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Fig. 1 The integrated three-level distribution network of trunk-branch-terminal
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- PN AR N ” | KEVHE AT p 5 4 R
1 T ] R AL b g AT B R A R TE - km ) o
. INEIAR T B B K 0 , NI T N ¢ B , e
2 N N S ij = N _ Cij = N2dy;
T I A3 b ‘ {0 17 30 B 72 B AR (RS T + k) 7
PN R : KRN p BT S : :
Vl N _ 50 t/’(l P . e t/ﬂl - d/’(l /Vl
WAL km « h D) q BT Bl R ) B b
INRIAR ZE Y A5 B , INIIAR T N ¢ BT .,
Vv, 40 L i N A t;=d;/V,
PREE (B km » h™ 1) 7 B9 AT B s ] CBAA < )

TEia, b, Ma, b, /3HFRREES 1B p MRl q WARFRME a0, Ma; b, S3 0 RARBCIEES 2 BrBe sl MY )

i AL FRAH o

FE RS T T 2550 BRIV BEaR 5 1 B B A 7 B AR o e g i B 48] R SR I BC R 5 2 B
B C 28 A A B A o Py o P 2 SRR A T B B A R B DX s S B P R R A BRI R
at AP, BCRE A 2 B B IR A5 B0 AR N BC AR A 1 B B IR 45 Ha 1Y SR, L A A B i Y 22 B

R

T 1) RS2 2% J3E 75 THT Wit 25 0 A Xl 6 2 A v 0 2 A 80 T it o I 50 184 o, A 280 v ple 3 28
SSORN 24 2% P R0 S 3 0 S S8R RS A X B2 LSRR S T 1) R0 R
T 2 O A DX R B P e TR R LA R e 2 R X T SR A ) 2 W AR 33 i)
SE DI O RSB TP A A BORN R o Al 2 DLSR R e SR A Sk A BIORI SR i 29 SRS Bl ~F X (8 90 AR A
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b 22 LA PRIEAT R B 0 A . R P 30405 RTRL, AP R G RS JOKT TR R AR 2% JBE ) 52 ) i A DX v 0 R A O
7] U2 4% 38 )53 VA T 2 T ot ol X6 0K 1) 850 A2 2% B2 119 2 ) e K
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Tab.2 The test results of small-scale instances

151 2/ AR 4K fe %56 1 BBt Jic 3% 26 2 B Bt
. F#/o6 EBS/oC BHE/s " "

AR %o MU BUA AR/ TS EWIB/E S/ Y% AR/ IE U/ S/ %
3-5-2  4855.6 4855.6 19.2 0 1999 2344 3 240.4 2 66.7 1615.2 4 33.3
3-5-3  9531.9 9531.9 9.8 0 2175 2673 7099.2 4 74.5  2432.7 8 25.5
3-5-4  8012.6 8012.6 5.2 0 2351 3002 4907.6 3 61.2  3105.0 10 38.8
3-10-2  6785.8 7488.3 7200.0 9.4 11179 9974 4216.5 3 56.3 32718 9 43.7
3-10-3 7 277.6 8006.2 7200.0 9.1 11360 10726 3 808.7 2 47.6  4197.5 11 52.4
3-10-4 10 278.3 10 997.4 7200.0 6.5 11541 11478 6 477.2 4 58.9 45202 13 41.1
3-15-2  8505.8 10 665.8 7 200.0 20.3 34603 28025 6 342.5 4 59.5 4 323.3 12 40. 5
3-15-3 11 574.6 12 341.0 7 200.0 6.2 34 917 29 646 6 815.3 4 55.2  5525.7 17 44. 8
3-15-4 11 400.0 12 774.9 4379.1 10.8 35131 31165 5 715.2 4 44.7 7 059.7 21 55.3
4-5-2  5533.9 5533.9 69.0 0 3763 3953 3195.0 2 57.7  2338.9 6 42.3
4-5-3 6 088.5 6 088.5 49.4 0 4086 4406 3420.7 2 56.2 2 667.8 8 43.8
4-5-4  8844.4 8844.4 41.3 0 4550 5078 4951.4 3 56.0 3 893.0 12 44. 0
4-10-2 7 844.2 8199.3 7200.0 4.3 19793 14 138 4 076 3 49.7  4123.3 11 50. 3
4-10-3 10 362.0 11 246.0 7200.0 7.9 20320 15412 5678.3 4 50.5 5 567.7 16 49.5
4-10-4 9 747.9 10 362.3 7200.0 5.9 20812 18314 4 780.3 3 46.1 5 582.0 17 53.9
4-15-2 7 081.9 8112.7 7200.0 12.7 60916 38100 3 157.7 2 38.9  4955.0 12 61.1
4-15-3 13 099.7 14 547.7 7 200.0 10.0 61 553 40 449 7 605.4 5 52.3  6942.3 21 47.7
4-15-4 10 291.3 13 236.7 7200.0 22.3 61976 42552 5180.1 5 39.1  8056.6 25 60.9
552 5130.4 5130.4 712.4 0 6461 6465 2494.4 2 48.6 2 636.0 7 51.4
5-5-3  8483.1 8483.1 4938.0 0 7279 7370 4109.7 3 48.4  4373.4 14 51.6
554 9552.1 9552.1 321.0 O 7997 8275 4 358.6 3 45.6  5193.5 16 54.4
5-10-2 7 930.3 8570.6 7200.0 7.5 31241 19215 3508.3 3 40.9  5062.3 13 59. 1
5-10-3 10 391.4 12 785.2 7 200.0 18.7 32174 20944 6 354.7 5 49.7 6 430.5 19 50. 3
5-10-4  9395.2 12 061.7 7 200.0 22.1 33021 25500 5 257.1 4 43.6 6 804.6 19 56. 4
5-15-2  7112.5 8799.7 7200.0 19.2 95155 49 190 3 216.1 3 36.5 5 583.6 15 63.5
5-15-3 10 244.9 14 173.3 7 200.0 27.7 96 087 52095 6 417.6 5 45.3  7755.7 21 54. 7
5-15-4 12 293.5 16 532.6 7 200.0 25.6 97 203 55268 6 329.3 6 38.3 10 203.3 31 61.7

