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Fig. 1 Truck-drone collaborative distribution with drone resupply
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) H bR AE A bR B PR E R W KB 1 S TEAPLEC LT 80 R Z T s M A IR R A b % AT AR i
SO ME — T R A M BRSBTS . B LR R AR A T AHLEC R Y AN R 3 AL IR A T A BL D 3%
=

2) WEAREN BB T AWK R L 3 AN HAERRE SR ARG A, TR A R R B AR R
R B Je oA ) H AR B BR X H AR5 i fe K5 T i A BB R B A rp . R LR EAE S BER A R
AT AR A I A I R IR

3) BEHLBIR AR AR R U T BEALREBR 2 22 3 DB R BV AL LA BOAT B A, BEALBIR A B T8
AR T AL A R AT 8 A e 388 5 B ) DR

4) BEPLIE IR R KRS S5 T PR I — B R AT AR B0 S ARV A, IR A AT AR MR R AT 3R
F R R IRV i — R R R AR v 1 s BRI S RS B A A AR IR Y A A AU AT A v I R
Vil 7 S =S o T I 00 1187 N = M o S, 2o o e i1 S0 37 NS N A B e Ve o1 S
Vi) ] B 388 fin 7 50 1) B AL

EEXTR @R T 3 MEEA T

D) SRS T - 1 B A g0 IR 42 v AT T IR TS A R R S AT IR . A HI R
FAE r, >0, €Q, Um B FAE WFEFTA i or, >0 HEEEEE CATERAR DA 1 AR SUIRGE 1Y SR RAT AR 1Y
R PR IZE R R L R AT Ak R B AT AR IR R — N IR T AT R AR R AT B AR R R
ST AT AR R BT I AR IR RS SRS R R IR A5 AT AR B L T A T AR L A
NJGE 0 EHARE 5 B AR B 4F 0900 &6 A, F S BE , BRI IR R 2B & 58 i, 763 P T A AT A A B
B EARER L WIRAETE 1. >0, €Q, Um , BREIR S Q1B AT A 7B 5 SR 1L

2) BEPLIE AL F - 8 5 I WA JC 4 B8 R A I 1 1) AT AR, 5 A7 A AT T A B e 0 D B ATL 20 i — 4 A I i 4
% RATBEAR s B ANAEAE DK i ©AT B AR 00 T 0 05 AR B3R s 6 5 . Bl B 3K 1% 79 A R AL AR A BT i A i o7
B RVRE LS G B 19 AT AR . 0w AN 88 n B39k B BB ML L 3k G B A DR B AR AR

3) Ja MR AT B S WA B R B AR T AT IR TR S BRI S AT IR AR . A A
BAAE r. >0, €Q, Um AR WRYE »,>0,i€Q, Um BIEFTA W AR S BEESHEGNES. B
AU EHARE O 88 O B4l A& 16 NP IR AT AR 10 s B TE A5, A5 DRE AT A2 rh T AT 5 4
IMABEREIR S AL . ARG X B IR 4 o 7% i A 38, 31 55 BT A B B R A S R AO, B8 AO e Ry . 18 &=
EhREME. BT RALAN A0, EE R, BRI SRR s g . 5 M SR AR
BRAR A B HARE R 2Z MR A0= [0, —O, [TEG B X B AN B R R T 00358 1 C AT 1R,
2.4.3 BEZHEMNMBEMIE

Shy RV B 0 8 N 30 e 1 A 1 DRI 5 1A 3 A 40LIE K 1 DAy o v Ok 42 52 e 25 W i, NI 7 &2 0y 48 50
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[ Ohew) —OCeun) |

effe, EL0. 1 ]HRBENLAE K .2 e<<P BF. 3232 MM Y B ML T 400 P=1, %0 P=e
EFRHERERZIFEHRE+D=XEm) . X E W/NIZIEIRE E (end) I, 1B K 58 0L TF iR — %1%

F 38 B AL A A AE B T AL . B PR A A AR TR AR B8 Bk B R AR BB 4 S T . B
THREFEAR ¢, =a X, +U—a)A,/B,.¢, WET i BNE.« BNEEFER.A, ZRE T HWEGS.B,
FORTF R, AR R ACE LB T R BER B E S BT 45 R R A5 o R R
TR B PP R R R
2.4.4 HEMABEHERRR

AT, M0 R Ro< R, . mMf# Ry <Ry

IR 2, BT ¢, ¢, ER TRk, gk 5+ ¢ X R, HATROR BB E 5 X R
MR eI 2 AR BHT# R .

