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This paper considers a novel vehicle routing problem with micro-mobility delegations. Recently, micro-mobility
vehicles such as electric scooters and bicycles are gaining popularity thanks to advancements in battery and
electric motor technologies. Most of the previous studies on the micro-mobility in the literature have been
focusing on personal transportation applications. However, few studies investigate the use of the micro-mobility
in the logistic context mainly because the micro-mobility has limited travel range and relatively low speed. We
propose a combined approach of the micro-mobility and the conventional larger vehicles to mitigate drawbacks
of the micro-mobility. Specifically, we assume that micro-mobility can be carried in the vehicles and deployed
for the delivery as delegations. A mixed-integer programming formulation is presented, and recognizing the
problem's difficulty, we develop an efficient heuristic algorithm. Computational study shows that the proposed
approach and algorithm can provide reasonable quality solutions at relatively short times.

Keywords: Hierarchical Vehicle Routing Problem, Micro-Mobility, Vehicle Routing Problem with Multiple
Depots
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Fo| £ =& 20a 714 @ th(Toth and Vigo, 2014) TS BAu 4 £ olong 2o 2wz 9 w4 AL
9ol A5 H VRPEA Y] thFdt e EgF o] ol oY W FE NPT Yo7t Qv wpetA TEY HEE
SAARE ST AA(cargo) & AHETE 7};‘4 st} HZo FF ' EY(star-shape) %ﬂ]% 7FA 7] W ol W EAE =
7] e 2o BH 71so] mhEA TAgte] we} 7|2 M AMUE Este AR Y 11 v g A7 a8t
Al ¢E570d 2 FH o 550 T4 ATt 53 HZ U E ol E TA| e A EA A & Qb 3} 3?}7§ o
7] A& 2k (electric vehicle)= $4 2. @ ol th A4 o] AR thet S22 Aol A o] A4 o] 52 FASH L ot B B4t
A3 23 v go] Agsiths Ao o] HZ VRP A B AT AT 22 A G-l Aol ekt uf - 01%
o] A5 o] ATLH I A thLin et al, 2014). A7) A= A o olHFAHEL 7| E AFS OI%GP Hj o] o 1L
FAJN A FH &5 5 HoAe v AT S5AYM E & TR s AAEA ¢t o A& g & "]7&
A FAAZ ] wf- Q2 A= Afol o] stk wekd A7) A 2ol vl ERE A o) ¢ HH*/’J‘% A2 A AFS A
SAFE o] &3 Electric VRP(EVRP) = T2 S H o5 Aglet QAo FAbsta vg] SR ZEHlo] & AHE-3fo] o] Fo
FAANE 18 etE Ao FH AT FA oItk o9kt EA H A1 Qi o] 2| g Atd = i $A o] 7o et o A& 2w
2o Bo] AFEHE NEE SETES EE(drone) 22 thE  F A4S YA 02 ALE F a7t AFS AAGEH ool 2
5+ $91 &37](Unmanned Aerial Vehicle, UAV)o]th =22 2.2 R Z]E](micro-mobility)= A 7] 2F-E(electric scooter) &
7|1EAFR G TR AA ] G A duwMEA sES & A7] AH A (electric bicycle) 53 2ol 1810] ¥edtH 2
EEF ALY A S AL FETYE - AF AV E AEshE N o5 T 9t ”}O]EE-E’.‘Q
A o|th(Jeongetal,,2019). Wt EE S 0| & EF HAS & El& YA Ao vld) vlF 4 AY S vnA w2
Ae T2 AFL A JE o] ALY dE S0 A olT8 T A& ZFHo] Yt o P& E’}Olii g
Drone-Truck Routing Problem(Kang and Lee, 2021)2 Eglo] = = FZ EAIA M| 7]l o] %5 Tt o 2 To] B85 1 9lA]
E& Azt Ego] AAEE ol FstL Wl $A 2N E B EF FE TFHOEE AY ALHA 2 e, I ol
go] &) &3 7] A (operation station) &= 3tA Ak whel = AAY o] 5 oA FH A2 7% LF wfTolth FrH | v
A EE2 A uE A w5 EFY IAE VIS AFH  olaR-RlgHE &G DY wjgde] AH AN =F
A% e B AAsATt IHU EES o Ed FEe S HGE WEo Al 2w EFF AGAAE &
SAAG 2L 5E A5 e B A= AL oA SAHOE AMET & YT <Table 1>& A4, E&, vlo] AR B
™ (Jeong et al., 2019), YRHAQI TEL2 g Wof| sfhute] vima W HE EF SHNA AHET A -9 542 wlwd Folth