T AT FOR R4 R .

4.3 ETERAEENAMREFRBELERS W

BEXS B3R 8 AN MU ) T, A5 R K AT RO 25 20 3 A By CPLEX s % X080k BEAT SR A, 4 Rk 3 o
Horb 55 1 S0 B S SO 3R 2 AHIA) L5 2~6 4143 38 CPLEX AE 2 h IWRAFI T 5L, 5L T dE 2 iy
I [R] AR 760 v (1 ke S A o 0 AR o g 2 SRR 5 7~ 8 B 43 i e Ui e SO R A5 4 S R T A B 1 i [R]

MR 3 AT X T RS (51 A SR figp ) B SR A S BRI 29 RO BOR B 3 S B0 CPLEX S REAE MUE 1Y
2 h N ARAS b R RTAT A 5 AR SCRr BT 89 05 e sUBVE AT LLFE AR R I ] A A R AT i B 2 A 3K B B i R AT
2, I B RES AU CPLEX o R0 SR At 3055 v 1% R RLASE T 2% [) T,
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Tab.3 The test results of large-scale instances

CPLEX RN E W7
RPN
T8/ /7t B ] /s A /A 2B/ A HArfE /7T A Ta] /s

7-10-8 24 280. 8 — 7 200 82 489 59 863 67 570 0.05
7-10-10 29 369. 8 — 7 200 88 395 66 598 59 197.5 0. 06
7-15-8 34 731.1 — 7 200 207 803 119 026 104 337 0.06
7-15-10 43 150. 9 7 200 213 929 129 332 87 164 0. 06
9-10-8 35 362. 0 — 7 200 159 611 102 768 92 686. 1 0.06
9-10-10 41 321.7 — 7 200 157 013 100 808 91 704. 6 0.06
9-15-8 50 111. 0 — 7 200 365 945 181 565 121 439 0.08
9-15-10 57 621. 0 — 7 200 381 479 198 119 142 920 0. 09

4.4 FHEAITEREIERXSTEHIIEDHF

TESC BRIz 8 240 5 R T AR s [8) 6 2 40 B 0% 47 3 %) B 0 77 A B a0 T 5 ) 2 0 1 T e B R R O 2
2o MRS B R AR B RDR BC 2% 7 28 05 ), AR SORA S BB T R /N 8% 4 B3 K TR IS R) 4303k 16,10 h 1)
T B % 1 TR NV A K T AR ] A W4 48 3 12,8 h AIEEK F) 20,12 h B, £ 4 T 9 Meeg Ik
R B, R BT 3 FPAS R ZE 3 e K T VRN () 3% 8 R A IR A5 R, Hoh 5 1 e 16-107 KR K NV EL AR
Tt K TAERF A 43508 16,10 b, Hi Ay A b 284 s 50 6 RASE () EL AR & SC 5 3% 2 Al