AR 3 HE R, BAFME Oy s 1R 0,0, <O o sR <R o » AT T 4, B AT TR 5.

IR ALHAIWIES 0,0 <O o s M Ry <R H TG R o PATL IR 6 B WEF1H 0 R o, . PATL IR 6,

AR 5, T AR K 2 o R T S 2 i BEALE I e s iR e<<P W R, <R ... B TFHS N o,
BWAHEZ R o HF 53R o,

BB 6 MIER TR 0 BHEF LMD I~ to, BHEFHE ¢, . ¢, .

HHR T, E<BXE, MR E<E (end) , WIEARRBE I 1 R PATH IR 7, FW AT LR 2,

IR 8 WA AR EEE LR E<E)  BATH T 2. B S5 R R b a0 i .

3 HEfxi

3.1 XWiIEE

FERISR A Gurobi 10. 0.1 3R A BF A SR i 7 349 % A Python 3. 11 S5 . Fr A7 i A it R 78 Bl B 4 Intel
(R) Core(TM) i5-8300H CPU @ 2. 30 GHz.8 GB RAM,Windows 11 it 4L FiE17.

A% Solomon VRPTW e 4 C101.C201 , 4% FRAH [F] 7 (8] PR B 35 AN 49 S0 B L 7F 35 A i &
Fig R [] 18] B BB 5 A7 B R b 8RS B, AR i N, =30, M, =5 19 AR V, RN, =60, M, =10 (175 & B
V, . R PAERY T N F BT =480 min) , | B4 [R]AR H5 90 b1 A2 Bl AL A= B 3T 358 4 I i e [0, 10 ] =22 1]
(SR WA S o A 7 = o2 e U S N 1 I A B 87 7/ = 0 A /0 N N 1 2 e 7 I T oo el T N e
H A A, =0.015,4,=0.007 5,1,=0. 005, 55w 24 B0 Ay . b -5 f MR- B il G C1-1-1 BPSH C101 Wty
JEALRER VL R BR O A BB, RGO AL T AR ER (50, 0) B AL B L T A 2 ) AR A AR SR S A R B L
ML AR R L AR IR B . A B8 ) 359 R F SR A 5 98 AT DR 5K SR il I A2 8 43 B 3. 2 v fili L Gurobi 3K i %
A B ALNSA, HARSHORE L% 3,
3.2 HESHEZNER

TR 7 58 R 43 S0 Gurobi SR g 28 AV 2 0047 oA s i 10T S0 0 B0 K R A R AR I A L TR PR AR
NI BB X, =0. 005 HEAT S, 15 AR YR AR E] 1B Ry 1800 s, Hif ) b B PN A fifk 45 5 A A Bt A 4 T SR A
fiff . ARSI Y R SRR 0 SR I R R PR b SR SR A 1 R R GRS A TR SR B B TD P D AR S e R E Y
] AT S W 1T B 4% i 6 1k . CPU B[] SRy R gt 8 v ] B B sl Sk 1) CPU FHIRE B - ) 5 ISR U & T
R AN T TE ML AN R ST Uik 0% B e e — AU R BT A AT B AR (A T 5 F 1) AR 2 4 A8 3R 3% 3K 7
Az AR ST A GBI s MR AR A 5 T R 4 B i — 1 B8 okt 31048 2 40 5% 0 A AT 350 8 AR AR £ 8 A AL T
2 0 B S AN DT BRI AT B AR (BT 2 ) 5 B SAS Ay B U R I Y 36 R AR LA ST AR B kb B AR R
(A7 0D

KgAK 4 P, 78 C1-1-3 F1 C2-1-3 M5 i, B30k B4 R SR A A5 13 5 0 A o A 780 R B30 2k 1% A K R B e 3R
Bl —80, E AN BLT Gurobi 9 CPU B ] b ALNSA %6 (15 O, 3% f ALNSA R 78 45 /N BB sf 4
SR AT — 5 AR EOIT S B0 L 6 SEORS RIS  Gurobi 9 CPU I ] £33 K T ALNSA, 78 C1-2-3 Fil C2-2-3
ST R TR U B A T B SRR R HBT 2k B A SR A B ) BRI O, B S M AU A T KR
[ SR fft IF D, 3R 7E C1-2-3 155 6 YRR LA B C2-2-3 (W5 5 WIR B H B T e Gurobi 3K f# 1 800 s HAR MM .
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Tab.3 Parameter setting table

ZH HuE ik

0" 4 REHE BTG 48 km » h !

