9.16% 0.00%
R205 154.47 53.7 0.00% 154.47 288.6 0.00% 0.00% -81.41%
R2 R206 154.47 60.5 0.00% 154.47 3264.9 0.00% 0.00% -98.15%
R207 154.47 55.9 0.00% 154.47 1 084.4 0.00% 0.00% -94.85%
R208 154.47 53.5 0.00% 154.47 318.4 0.00% 0.00% -83.20%
R209 154.47 55.1 0.00% 154.47 216.9 0.00% 0.00% -74.62%
R210 154.47 48.7 0.00% 154.47 3149.9 0.00% 0.00% -98.45%
R211 154.47 57.2 0.00% 154.47 783.3 0.00% 0.00% -92.69%
C201 138.75 209.9 0.00% 138.75 225.7 0.00% 0.00% -7.04%
€202 137.40 176.3 0.00% 137.40 1 546.9 0.00% 0.00% -88.60%
€203 137.40 615.4 0.00% 137.40 2100.7 0.00% 0.00% -70.71%
o C204 137.40 366.6 0.00% 137.40 2167.2 0.00% 0.00% -83.08%
C205 137.40 202.3 0.00% 137.40 389.5 0.00% 0.00% —-48.06%
C206 137.40 204.7 0.00% 137.40 476.8 0.00% 0.00% -57.06%
€207 138.75 71.3 0.00% 138.75 170.1 0.00% 0.00% -58.11%
C208 137.40 75.1 0.00% 137.40 795.1 0.00% 0.00% -90.55%
RC201 143.07 2643.9 0.00% 143.07 NA 44.70 -0.91%
RC202 143.07 655.5 0.00% 143.07 NA 41.45 0.00%
RC203 143.07 790.7 0.00% 143.07 NA 40.97 0.00%
RC2 RC204 143.07 887.0 0.00% 143.07 NA 41.96 0.00%
RC205 143.07 327.6 0.00% 143.07 NA 40.54 0.00%
RC206 143.07 128.5 0.00% 143.07 NA 40.53 0.00%
RC207 143.07 377.4 0.00% 143.07 NA 40.37 0.00%
RC208 143.07 681.5 0.00% 143.07 NA 39.82 0.00%




— 74 — oW OB 2% % 2025 4 1

& % X k.

CU]SKIEBL, WIFESs, BM07, 45 W LW R T g JH TR MG 2 B o AR I [ 1] A BB 224k, 2019, 22(10) :
24 -36.

Zhang Yuankai, Hu Xiangpei, Huang Minfang, et al. Economic decision model for package consolidation in fulfilling split
orders of online supermarkets[ J]. Journal of Management Sciences in China, 2019, 22(10) : 24 —36. (in Chinese)

21T, B &, 2R, 55 i 7R 557 5 WTRE 1 AR RBLHI AT 58 ——F & R R R AL A S8 AN [T ] 4
HERLAE2AA, 2018, 21(7) ¢ 35 =51,

Chi Maomao, Zhao Jing, Li Yanhui, et al. Effect of e-business platform attractive capabilities; The interaction of effects of
platform flexibility and control mechanisms[J]. Journal of Management Sciences in China, 2018, 21(7) : 35 —51. (in Chi-
nese )

[3]0tto A, Agatz N, Campbell J, et al. Optimization approaches for civil applications of unmanned aerial vehicles( UAVs) or
aerial drones: A survey[J]. Networks, 2018, 72(4) . 411 —458.

[4]Perboli G, Rosano M. Parcel delivery in urban areas: Opportunities and threats for the mix of traditional and green business
models[ J]. Transportation Research Part C; Emerging Technologies, 2019, 99. 19 -36.

[SIBETR, ARRAE, & ¥, 45 UMEAEAR A S0 WE ST B-T Shapley J5 35 [ 1] B AL A4, 2019, 22(1) .
107 - 126.

Rao Weizhen, Zhu Qinghua, Jin Chun, et al. A Binary Tree Shapely method for cost sharing of the collaborative vehicle rou-
ting problem[ J]. Journal of Management Sciences in China, 2019, 22(1): 107 - 126. (in Chinese)

(61 JRIERT, XIHAT, JETFAE, 45, A E) AR 2 (0 A A B AR R B e R 300 [ )] A BB 2241, 2019, 22(5) : 57
- 68.

Zhou Xiancheng, Liu Changshi, Zhou Kaijun, et al. Improved ant colony algorithm and modelling of time-dependent green
vehicle routing problem[J]. Journal of Management Sciences in China, 2019, 22(5) . 57 —68. (in Chinese)

(71N, EWI A, A2 T, a0 ) W U D R BC ik s &S AR AR R BT [ ] A BRR 2244l , 2021, 24(10) : 106
-126.