FRAEZE 4 AT . 1) MK /NALE 4 5 K T AR [B) 4390 46 4 21 12,8 h J& 84 30 s B T A7 A 5 b T R 5 15
R AR 5 ABREIN 5K N ZE i K TAERT A 43502 16,10 h A4 BUAH L, Bk 55 1 B B 42 4 % 428 1
A I 52 R 4 A 53 3 S48 0 T 34, 5 %0 K1 60 %6, B2 55 2 B B 2 0 1% A2 B A ] A2 IR 45 A JEAE Ak {H A8 )
AT 38. 2% BAE AN T 20. 0%, 2) M RBAR A /NBIAR B K T /R A SE K F) 20,12 h
Ji s BT A S0 R A SR AT e LA 5 0 T e BT & 5 K /NN R A e K AR R IR 43 500y 16,10 h B B AH L
BC % 55 1 B B 1 26 00 B AR A 0 1 7 OR 2 AR 43 0 S 3938 0 T 14,6 Y00 27. 8 %0 FL 3% 575 2 B B 2 7 I A8 AR
0 2 R 22 JRAS [R)RE TEAE A AHAE S AP 3 T 172, 2 %, BURASE T4 T 9.3% ., M FRGE B
JEPANTR 1) 45 085 (SN R 0% 4 5 R T AR I R) 5 o [)— 4 K R 0% 22 P0A T 14 3% A 55 Bt 22 sk 2 (g o, 58
BLak 5 1 B BEGE BR AT 55 BT 5 UK 20 45 it Bl =2 386 n (oo 20 ) o PRI e 326 38 1 B BB %) B AR A 388 o (B0 D) 5 [R) s
1T R B OR A BT 55 J8 3 Bt 2 A i (s K0 8 9T 48 1 it 3 81 X3 v 6 PR 11 i U e 25 4R T (ERE JR D L R
LA 2 B BB A TR DR IR /N (1 B ) 9 s T TR A D (B ) IAEST AR . 2) BLRESE 2 BB/



84 FRIFHAFFRCEARR ¥ https://cqnuj. cqnu. edu. cn # 41 %

B A A A B /N HLAIRAT 38 02 55 R 48 08 S TG 2% A% B 52 ) 1 4 o B AR B R AR I I S BN A AR
F14 5 R T A BT (6] 81 R X PR 2 2 o B 4 0 i A AR [ IR 2 AR TGS TR . 3) A AR AR MR 4 LA 7E A
JEAS o L R AR RO TR A PR s SRR B9 8 Al SRS IC R AR 1 B B AR 0 I AR A A [ E TR
AR S L T AZ FL 3R 5 2 B B AT A S i A /N

x4 FAEFRATERHETHURER

Tab. 4 The test results of different maximum working time of vehicles JG
BAT. . ) LA
AE Bk (] e 3-5-2 3-5-3 3-5-4 4-5-2 4-5-3 4-5-4 5-5-2 5-5-3 5-5-4
B 4855.6 9531.9 8012.6 5533.9 6088.5 8844.4 5130.4 8483.1 9552.1

Bopews 1 AR 2640.4 5899.2 4007.6 2595.0 2820.7 4051.4 1894.4 3209.7 3458.6

WrBOlAS YR % A 600 1 200 900 600 600 900 600 900 900
16-10
B 4% AR 724.0 812. 6 931.5 1078.8 1055.3 1377.0 1134.1 1359.7 1792.9
Bl 56 2 ) ‘
) IR 4 A 800 1 600 2 000 1 200 1 600 2 400 1 400 2 800 3 200
B Bt i AR
TE] A 91. 2 20. 1 173.5 60. 1 12.5 116. 0 101. 9 213.7 200. 6
B A — — — 7 639.5 7 898.8 — 5130.4 9461.8 11 540.5
Blsess 1 BEARRUR — — — 4127.4 4031.0 — 1894.4 4097.5 4 944.4
MrBCAs R4 A — — — 1 200 1 200 — 600 1200 1 500
12-8
12 AR — — — 1078.8 1055.3 — 1134.1 1359.5 1792.9
BLitss 2
) IR ZE AR — — — 1 200 1 600 — 1 400 2 800 3 200
By B AR AR
FEST A — — — 33.3 12.5 — 101. 9 4.8 103. 2
B 3795.2 6059.0 7947.8 4739.7 6070.5 8407.7 5130.4 8052.3 9552.1
Moaess 1 BRARRA 1865.1 1812.6 4007.6 1904.8 2691.7 3975.5 1894.4 3215.0 3458.6
BrBOlA IR 4 A 300 600 600 300 600 600 600 600 900
20-12
AR AR 724.0 812. 6 931.5 1080.4 1055.3 1374.5 1134.1 1354.4 1792.9
Bk 2 §
) IR ZE AR 800 1 600 2 000 1 200 1 600 2 400 1 400 2 800 3 200
B Bt A%

FE] A 106. 1 80. 0 408. 7 254.5 123.5 57.7 101. 9 82.9 200. 6

4.5 ZEAEMRHMEEARZOZWS

BT b /N BT S5 R O i — B ARG/ A A A X AR A 2 B B A A R A VIR 4 07 SRR L TR
KNI A R TAERHA] 23504 16,10 h AT 20,12 h X 2 MO0 R G RCRE S 2 BRI R 78 bk 6 ¢ 42
FEh 12 ¢ AR T3 2 P RENE AT e Al 69 9 AN AT KX B A L Tkt SR L 36 5.