" 6 TN BB AL 5% 72 km « b
o 5 AT T AL B B 5205 5% 60 km + b
v 75 7% 53 T8 AL R 2 i JLAR L AL 15 km 22
Q™ 15 T AN I KA L By .

QY 200 N TN RN T R OAY L

C, 0.3 BN BEFATHAA A 1.5 JC « km !
C, 0. 02 BTN B AR TR A AL 0.1 JC « km
Cs 1.5 A 3438 B B ) 79 A6 5T A4S 1.5 9T+ min”
C, 0.03 T T AL AL RS TR BUA B 0. 15 I« km
R 2 I AP

S 60 TT B IR 45 O i B 8], 3247 - min

s¢ 1 RS % FAER, AL min

s 1 52T AMUR S5 % P FERT B0 - min

Ry 30 R AN 3% v R e

T 2 T T AN STAE NS, BA7 - min

3 2 R ATFENT, BT : min
E 100 (SR IR RN VARG

E (end) 10 AL 3B ke 2 11 3 BE L F . C
8 0.97 iR ok A
G1at 0y 1.5,1.2, 0.8,0.6 BT a
a 0.5 BEE Y
A 100 R IEA L

3.3 TAMMERRSH

i R TE A BRI T Ab 6T Lk 65 5 TE AL Tk 523X 2 Fg ol . 40 o A LA BE 9 ROR . TE ALY
FHF BT, R ZE AR R L 26 S8 3 80T B 2 5 T 42 3R AT i rfocs AR 0%, FEEE B Hh & SRR A5 SR 3k 5 ros - T AL
Z 5B T L AR 37,80 %6 o S H B B AN B AR i BB (A S RUAS I A B 22 BE 16 UG AE (50,00 B P B 4
S 1 PN A RE YT £ BLLAR 20. 40 JTL 7RSS C1-1-2 I R W i, BOiA /b 1 48. 44 %,

Ry it — 2 53 JC A HLAN BT B RO, 5 08T TEC 326 O B R AT b0 BT B I O L R TS K P 7 B RCE Ol (50,
—25) AT . S ECEE TP AE (50,00 AN BLAR B BE % rP e BE B 36T PG B B T A ML S 5 AT AR
TR 3 S A AR 45, 75060 RS 1 B R R AR BE T 29 B AR 31,65 JC.

3.4 TAMERBRSH

3BT TE A HLBC 3% B B8R B R A RSk R AMLECER R 43 B 0,2 A 4 SEATRBISCE . R=0
A 6 52 ik AR A FH R 4 B 58 B A0 O S AR A TH B AR BR TE AMLSE . AN 6 P - 36 52 i AR 1 Tt A HLBE 9% A7 2L
PR I LR, RIE B0 TR B S, 76 R=0 Fl R=2 fyX} He . 2 R0 26 I A ML G I A {45 2 B AR - 247 Jisk
T 80. 6300, FEFTBUAE R T 85. 4206, KR BESR & 73X 52 0 MBI M 7E R =0 Ml R =4 fXF L, TE A MLk
B SR EL AT B B O B, B AR B s IR E T 86. 22 %6 L AR ST A SE Bk 4> T 91, 53 % M T R=2.R =14
HYEVBUAS B REAR T 30.85% . R M 2 AT 4 A7k pyule s /b T R N 0 383 2, FEAE D PR B i 4 . X
JEECHTEIT BN R Z WG 00T, AT B[R i (4 2200 AL AR & 80 58 B L 34 4T 55 . B IR B4 R Rl &
ALY [ 5 WA I 2 T A S 0 A o, DR TE 8 1) T AL Al B 22 8 4y, 55 AR 4 S B T B i A Dl T e
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% 4 Gurobi K5 ALNSA KRR &Rttt
Tab. 4 Comparison of results of Gurobi solution and ALNSA