Xu Xiaofeng, Jiang Mingyue, Deng Yirui. Dynamic vehicle routing problem with simultaneous pickup and delivery in collab-
orative distribution under demand concurrent[ J]. Journal of Management Sciences in China, 2021, 24(10) ; 106 - 126. (in
Chinese)

[81FRERM. I AMLPLB LB AR T [ EB/OL]. https://uav. huanqiu. com/article/9CaKrnKeTKU. 2018.

World Wide Web. SF Express Drone Connection Counter Market [ EB/OL]. https://uav. huanqiu. com/ article/9CaKrnKeTKU.
2018. (in Chinese)
[9]5k 4k, HER, v 2, . RGEREHASHIS SIERL)]. EHPEYR, 2021, 24(8): 10 -17.
Zhang Wei, Yang Yanwu, Qiao Hong, et al. Hybrid intelligence management system research: Theory and methods|[ J].
Journal of Management Sciences in China, 2021, 24(8): 10 = 17. (in Chinese)
[10]Murray C C, Chu A G. The flying sidekick traveling salesman problem; Optimization of drone-assisted parcel delivery[ J].
Transportation Research Part C: Emerging Technologies, 2015, 54 . 86 —109.

[11]Agatz N, Bouman P, Schmidt M. Optimization approaches for the traveling salesman problem with drone[ J]. Transporta-
tion Science, 2018, 52(4): 965 -981.

[12]Carlsson J G, Song S. Coordinated logistics with a truck and a drone[ J]. Management Science, 2018, 64 (9) . 4052
-4069.

[ 13 ]Murray C C, Raj R. The multiple flying sidekicks traveling salesman problem: Parcel delivery with multiple drones[J].
Transportation Research Part C: Emerging Technologies, 2020, 110, 368 —398.



55130 O LA B TE AL ) A 0 AR AR ) R — 75 —

[14]Boysen N, Briskorn D, Fedtke S, et al. Drone delivery from trucks: Drone scheduling for given truck routes[ J]. Net-
works, 2018, 72(4) . 506 —527.

[15]Jeong H'Y, Song B D, Lee S. Truck-drone hybrid delivery routing: Payload-energy dependency and No-Fly zone[ J]. In-
ternational Journal of Production Economics, 2019, 214 . 220 -233.

[16]Bouman P, Agatz N, Schmidt M. Dynamic programming approaches for the traveling salesman problem with drone[J].
Networks, 2018, 72(4) . 528 - 542.

[ 17 ]Roberti R, Ruthmair M. Exact methods for the traveling salesman problem with drone[ J]. Transportation Science, 2021,
55(2): 315 -335

[ 18 ]de Freitas J C, Penna P H V. A variable neighborhood search for flying sidekick traveling salesman problem[ J]. Interna-
tional Transactions in Operational Research, 2020, 27(1) : 267 —290.

[19]Ha Q M, Deville Y, Pham Q D, et al. On the min-cost traveling salesman problem with drone[ J]. Transportation Re-
search Part C: Emerging Technologies, 2018, 86 597 — 621.

[20 ] Poikonen S, Golden B, Wasil E A. A branch-and-bound approach to the traveling salesman problem with a dron[ J]. IN-
FORMS Journal on Computing, 2019, 31(2); 335 - 346.

[21]Tu P A, Dat N T, Dung P Q. Traveling Salesman Problem with Multiple Drones[ C]. In Proceedings of the Ninth Interna-
tional Symposium on Information and Communication Technology, 2018 ; 46 —53.

[22]Wang X, Poikonen S, Golden B. The vehicle routing problem with drones: Several worst-case results[ J]. Optimization Let-
ters, 2017, 11(4) : 679 - 697.

[23 ] Poikonen S, Wang X, Golden B. The vehicle routing problem with drones: Extended models and connections[ J]. Net-
works, 2017, 70(1) : 34 —43.

[24 ]Schermer D, Moeini M, Wendt O. A matheuristic for the vehicle routing problem with drones and its variants[ J]. Trans-
portation Research Part C: Emerging Technologies, 2019, 106: 166 —204.

[25]Wang Z, Sheu J B. Vehicle routing problem with drones[ J]. Transportation Research Part B: Methodological, 2019, 122
350 - 364.

[26]Schermer D, Moeini M, Wendt O. A hybrid VNS/Tabu search algorithm for solving the vehicle routing problem with drones
and en route operations[ J]. Computers & Operations Research, 2019, 109 134 - 158.

