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This study addresses the vehicle routing optimization problem with three nested transportation modes, consisting
of ships, trucks, and drones. A typical nested-three-mode vehicle routing problem appears in delivery systems
that include areas of sparsely scattered, varying-size islands. In the problem, drones play an important role in
achieving high efficiency in the entire delivery system, of their high-speed accessibility. In this paper, we present
a mathematical model for the problem and explore its potential usability as a heuristic. For the usability
check-up, a geographic data set from the island area of Tongyeong in Korea is used in an illustrative scenario for
disaster relief goods distribution. Our limited computational experiment shows promise in the proposed
optimization model as a heuristic with a preset computation time limit when compared with greedy heuristics.
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Figure 1. Island Delivery System Using Three Transportation Modes
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Figure 4. Greedy Heuristic Flow Chart
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Table 3. Random Generation Data Experiment(Continued)
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Figure 6. Comparison of Objective Function Values for One Area Delivery Experiment
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© : Ship drone delivery node ®: Truck delivery node @: Truck drone delivery node

M Port  — : Truck delivery route - - : Drone delivery route
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Figure 11. Timeline for Each Customer Node in the Delivery of A1, A2
Table 5. Service Time for Each Customer Node in the Delivery of Al
Delivery order
Al
1 2 3 4 5 6 7 8
Model Time 34.05 34.70 36.15 38.10 40.05 40.70 41.40 41.95
ode
Node TN1 TN7 TN2 TN3 TN4 DNI1 TNS TN6
. Time 34.05 34.70 38.90 40.70 40.70 43.55 44.50 47.30
Heuristic
Node TN1 TN7 TN2 TN3 DNI TN4 TN6 TNS5S
ATime (min) = Model - Heuristic 0.00 0.00 -2.75 -2.60 -0.65 -2.85 -3.10 -5.35
Table 6. Service Time for Each Customer Node in the Delivery of A2
Delivery order
A2
1 2 3 4 5 6 7 8 9 10 11
Model Time 7430 | 74.55 | 76.65 | 80.10 | 81.70 | 82.30 | 85.00 | 89.55 | 91.60 | 96.60 | 108.30
oce Node TN6 | TNl | TN2 | DN2 | DN3 | TN4 | TN3 | TNS | DN4 | TN7 | DNI
Houristi Time 74.55 | 74.80 | 80.00 | 80.60 | 82.20 | 87.15 | 92.10 | 101.40 | 103.50 | 108.45 | 115.45
euristic
o Node TNI | TN7 | TN2 | DNI | DN3 | TN3 | DN4 | TN4 | TN5 | TN6 | DN2
ATime (min) = Model - Heuristic | -0.25 | -0.25 | -3.35 | -0.50 | -0.50 | -4.85 | -7.10 | -11.85 | -11.90 | -11.85 | -7.15
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Figure 12. Comparison of Objective Function Values for Three Areas Delivery Experiment
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Figure 13. The Delivery Route in A1, A2, A3
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© : Ship drone delivery node @0 : Truck delivery/leaving node @: Truck drone delivery node W:Port  : Truck waiting ime —» : Drone delivery route

Figure 14. Timeline for Each Customer Node in the Delivery of A1, A2, A3
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Table 7. Service Time for Each Customer Node in the Delivery of Al

M

Delivery order
Al
1 2 4 5 6 7 8
Model Time 57.45 58.10 59.55 61.35 64.10 64.20 65.15 65.55
Node TNI TN7 TN2 TN3 DN1 TN4 TN6 TNS
. Time 57.45 58.10 62.30 64.10 64.10 66.95 67.90 70.70
Heuristic
Node TNI1 TN7 TN2 TN3 DN1 TN4 TN6 TNS
ATime (min) = Model - Heuristic|  0.00 0.00 -2.75 -2.75 0.00 -2.75 -2.75 -5.15
Table 8. Service Time for Each Customer Node in the Delivery of A2
Delivery order
A2
1 2 3 4 5 6 7 8 9 10 11
Model Time 97.95 | 100.05 | 101.50 | 102.00 | 103.50 | 107.40 | 109.50 | 111.30 | 114.45 | 117.15 | 128.00
Node TN1 TN2 DN3 TN3 DN2 TN4 TNS DN4 TN6 TN7 DNI1
Heuristic Time 97.95 | 98.2 103.4 104 105.6 | 110.55 | 115.5 | 124.8 | 126.9 | 131.85 | 138.85
Node TN1 TN7 TN2 DN1 DN3 TN3 DN4 TN4 TNS TN6 DN2
ATime (min) = Model - Heuristic| 0.00 | -1.85 | -1.90 | -2.00 | -2.10 | -3.15 | -6.00 | -13.50 | -12.45 | -14.70 | -10.85
Table 9. Service Time for Each Customer Node in the Delivery of A3
Delivery order
A3
1 2 3 4 5 6 7 8 9 10
Model Time 16.80 17.40 18.45 18.70 20.20 21.70 22.60 25.15 28.95 33.55
Node TN1 DN2 TN6 DNI1 TNS TN2 TN4 TN3 DN3 TN7
Heuristic Time 16.80 17.00 18.70 21.75 23.05 23.25 27.05 29.60 32.45 37.65
Node TN1 TN7 DN1 TN6 DN2 TNS TN4 TN3 DN3 TN2
ATime (min) = Model - Heuristic| 0.00 0.40 -0.25 -3.05 -2.85 -1.55 -4.45 -4.45 -3.50 -4.10
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O : Ship drone delivery node ®: Truck delivery node @: Truck drone delivery node W: Port
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(d) Improved route in Al

(e) Improved route in A2

(f) Improved route in A3

Figure 15. The Delivery Route in A1, A2, A3
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Figure 16. Comparison of Math Model, Heuristic, and Heuristic Solution Based Improved Delivery Route in A1, A2, A3
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Table 10. Scenario Timetable for Disaster Situations in Three Island Areas

Math model Heuristic Improved route
Time of disaster 9:00 9:00 9:00
Time to complete supply preparation 10:00 10:00 10:00
Estimated time of arrival
Estimated time of arrival in the first area 10:14 10:14 10:14
Estimated time of arrival in the second area 10:56 10:56 10:56
Estimated time of arrival in the third area 11:36 11:36 11:36
Estimated time of delivery completion
Estimated time of delivery completion in the first area 11:33 11:57 11:33
Estimated time of delivery completion in the second area 11:40 11:56 11:40
Estimated time of delivery completion in the third area 13:52 14:57 14:19
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