Gurobi ALNSA
B OWE ITHMRE CPU % FEA) e B4/ CPU %R &5l AP BRIA/  GAP
B /s A /o6 WA /JC BAR/JT JG BFE /s BRAS /o6 BRAS /o6 BAR /T JT
1 3 0.06  32.78 0 0 32.78  4.45  32.78 0 0 32.78 0
2 3 0.16  38.02 0 10.75  48.77  6.34  38.02 0 10.75  48.77 0
3 11 6.69  47.55  6.23  12.92 66.70  5.56  47.55  6.23  12.92  66.70 0
4 9 15.37  50.62 21.26 11.65 83.53  6.94  50.62 21.26 11.65  83.53 0
5 9 2.02  36.06 0 773 43.79  6.98  36.06 0 7.73  43.79 0
Cl1-13 6 7 5.20  47.63  16.9  10.75 75.28  9.04  47.63 16.90 10.75  75.28 0
7 5 0.24  46.94  0.40  6.50  53.84  1.30  46.94  0.40  6.50  53.84 0
8 2 0.02  5.88 0 773 13.61  1.24  5.88 0 7.73  13.61 0
9 2 0.02  2.48 0 773 10.21  1.77  2.48 0 7.73  10.21 0
10 2 0.02  42.59 0 533 47.92  1.80  42.59 0 5.33  47.92 0
1 3 0.02  41.15 0 7.45  48.60  4.42  41.15 0 7.45  48.60 0
Bt 56 391.70  44.79  88.54  525.03 391.70  44.79  88.54 525.03 0
1 2 0.02  30.29 0 0 30.29  1.90  30.29 0 0 30. 29 0
2 9 3.25  39.34 0 11.48  50.82  11.30  39.34 0 11.48  50.82 0
3 10 45.19  77.23  66.93  4.06 148.22 21.80 77.23  66.93  4.06  148.22 0
4 14 65.45 56.11 189.58 5.25 250.94 20.18 56.11 189.58 5.25  250.94 0
) 5 9 22.35 21.39 7.20  9.68  38.27 10.37 21.39  7.20  9.68  38.27 0
ces 7 .22 51.72 421  7.36  63.29 8.67 51.72 4.21  7.36  63.29 0
7 5 0.26  24.52 0 2.40  26.92  3.59  24.52 0 2.40  26.92 0
8 1 0.04  38.49 0 12.08  50.57  2.73  38.49 0 12.08  50.57 0
9 6 0.32  33.13 0 2.40  35.53 5.97  33.13 0 2.40  35.53 0
10 1 0.01  49.19 0 569  54.88  1.51  49.19 0 5.69  54.88 0
it 67 421.41 267.92  60.4  749.73 421.41 267.92  60.4  749.73 0
1 7 1.53  37.81 0 0 37.81  9.82  37.81 0 0 37. 81 0
2 8 3.30  39.58 0 3.90  43.48  12.37  39.58 0 3.90  43.48 0
3 13 1800 37.79 10.14  4.74  52.67 16.80 38.15 10.27  4.74  53.16 0
4 13 1800 61.47 27.47  4.74  93.68 18.08 61.47 27.47  4.74  93.68 0
C1-23 5 14 1800 7112 99.52  3.59 174.23 23.03 71.12  99.52  3.59  174.23 0
6 28 1800 71.82 852.12 8.10 932.04 41.45 57.87 515.89 8.10 581.86 —37.57%
7 18 1800 41.54 78.51 13.66 133.71 25.15 41.54 78.51 13.66 133.71 0
8 20 1800 59.01 85.12  6.04 150.17 37.90 59.01 85.12  6.04 150.17 0
9 8  30.18 43.29 63.06  8.61 114.96 15.51 43.29  63.06  8.61  114.96 0
Bt 129 463.43 1215.94 53.38 1732.75 449.84 879.84 53.38 1 383.06 —20.18%
1 13 45.52  59.03  7.19 0 66.22  20.66 59.03  7.19 0 66. 22 0
2 17 1800 44.30 16.16  9.18  69.64 22.32  44.30 16.16  9.18  69.64 0
3 17 1800 60.21 14.68  3.30  78.19 26.93 60.21 14.68  3.30  78.19 0
cops 22 1800 82.89 163.98 8.56 255.43 68.28 82.89 163.98 8.56  255.43 0
5 19 1800 64.24 101.68 856 174.48 64.63 52.93 100.02 8.56  161.51 —7.43%
6 13 1800  36.25 0 3.30  39.55 33.50  36.25 0 3.30  39.55 0
7 15 226.05 40.30 0 7.25  47.55  48.17  40.30 0 7.25  47.55 0
8 6 3.49  56.18 0 556 61.74  10.19  56.18 0 5.56  61.74 0
Bt 122 443.40 303.69 45.71 79280 432.09 302.03 45.71 779.83 —1.64%

1E:GAP 2 ALNSA 5 Gurobi i Sl AS 2 2285 LA Gurobi B9 SUSA  F5€ 100 %6 5 3K f# I 1] A 2R A5t S5 00 5 I B2 T e £ o
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Tab.5 UAVs replenishment effect analysis

