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Fig 1.1 Delivery routes by only trucks
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Fig 1.3 Cooperative delivery routes by trucks and drones
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Fig 1.2 Delivery routes by only drones
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Fig. 1 Schematic diagram of multiple trucks and drones cooperative delivery
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F1 LREGANSENE

Table 1 Scale of instance groups in experiments

EERUIEIR R EIRNE 6 RAHLA B
ISG1 8 2
1SG2 10 2
1SG3 12 2
1SG4 15 3
IG5 20 3
1SG6 30 4
ISG7 40 4
ISG8 50 4
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Table 2 Comparison between the column generation algorithm based on the two strategies and the CPLEX results in small-scale instances

X1l CPLEX WG 1 W 2
FIAE F5 Fipren Lepten () Fy ty () Gap, Fo ty () Gap,
1 134.83 2.12 140.89 1.15 4.49% 134.83 1.25 0.00%
2 140.13 3.67 142.40 0.69 1.62% 140.13 0.93 0.00%
ISG1 3 138.22 3.79 138.22 0.67 0.00% 138.22 1.07 0.00%
4 142.35 6.30 142.91 0.54 0.39% 142.35 0.74 0.00%
5 140. 64 4.14 140. 64 0.82 0.00% 140. 64 0.90 0.00%
6 138. 45 1.23 138. 45 46. 81 0.00% 138.45 2.45 0.00%
7 143.67 24.02 157.29 2.99 9.48% 143. 67 4.28 0.00%
1SG2 8 140. 63 282.24 144. 85 1.54 3.00% 141.22 2.69 0.42%
9 137.11 34.82 137.11 3.08 0.00% 137.11 3.57 0.00%
10 141. 48 375.00 143.41 1.67 1.36% 141.48 2.52 0.00%
11 — >7 200 278.30 7.47 — 270. 67 9.47 —
12 — >7 200 265.32 11.71 — 240. 64 13.93 —
1SG3 13 — >7 200 247.46 11.75 — 247. 46 11.75 —
14 — >7 200 243.92 11.94 — 243.92 14.00 —
15 — >7 200 258.15 7.90 — 251.74 10.43 —
XA 2.04% 0.04%
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Table 3 Comparison of CPLEX, the algorithm before acceleration and after acceleration in small-scale instances

XY CPLEX CG Ak CG Jini# Gap

FA a2 Fprex Lepten (8) Feg tee(s) Feea teea(s) Ayt A,
1 134.83 2.12 134.83 23.57 134.83 1.25 0.00% -94.70%
2 140. 13 3.67 140.13 16.04 140.13 0.93 0.00% -94.20%

ISG1 3 138.22 3.79 138.22 11.90 138.22 1.07 0.00% -91.01%
4 142.35 6.30 142.35 18.41 142.35 0.74 0.00% -95.98%
5 140. 64 4.14 140. 64 10.53 140. 64 0.90 0.00% -91.45%
6 138.45 1.23 138.45 114.89 138.45 2.45 0.00% -97.87%
7 143.67 24.02 143.67 216.76 143.67 4.28 0.00% -98.03%

ISG2 8 140. 63 282.24 140.63 875.81 141.22 2.69 0.42% -99.69 %
9 137.11 34.82 137.11 182.06 137.11 3.57 0.00% -98.04%
10 141.48 375.00 141.48 1 699.98 141.48 2.52 0.00% -99.85%
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Table 3 Continues
=0 CPLEX CG A CG Jin Gap
Fps 5 Fey Leptex (8) Feg tee(s) Feea tega () Alyer A,
11 — >7 200 — >7 200 270. 67 9.47 — —
12 — >7 200 — >7 200 240. 64 13.93 — —
1SG3 13 — >7 200 — >7 200 247.46 11.75 — —
14 — >7 200 — >7 200 243.92 14.00 — —
15 — >7 200 — >7 200 251.74 10.43 — —
SEHIE 0.04% -96.08%
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Table 4 Comparison of decision models ( based on different feasible strategy solving algorithms) and decision rules for large-scale instances

x| HL CGA i 1 CGA s 2

TR P K, Feen Leom (8) 4, Feen teen (8) A5
1 301.21 264.82 43.67 -12.08% 246.52 56.00 -18.16%
2 316.98 275.69 37.5 -13.03% 272.92 41.65 -13.90%
ISG4 3 321.74 270.47 33.95 -15.94% 254.98 39.9 -20.75%
4 345.14 280.52 41.31 -18.72% 273.20 43.36 -20.84%
5 321.16 280.01 35.32 -12.81% 272.94 43.93 -15.01%
6 368.62 295.47 105.73 -19.84% 292.63 95.75 -20.61%
7 331.15 280. 85 131.96 -15.19% 264. 15 140.79 -20.23%
ISG5 8 337.86 290. 05 150.5 -14.15% 287.45 168.93 -14.92%
9 345.47 272.32 124.85 -21.17% 264.17 117.35 -23.53%
10 336. 84 283.33 86.5 -15.89% 275.19 77.44 -18.30%
11 505.36 423.59 489.65 -16.18% 418.32 513.29 -17.22%
12 500. 10 432.36 492.78 -13.55% 424.27 513.85 -15.16%
ISG6 13 393.95 318.26 702. 61 -19.21% 303.39 746.02 -22.99%
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Fig. 2 Relationship between maximum endurance of drones and total cost
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Fig. 3 The relationship between regional variation of customer point distribution and total cost
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Fig. 4 The relationship between speed of drones and total cost
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Routing problem of multiple trucks and drones cooperative delivery

ZHEN Lu, GAO Jia-jing, TAN Zhe-yi
School of Management, Shanghai University, Shanghai 200444, China

Abstract: The application of collaborative delivery systems based on trucks and drones have attracted more
and more attention from the academia. This study investigates a routing problem of multiple trucks and drones
cooperative delivery, and formulates a mixed-integer programming model with the objective of minimizing the
total cost. A solution method based on column generation is proposed to solve the model. An accelerating tech-
nique based on variable neighborhood search is also embedded in the solution method to reduce the computa-
tion time. Numerical experiments are also conducted to validate the effectiveness of the proposed model and ef-
ficiency of the proposed solution method. Some potentially useful managerial implications are also outlined
based on some sensitivity analysis.

Key words: collaborative delivery; route optimization; drones; mixed-integer programming; column generation