Table 1. Characteristics of Different Transportation Methods

Conventional vehicle

(e.q.. truck) Drone Micro-mobility
Travel range Very long Medium Short
Transport capacity Very large Very small Small
s e s L e
Cost High Medium Low
Route shape Tour Star-shape Tour
Reliability High Low High

Figure 1. An example of a micro-mobility with storage (left, Way, 2017) and loading the micro-mobility on the vehicle(right, Banner, 2020)
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Figure 2. Comparison of solutions between classical VRP (left) and VRPwMD (right). Solid arrows represent the route of truck while

the dashed arrows show routes of micro-mobility
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Table 2. Solution Comparison between VRPwMD and Heuristic Algorithm for Small-Size Instances
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V] Problem . VRPwMD( A=7) ' Heuristic . Single-MO(.ie
time(s) sol gap time(s) sol diff 1 sol diff 2

20 C101 3600 112.85 55.25 188.35 111.28 1.57 (1.41%) | 117.09 5.81 (5.22%)
20 R101 3600 222.76 54.79 202.94 203.11 19.65 (9.67%) | 252.89 49.78 (24.50%)
20 RC101 3600 207.41 47.39 278.53 205.99 1.42 (0.69%) | 219.80 13.81 (6.70%)
20 A-n33-k5 3600 339.10 62.91 240.85 324.29 14.81 (4.57%) | 363.10 38.81 (11.97%)
20 A-n34-k5 3600 306.26 41.54 367.32 302.82 3.44 (1.14%) | 377.28 74.46 (24.59%)
20 A-n39-k5 3600 250.42 61.81 493.45 248.44 1.98 (0.80%) | 316.22 67.78 (27.28%)
20 B-n38-k6 3600 402.73 73.14 354.87 299.10 | 103.63 (34.65%) | 310.21 1111 (3.71%)
20 B-n57-k7 3600 377.09 75.89 564.29 368.89 8.20 (2.22%) | 384.43 15.54 (4.21%)
20 B-n50-k7 3600 311.32 62.70 323.86 310.42 0.90 (0.29%) | 332.68 2226 (7.17%)
20 P-n22-k8 21.40 264.71 0.00 340.41 264.71 0.00 (0.00%) | 264.71 0.00 (0.00%)
20 P-n45-k5 3600 309.18 65.78 497.52 189.84 | 119.34 (62.86%) | 257.24 67.40 (35.50%)
20 P-n70-k10 3600 239.45 64.65 516.08 202.62 36.83 (18.18%) | 243.69 41.07 (20.27%)
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Table 3. Heuristic Solutions for Large-Size Instances
Heuristic Single-Mode
[V Problem - .
time(s) sol sol diff 2
25 C101 240.58 121.96 138.15 16.19 (13.27%)
50 C101 626.38 228.21 245.09 16.88 (7.40%)
100 C101 3140.37 489.56 534.71 45.15 (9.22%)
25 R101 389.87 251.98 308.34 56.36 (22.37%)
50 R101 884.34 408.08 476.61 68.53 (16.79%)
100 R101 2867.06 621.59 671.28 49.69 (7.99%)
25 RC101 249.42 220.30 225.11 4.81 (2.18%)
50 RC101 744.84 362.99 369.03 6.04 (1.66%)
100 RC101 3193.26 628.72 677.95 49.24 (7.83%)
32 A-n32-k5 616.52 438.72 517.68 78.96 (18.00%)
33 A-n34-k§ 967.45 443.89 492.44 48.55 (10.94%)
37 A-n37-k5 968.33 475.69 530.94 55.25 (11.61%)
39 A-n39-k5 772.99 511.62 561.52 49.90 (9.75%)
31 B-n31-k5 571.61 285.91 288.07 2.16 (0.76%)
34 B-n34-k5 627.99 312.22 317.09 4.87 (1.56%)
38 B-n38-k6 818.62 347.92 351.17 3.25 (0.93%)
39 B-n39-k5 824.57 311.57 318.95 7.38 (2.37%)
16 P-n16-k8 154.42 130.53 154.42 23.89 (18.30%)
19 P-n19-k2 171.67 169.38 171.67 2.29 (1.35%)
22 P-n22-k2 185.99 171.69 186.00 1431 (8.33%)
22 P-n22-k8 500.84 278.44 278.44 0.00 (0.00%)
RC 101 25 A-n35-k5

Figure 9. Heuristic Solution for a Solomon RC101 Instance with Node Size 25, and an Augerat A-n33-k5 Instance with Node Size 33.
Red-dotted Lines and Blue Solid Lines Represent Micro-mobility and Truck Trajectories. Best Viewed in Color
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Figure 10. Solution Improvement Rate Compared to Single-Mode Route Solution
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Figure 11. Sensitivity Analysis Results of Altering the Weight, Capacity and Possible tour time L, respectively
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