P78 T ML IE 17 T N ALIR] b B 3% 17

mfj;” WO BE EE %% BN RRA/ M @t W AME MUK/ GAP
ol mAT RR/E g6 MM/ RR/E mA/E mAE

Cl-1-1 195 7 591.09 3 104.29 3 695.38 9 441.34 2 253.98 78. 80 2 774.12 —24.93%
C2-1-1 190 6 603.54 4 017.56 4 621.10 9 513.82 2 273.90 59. 94 2 847.66 —38.38%
_ Cl-1-2 101 7 540.35 1 270.12 1 810.47 12 408. 28 430. 29 94. 83 933.40 —48.44%
(500 C2-1-2 92 6 557.40 1 060.82 1 618.22 9 489. 67 576. 48 64. 82 1130.97 —30.11%
C1-2-2 189 6 560.07 4 326.15 4 886.22 8 459.71 2 283.73 48.10 2791.54 —42.87%
C2-2-2 194 6 532.95 4 265.65 4 798. 60 9 476. 34 2 249. 34 53.99 2. 779.67 —42.07%
Cl-1-1 195 6 596.10 3 883.17 4 479.27 9 477.62 2 416.07 75. 86 2 969.55 —33.70%
C2-1-1 190 5 581.56 5 450.83 6 032.39 9 517.09 2 861.77 71.32 3450.18 —48.81%
. Cl-1-2 101 6 552.85 2 355.52 2 908.37 10 474. 83 708. 90 69.43 1253.16 —56.91%
(50, =29 C2-1-2 92 5 532.34 2 193.03 2 725.37 9 516. 83 902. 80 71. 24 1490.87 —45.30%
C1-2-2 189 5 578.20 6 645.75 7 223.95 9 485.82 3 362.52 64. 81 3913.15 —45.83%
C2-2-2 194 6 636.77 5 977.57 6 614.34 9 495.27 2 738.04 76. 87 3310.18 —49.95%

TE :GAP R T AMLAN T 5 T AHULAC 36 B4 8 A 2 22 B LT AALALTC 3 A P 3 10094

o6 TANEBBRSMIR
Tab. 6 UAYVs delivery effect analysis

R Ry IR/ HBEREC R/ JE IR/ oT AR/ JE B /JE GAP(O) GAP(2)

Cl-1-1 195 5 576.90 11 700. 81 27.71 12 305. 42
C2-1-1 190 5 568. 20 11 642. 89 32.13 12 243. 22
C1-1-2 101 6 564. 90 6 334. 35 32.18 6 931.43
’ C2-1-2 92 6 518. 40 4 378.71 35.52 4 932.63
C1-2-2 189 5 564. 90 18 019. 59 29.51 18 614. 00
C2-2-2 194 5 549. 00 14 009. 55 30. 89 14 589. 44
C1l-1-1 195 9 441. 34 2 253.98 78. 80 2774.12 —77.46%
C2-1-1 190 9 513. 82 2 273.90 59. 94 2 847. 66 —76.74%
C1-1-2 101 12 408. 28 430. 29 94. 83 933. 40 —86.53%
’ C2-1-2 92 9 489. 67 576. 48 64. 82 1 130.97 —77.07%
C1-2-2 189 8 459.71 2 283.73 48. 10 2 791. 54 —85.00%
C2-2-2 194 9 476. 34 2 249. 34 53.99 2.779.67 —80.95%
C1-1-1 195 9 512. 81 1 541.09 73.01 2126.91 —82.72%  —23.33%
C2-1-1 190 8 504. 69 1 616. 26 78.52 2 199. 47 —82.04%  —22.76%
C1-1-2 101 13 419. 89 267.19 97.76 784. 84 —88.68% —15.92%
! C2-1-2 92 9 511.33 538. 86 63. 38 1 113.57 —77.42% —1.54%
C1-2-2 189 10 468. 62 444. 57 54. 80 967.99 —94.80%  —65.32%
C2-2-2 194 11 478. 03 665. 64 72. 84 1 216.51 —91.66%  —56.24%

H:GAP(ON R 5R J0MEEAZZRL R XN 0By EMATR 100% ,GAP(2) [FH,

3.5 BREREEREH M

b AR BB S b B T AR 2 B RE AR SR AN O T B AR R R . O R 5 IR S5 R B B ] 7R AR Y R e R R
FARBERSE] S 4351 B 60,90 Al 120 FEATX EL RS R 7. 5 S=60 L, S =90 KM B> T A,
Cl-2-2 e R AT 79.93% . MRS ARBERT (] SEAN 5, BF 22 1T B8 6% 422 B 3% 3k, RO Bk 2 T AR S AR . £
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S=90 F1 S=120 iy L IT A C1-1-2,C2-1-2 JEATT L ARBE T AW ] 8 35 ol TR0 40 1T H g