[27 ]Karak A, Abdelghany K F. The hybrid vehicle-drone routing problem for pick-up and delivery services[ J]. Transportation
Research Part C; Emerging Technologies, 2019, 102 427 —449.

[28]Sacramento D, Pisinger D, Ropke S. An adaptive large neighborhood search metaheuristic for the vehicle routing problem
with drones[ J]. Transportation Research Part C: Emerging Technologies, 2019, 102 289 - 315.

[29 ] Tamke F, Buscher U. A branch-and-cut algorithm for the vehicle routing problem with drones[ J]. Transportation Research
Part B Methodological,, 2021, 144(4) . 174 —203.

[30]Baloch G, Gzara F. Strategic network design for parcel delivery with drones under competition[ J]. Transportation Science,
2020, 54(1) . 204 -228.

[31 ]Mbiadou S, Laurent D, Dominique F, et al. An iterative two-step heuristic for the parallel drone scheduling traveling sales-
man problem[ J]. Networks, 2018, 72(4) : 459 —474.

[32]Dell’ Amico M, Montemanni R, Novellani S. Matheuristic algorithms for the parallel drone scheduling traveling salesman
problem[ J]. Annals of Operations Research, 2020, 289(2); 211 -226.

[33]Kim S, Moon I. Traveling salesman problem with a drone station[ J ]. IEEE Transactions on Systems, Man, and Cybernet-
ics: Systems, 2018, 49(1) . 42 -52.

[34]Li Y, Zhang G, Pang Z, et al. Continuum approximation models for joint delivery systems using trucks and drones[J]. En-
terprise Information Systems, 2020, 14(4) . 406 —435.

[35]Schermer D, Moeini M, Wendt O. The Traveling Salesman Drone Station Location Problem[ C]. In World Congress on



— 76 — B OB o o 2025 4F 1 A

Global Optimization, 2019 1129 -1138.

[36 ] Lenstra J K, Kan A R. Complexity of vehicle routing and scheduling problems[ J]. Networks, 1981, 11(2): 221 -227.

[37]Lozano L, Duque D, Medaglia A L. An exact algorithm for the elementary shortest path problem with resource constraints
[J]. Transportation Science, 2016, 50(1) ; 348 —357.

[38]Boussier S, Feillet D, Gendreau M. An exact algorithm for team orienteering problems[ J]. 40R, 2007, 5(3). 211
-230.

[ 39 ]Solomon M M. Algorithms for the vehicle routing and scheduling problems with time window constraints[ J]. Operations Re-
search, 1987, 35(2) . 254 -265.

[40]Liu Y, Liu Z, Shi J, et al. Two-echelon routing problem for parcel delivery by cooperated truck and drone[J]. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, 2021, 51(12) ; 7450 —7465.

[41 ] Ferrandez S M, Harbison T, Weber T, et al. Optimization of a truck-drone in tandem delivery network using k-means and

genetic algorithm[ J]. Journal of Industrial Engineering and Management, 2016, 9(2) ; 374 —388.

The vehicle routing problem with drone stations

FANG Kan''?, AN Yi-dan', ZHU Ning', HUANG Dian" "

1. College of Management and Economics, Tianjin University, Tianjin 300072, China;

2. Laboratory of Computation and Analytics of Complex Management Systems, Tianjin University, Tianjin
300072, China;

3. School of New Media and Communication, Tianjin University, Tianjin 300072, China

Abstract ; In recent years, drone scheduling has received increasing attention from researchers. In this study,
a vehicle routing problem with drone stations is proposed, and an arc-based optimization model is developed
with an objective of minimizing the total cost, considering various constraints such as the latest arrival time of
packages, the limited number of drones and the maximum flying duration of drones. Using the Dantzig-Wolfe
decomposition, the arc-based model is decomposed into the path-based main problem model, the truck sub-
problem model, and the drone sub-problem model. A branch and price algorithm is designed to solve the prob-
lem and to obtain the global optimal solution. Extensive numerical experimental results show that our proposed
branch and price algorithm outperforms the main stream commercial solver in terms of solution time and solu-
tion quality. In addition, the truck travel cost accounts for a high proportion of the total cost. Moreover, com-
pared with the number of drones and the speed ratio of drones to trucks, the proportion of customers accessible
by drones has a more significant impact on the total cost. Therefore, expanding the applicability of drones can
effectively reduce the total cost.

Key words: drone stations; drone scheduling; vehicle routing problem; branch and price algorithm



