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Fig. 1 Truck-multiple drone dynamic collaborative delivery routes
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Table 1 Calculation results for multiple types of instances
IN TC cTC cc UFC CDN UDN CUN UUN RT
C101 2 028.25 1291.20 22.32 218.53 54 46 2 5 12.54
R101 1794.23 1214.40 48.25 265.98 52 48 1 2 14.13
RC101 2 170.91 1339.20 46.73 289.08 53 47 2 5 12.45
€201 2092.11 1339.20 27.80 228.91 54 46 2 5 12.44
R201 1 829.90 1262.40 38.47 263.42 52 48 1 2 14.05
RC201 2 131.18 1334.40 40. 86 270.02 53 47 2 4 12.51
E -n76 - k8 1 503.89 1 008. 00 24.77 216.92 39 36 1 2 10.06
M -nl51 - k12 2 369.12 1 507.20 46.33 297.19 78 72 2 5 19. 66
M - n200 - k17 2 823.70 1 670.40 55.65 327.05 103 96 3 8 25.46
AVE 2 082.59 1.329.60 39.02 264.12 60 54 2 4 14. 81
1 1) TC.CTC. 4.2.2
UFC.CDN  UDN THHA Schermer
63. 84% 52.63% ; / ( hybrid VNS/tabu
12. 68% search algorithm HVTSA) B
47.37% HVTSA
;2)  UFC CC C VNS 400 15
R RC C RC101 THHA
Benchmark ~ THHA.HVTSA
. 2 . 2
1 3) RT THHA N T (
13 s min) 1.
30 s 15 s. THHA 2 1) TC TH-
- HA HVTSA
N 13.35%:; THHA Bench-
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HVTSA 20.54% . THHA ;
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3) THHA HVTSA S
80.91% THHA . 5(b)
5( a) 5(b) THHA  HVT- ;
SA -
5 1) 5(a) THHA -
; 5(b) 7
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Table 2 Calculation results of different algorithms
Benchmark THHA HVTSA
N TC T RT TC T RT TC T RT
1 2 056.82 783.99 13.83 2 152.51 773.37 14.14 2 404.41 936.97 69.71
2 2 028.87 786.31 14.75 2 090.76 756.76 13.51 2 363.26 960. 61 68.89
3 2 069.90 801.38 14.27 2 154.28 778.92 13.07 2319.79 923.54 70.19
4 1999.45 785.10 13.99 2 102.17 758. 68 13.05 2 494.32 974.29 66.94
5 2 006.91 783.31 14. 40 2110.38 775.63 13.29 2391.17 913.97 71.88
6 2 011.55 781.02 13.60 2122.21 794.51 13.17 2425.72 950.49 68.77
7 1999.61 774.62 13.25 2 077.51 749.05 13.46 2 534.06 989.07 70.19
8 2 031.42 812.97 14.56 2 144.17 757.85 12.89 2 552.86 1013.07 69. 69
9 2 029.22 840.77 13.48 2 123.07 762.94 12.91 2 465.42 962. 86 69.41
10 2 054.63 818.40 14.04 2 128.36 739.24 13.31 2 522.69 999.05 69.98
AVE 2 028.84 796.79 14.02 2 120.54 764.70 13.28 2 447.37 962.39 69.57

Fig. 4 Optimization plans of different algorithms

4
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Table 3 Calculation results of dynamic collaborative delivery model and

static collaborative delivery model

IN
TC T CTT UFC cT Ao T CTT UFC cT

Cl101 1 884.41 710.33 | 592.80 | 436.24 | 63.53 | 1915.59 884.77 592.80 | 252.50 | 237.97
R101 1944.40 | 820.15 | 669.60 | 676.17 | 98.55 | 2035.25 | 1130.93 | 669.60 | 437.13 | 409.33
RC101 2171.32 | 769.42 | 657.60 | 812.32 | 58.82 | 2222.92 | 1081.15 | 657.60 | 473.71 370.55
€201 1995.23 | 716.01 636.00 | 528.57 | 26.01 | 2080.31 991.31 636.00 | 328.32 | 301.31
R201 1901.20 | 794.62 | 657.60 | 673.46 | 85.02 | 2015.23 | 1140.76 | 657.60 | 439.32 | 431.16