BE7E 90 min PNIXIK AN TG ZEIE N B 22 ) e 55 DR BRI ] o 368 3 08 BOAR 23 7 308 S B, &4 37 S 3 A% ) IRF ] B 7 AN A RE ik

D RER 3 AT INAS  IE B R AT B B B A A R FE S =60 Fl S=120 M LB P AT A B 25 1 12. 484,
®7 REREREDHE

Tab.7 Service support time analysis

S Ry TR/ RHBERE R/ JE IR/ JE AR /T8 B /JE . GAP(60)  GAP(90)

C1-1-1 195 9 441. 34 2 253.98 78.8 2774.12
C2-1-1 190 9 513. 82 2273.9 59. 94 2 847.66
C1-1-2 101 12 408. 28 430. 29 94. 83 933.4
o0 C2-1-2 92 9 489. 67 576.48 64. 82 1 130.97
C1-2-2 189 8 459.71 2 283.73 48. 10 2 791.54
C2-2-2 194 9 476. 34 2 249. 34 53.99 2.779.67
C1-1-1 195 8 452.79 150. 71 54.91 658. 41 —76.27%
C2-1-1 190 8 525.42 343.42 51.35 920. 19 —67.69%
C1-1-2 101 11 417.16 26. 39 83. 57 527.12 —43.53%
v C2-1-2 92 8 512. 60 44. 19 40. 62 597. 41 —47.18%
C1-2-2 189 9 427.99 79. 24 53.09 560. 32 —79.93%
C2-2-2 194 8 423. 26 111. 36 56. 84 591. 46 —78.72%
C1-1-1 195 8 377.39 12.59 70.03 460. 01 —83.42%  —30.13%
C2-1-1 190 7 438.08 4. 46 57.20 499. 74 —82.45%  —45.69%
C1-1-2 101 9 416. 62 0 66. 10 482.72 —48.28% —8.42%
120 C2-1-2 92 8 460. 96 0 50. 45 511. 41 —54.78%  —14.40%
C1-2-2 189 7 375. 38 3.97 40. 25 419. 60 —84.97% —25.11%
C2-2-2 194 8 383.59 0 55. 14 438.73 —84.22%  —25.82%

H:GAP(60O) N S 5 S N 60 BEMAZZRLL S 60 B S A HI 100% . GAP(90) [/ 3,

3.6 RRBIRHIRIT

A 22 A 091 S 8 23 B A B, — U B R TE 6 P I OE TR R B TRE 2 A B I 7 A R R e ) e S )
(4 Fbs s BGHAT R H . U3k 8 Bz A F AR S0 fi /0N A TE 6 A [R] 05 380 451 ok 47 S Ak, 445 53 3 T L g /D A TE 25 s 1)
i AR B PSR AE AR BN U RE IR D I 3R S A i il TR BB . ik S PO TR LATC 26 IO F B B D S o
RIS BN AYTT HIF R ST 18 AR T 55 A B BAS fe /B D H A BE A% S o I5C 26 S IF 1 AT B AR L £ 45
PRI B A TT HRE A DAL e ik TR R LS T AR R BC IS AR

x8 RREWTWR

Tab. 8 Decision objective analysis

T WA i 1% i [i]
" RE/ JHE %2 & R EA AE %% &) B BA/ GAP
Ll WH AR /T BUAR/JE AR /T JG WH AR /JTT RUAR/JE AR /ST I

Cl-1-1 195 9 441.34 2 253.98 78.8 2 774.12 8 463.61 2 962.3 57.82 3483.73 25.58%
C2-1-1 190 9 513.82  2273.9  59.94 2 847.66 8 545.33 3007.88 50.56 3 603.77 26.55%
C1-1-2 101 12 408.28  430.29  94.83  933.40 12 455.77  530.28  86.75 1072.80 14.93%
C2-1-2 92 9 489.67  576.48 64.82 1 130.97 9 536.02 1045.87 57.28 1639.17 44.93%
Cl1-2-2 189 8 459.71 2 283.73 48.10 2 791.54 8 499.56 2 897.10 49.58 3 446.24 23.45%
C2-2-2 194 9 476.34 2 249.34 53.99 2 779.67 9 515.33  2907.8 55.85 3478.98 25.16%

HGAP S5 LB 8] 74 B br of 5000 B A 5 LA AR S B A oR B a5 AR 22 25 B LA LL S SAR SR B b R B R R A P R
100% o



%2 LR, % S B RERTHRLANAR G F F L AN B B A 27

4 B

ARSCER N T2 H R AR 2B I AALAN 6T 04 AL B[R] E 2% 1) AL, 4 C A HLIE 7 48 42 SE g A 58 ST T 45
AR IRT R B L il 25 H R AR L sk, Bt T 2 TR AR G B BOR RIBE R AR g 5 %8 0 T ISR Ik
I AR B AR VR EE I 2 R R A . G R B O R AR Y LA e /N AR S B AR B T T8 AL Y R R S i
B A KA, RV R IE IR IE ORI B T ARSI . O AR SRR AOR L A A B s BT T ALNSAL X
BT REAT T AT PRt L O A B S U U6 U T A R

i 1 — AN S A LT 458

D FTAHLEEH T 25 K 42 S b 67 SO 75 42 3 ) 26 52 19 07 sURE 06 A7 80K 24 H IR O TC 6 AR 4@ 24 H
IS BCIR S . ARBET JC A BN T BE 3% 8915 B 249 95 2 B AS 37, 80 %6 i A BT A 46. 17 00 s AT 0
BN - 2745 29 AR 80. 63 %6 » I/ AE ST LA 85. 42 %,

2) BAHAMEE 257 K 43R [BIAC & e A 52 #1002 8 DAL ke >4 TEE 6 v 3 88 3k T oo i SR JH B AL
KB ROR B G

3) AR B A TE BB X TR 326 AR 10 R W A 7 00 P 8 A 3 DL o B S RE rb T AR 4 3T R RS R TR
R LT,

4) I 55 Dat e p 1] 728 4 AN SR DK i RE 9 /0 155 3 JCAS AR BB (47 S s A s 2 o o 7 7 00 o 80 4 3 DL

5) BT LA/ MEBCIE I 8] 04 H b, AT AR A7 B AS 2 R d /IME D H AR (9 5K % 7 28 BE AL St % JE PR iR
BUTT R, £ i T 2K 04 B P AN AR TR 26 ORI R B

TE LSRR AR 28 7 SR A TC 36 I A8CAS ] 15 00 5 7T A28 iR I 55 % B R 1] A [] ) 8 20 3t 2 e ok
YR BT I R B FE I R, 23 77 AR B W J0 vk S b 2 B R S A OO, S B W) 0T H IR OR L AR S 25T
v, AT R R S8 I ) e/ ME R A B /MBS 2 B ARG .

8% 30k

(1] Arde N RS FE E R E R . MR BUR A A 2023 4R BRELAT M2 4715 5L EB/OL]. (2024-01-22)[2024-04-22]. https://www.
spb. gov. cn/gjyzj/c100015/¢100016/202401/59eeb6e8b0e7404{8127aa2c7aebded6. shtml.
State Post Bureau of the People’s Republic of China. The State Post Bureau releases the operational status of the postal industry for 2023
[EB/OL]. (2024-01-22)[ 2024-04-22]. https://www. spb. gov. cn/gjyzj/c100015/c100016/202401/59eeb6e8b0e7404{8127aa2c7aebded6.
shtml.

[2] ZHANG J, VAN WOENSEL T. Dynamic vehicle routing with random requests:a literature review[ ]J]. International Journal of
Production Economics,2023,256:108751.

[3] AZI N, GENDREAU M, POTVIN J Y. A dynamic vehicle routing problem with multiple delivery routes[]J]. Annals of
Operations Research,2012,199(1):103-112.

[4] KLAPP M A,ERERA A L,TORIELLO A. The one-dimensional dynamic dispatch waves problem[]]. Transportation Science,
2016,52(2) :402-415.

[5] KLAPP M A,ERERA A L,TORIELLO A. The dynamic dispatch waves problem for same-day delivery[ ] ]. European Journal of
Operational Research,2018,271(2):519-534.

[6] KLAPP M A, ERERA A L, TORIELLO A. Request acceptance in same-day delivery[ J]. Transportation Research Part E:
Logistics and Transportation Review,2020,143:102083.

[7] ULMER M W, STRENG S. Same-day delivery with pickup stations and autonomous vehicles[ J]. Computers &. Operations
Research,2019,108:1-19.

[8] DAYARIAN I,SAVELSBERGH M,CLARKE ] P. Same-day delivery with drone resupply[J]. Transportation Science,2020,54
(1):229-249.