RC201 2115.18 784.62 648.00 707.77 83.62 2209.23 1 103.59 648.00 464. 44 402.59
AVE 2 001.96 765. 86 643. 60 639.09 69.26 2 079.76 1 055.42 643.60 399.24 358.82
RC201 -
6(a)  6(bh) 6 1) 6(a) -
5 -

Fig. 5 Route planning for truck-multiple drone dynamic collaborative model and

static collaborative model
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;3) -
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RC101 - ( 68.38% .
3 ) -
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Table 4 Experimental results of truck-multiple drone and truck-single drone
dynamic collaborative delivery models
N - - CTSR
TC T UFT CcT TC T UFT CcT
1 2138.73 788.89 701.45 71.09 2 180.48 921.73 656.54 203.93 65.14%
2 2179.93 787.44 764.83 64.84 2199.98 926.16 681.86 203.56 68.15%
3 2 145.42 790.22 749.96 89.22 2181.02 942.16 686. 06 241.16 63.00%
4 2 141.49 759.26 668.99 24.66 2159.23 883.59 601. 84 148.99 83.45%
5 2 188.54 790.02 748.67 50.62 2221.12 927.02 674.62 187.62 73.02%
6 2 096.96 764.25 692.78 63.25 2 148.86 915.86 645.10 214.86 70.56%
7 2 126.27 757.28 717.90 46. 68 2 163.00 945.69 602. 11 235.09 80.14%
8 2 097.20 775.48 685.13 84.08 2 131.69 907.90 647.73 216.50 61.16%
9 2 113.47 776.99 681.33 66.39 2 132.60 885.78 615.98 175.18 62.10%
10 2 141.49 793.16 693.53 72.96 2164.22 897.47 643.89 177.27 58.84%
AVE 2 136.95 778.30 710. 46 63.38 2 168.22 915.34 645.57 200. 42 68.38%
4.2.5 5 @D r~TC. CTT .
RC101 N UFT . CUN UUN
r
1)
r
0.1 0.10.9
- ) r~CUN UUN r<0.2
r 1
0.7 -
. T 0.10.7 0.3<r=<0.6 2
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5
Table 5 Experimental results of changes in number of customers served by drones
r rc T C1T UFT CSN USN CUN UUN
0.1 2 224.45 952.67 837.60 143.02 90 10 2 2
0.2 2201.20 919.93 808. 80 228.05 81 19 2 2
0.3 2 176.61 862.11 763.20 355.40 71 29 2 4
0.4 2 165.05 855.35 710.40 514.71 62 38 2 4
0.5 2 160.61 835.52 686.40 610.58 53 47 2 4
0.6 2126.11 780.29 638.40 768.44 44 56 2 4
0.7 2102.30 713.72 604. 80 868. 87 34 66 2 6
2)
e 4 kg ).
10 26 6 e (
kg) Q (
KWh) )
6
Table 6 Sensitivity analysis results of drone capacity
e Ao T CcT CSN USN
10 0.760 7 2215.16 872.03 85.23 62 38
14 0.950 4 2 200.96 850.02 74.42 58 42
18 1.1537 2 113.40 787.47 92.27 52 48
22 1.369 6 2 072.50 783.15 107.75 49 51
6 —
1) THHA .
— : 2) -
 3) -
1 J . 2021 24(8): 48 -57.
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Research on dynamic cooperative distribution route planning of truck-multi—
ple drones
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Abstract: With the development of technology drones have demonstrated convenient and efficient delivery
advantages in last-mile urban logistics. This study investigates the dynamic collaborative distribution route
planning problem for truck-multiple drones in urban logistics systems. Each truck carries multiple drones for
parallel deliveries and each drone can serve multiple customers per flight. A mixed-integer programming
model is developed with the objective of minimizing total delivery costs. A three-stage hybrid heuristic algo—
rithm is designed to solve the problem based on the characteristics of the problem and the model. Through va—
rious experimental cases the correctness of the model and the effectiveness of the algorithm are verified. The
results show that the proposed model and algorithm can effectively reduce logistics costs shorten delivery
times and improve delivery efficiency providing valuable decision-making support for urban logistics distribution.

Key words: truck-multiple drones; dynamic coordination; routes planning; hybrid heuristic algorithm