[9] CHEN X W, ULMER M W, THOMAS B W. Deep Q-learning for same-day delivery with vehicles and drones[]]. European
Journal of Operational Research,2022,298(3):939-952.

[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].



28 Journal of Chongqing Normal University (Natural Science) https://cqnuj. cqnu. edu. cn Vol. 42 No. 2

Transportation Science,2018,52(4) :965-981.

[12] POIKONEN S,GOLDEN B,WASIL E A. A branch-and-bound approach to the traveling salesman problem with a drone[]].
INFORMS Journal on Computing,2019,31(2) :335-346.

[13] ES YUREK E,OZMUTLU H C. A decomposition-based iterative optimization algorithm for traveling salesman problem with
drone[J]. Transportation Research Part C:Emerging Technologies,2018,91:249-262.

[14]1 HA Q M,DEVILLE Y,PHAM Q D, et al. A hybrid genetic algorithm for the traveling salesman problem with drone[]].
Journal of Heuristics,2020,26(2) :219-247.

[15] PENG K,DU J X,LU F,et al. A hybrid genetic algorithm on routing and scheduling for vehicle-assisted multi-drone parcel
delivery[J]. TEEE Access»2019,7:49191-49200.

[16] MOSHREF-JAVADI M, HEMMATI A, WINKENBACH M. A truck and drones model for last-mile delivery:a mathematical
model and heuristic approach[]]. Applied Mathematical Modelling,2020,80:290-318.

[17]1 BOYSEN N, BRISKORN D, FEDTKE S, et al. Drone delivery from trucks: drone scheduling for given truck routes[]].
Networks,2018,72(4) :506-527.

[18] HUM L,LIU W D,LU J Q,et al. On the joint design of routing and scheduling for Vehicle-Assisted Multi-UAV inspection
[J]. Future Generation Computer Systems,2019,94:214-223.

[19] MURRAY C C,RAJ R. The multiple flying sidekicks traveling salesman problem: parcel delivery with multiple drones[]].
Transportation Research Part C:Emerging Technologies,2020,110:368-398.

[20] POIKONEN S,GOLDEN B. Multi-visit drone routing problem[]]. Computers & Operations Research,2020,113:104802.

[21] KITJACHAROENCHAI P,MIN B C, LEE S. Two echelon vehicle routing problem with drones in last mile delivery[J].
International Journal of Production Economics,2020,225:107598.

[22] LUO Z H,POON M,ZHANG Z Z, et al. The multi-visit traveling salesman problem with multi-drones[J]. Transportation
Research Part C:Emerging Technologies,2021,128:103172.

[23] PINA-PARDO J C,SILVA D F,SMITH A E. The traveling salesman problem with release dates and drone resupply[]].
Computers & Operations Research,2021,129:105170.

[24] PINA-PARDO J C,SILVA D F,SMITH A E,et al. Fleet resupply by drones for last-mile delivery [ J]. European Journal of
Operational Research,2024,316(1):168-182.

[25] PINA-PARDO J C,SILVA D F,SMITH A E,et al. Dynamic vehicle routing problem with drone resupply for same-day delivery
[J]. Transportation Research Part C:Emerging Technologies,2024,162:104611.

Optimization Algorithms and Its Applications

Truck-Drone Collaborative Distribution with Drone Resupply in the Same-Day Delivery

MA Yunfeng'?, OUYANG Lijun', HU Jian', HU Yina', REN Liang'”’
(1. School of Management, Wuhan University of Science and Technology;

2. Center for Service Science and Engineering, Wuhan University of Science and Technology, Wuhan 430065, China)
Abstract: E-commerce companies have implemented the same-day delivery model to meet customers’ demand for prompt courier
services. To enhance delivery efficiency and reduce costs, the use of drones in collaboration with truck delivery and replenishment is
studied. Divide a complete delivery cycle into multiple scheduling decisions based on the completion time of the delivery, and the
solution of each scheduling decision is based on enumeration. The problem is decomposed into multiple mixed integer programming
subproblems, and the efficiency of solving the subproblems is improved by using an improved adaptive large neighborhood search
algorithm. Experimental results demonstrate that the enhanced adaptive large neighborhood search algorithm significantly reduces
solving time without compromising solution quality. Furthermore, compared with using UAVs solely for replenishment or delivery
purposes, the simultaneous utilization of UAVs for both replenishment and delivery effectively enhances distribution efficiency while
reducing overall costs.

Keywords: same-day delivery; drone resupply; truck-drone collaborative distribution
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