H 2 5 AL D R N G R T AER A 43 508 16,10 h (R 6L F . 4/ N R R 5 R RH i 6 « 271
12 ¢ B IR S 2 B B AR I A A R I IR G AR 4 S A T 14, 9 Y0 RN 38,6 04, {HLAE T LA ST 25 446 in
T 61.6% Bt 2 Y BEE AR F AT 27. 0%, 2) R NRGRZEHR R TAERHR 43518 20,12 h 945 &
T YN R R R 6 ¢ $2TE N 12 ¢ B BCRE SR 2 B BE AR 0 I AR AR R ] S UR 4 AR 43 BT 808 0 T
10. 2 %61 38. 6 Y0 AR AT BUA RN T 146. 020, FLiE 5 2 My Bt SRR P WA T 23.3% . B R 2452110
TR R Y R/INEI R A AR L A — /N R AR AT 3% B AT 55 30 L 8 iU 2K 5 2 B Bk SR AR 55 T T UR
BB D R B RE A 2 B B R A D s [ N B A AT AT 55 R AR L e T AR A B P 6
JBE (1% ) 4iE J5 B 25 ) 77 A T i B T A T 9 A A B0 L T A A 2 AR S AR . b4 Ll X e 5 o 4 B
RIS TR 4E R T LA L 3 TN 6% 75 2 25 e kL 26 58 2 B B IR 4 50 T T 6 S A8 5 Wi A K T 2E K 2 A
Fe R T AR ) 6 FL 26 55 2 B BEUR 22 4500 S P 36 B% AR S8 M 5 /N, i — 20 00 0F T/ FL 2656 2 B Bl 2% r R R 852
il F R A i AR R K TAERT ], DA, H R A 7 S PRz 8 v gk R 538 10 2 B RN IR A B O R TR IR ) mT A
A 8 A 250 Hb AT T 3 B
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x5 TRAEFETHUXER

Tab.5 The test results of different load capacity of vehicles JC
K NBIBR A d KT AR [H] 4359 9 16,10 h R /INEUGE A f R AR E] 435302 20,12 h
S RAR NIRRT 6t NIRRT 6t

B 5 2 P B RRA  BARMA IREMA  BIRA MRS 2 MERERA BEERA RENA HEIRA

3-5-2 1615.2 724.0 800 91.2 1630.1 724.0 800 106. 1

3-5-3 2432.7 812.6 1 600 20.1 3 646. 4 812.6 1 600 80.0

3-5-4 3105.0 931.5 2 000 173.5 3 340. 2 931.5 2 000 408. 7

4-5-2 2 338.9 1078.8 1200 60. 1 2 534.9 1 080. 4 1 200 254.5

4-5-3 2 667.8 1 055.3 1 600 12.5 2778.8 1055.3 1 600 123.5

4-5-4 3893.0 1377.0 2 400 116.0 3832.2 1374.5 2 400 57.7

5-5-2 2 636.0 1134.1 1400 101.9 2 636.0 1134.1 1400 101.9

5-5-3 4373. 4 1359.7 2 800 213.7 4 237.3 1 354.4 2 800 82.9

5-5-4 5 193.5 1792.9 3 200 200. 6 5193.5 1792.9 3 200 200. 6

K /NRUGE A f R AR 8] 435902 16,10 h RN A f R AR 8] 435002 20,12 h
CERUIPIR AN AR T 12 NI AR 12

WOk ER 2 B BOliA BRI IRAEA BRI MR 2 B BORA BRMAR  IRERA TR

3-5-2 1402.3 709.7 600 92. 6 1433.0 709.7 600 123.3
3-5-3 1729.8 697.9 1 000 31.9 1 .807.9 697.9 1 000 110. 0
3-5-4 1 965.7 735.4 1 000 230. 3 2 211.0 735.4 1 000 474. 4
4-5-2 1858.1 995. 1 800 63.0 2 106.7 995. 1 800 347.6
4-5-3 1997.6 956. 9 1 000 40. 7 3441.8 956. 9 1 000 1048.2
4-5-4 2 481.0 1085.4 1200 195.6 2 591.4 1085.4 1 200 306. 8
5-5-2 2 152.7 1028.5 1 000 124. 2 2 152.7 1028.5 1 000 67.2
5-5-3 3 142.5 1068.2 1 800 274.3 2971.8 1 068.2 1 800 115.2
5-5-4 3314.8 1287.4 1 600 427. 4 3133.8 1287.4 1 600 246. 4

5 ZRiE

LR SR TC K 0 4 1 787 e S 1 240 W DR R I AV A L D () 3 A B SRR L 0T T e Sk R AT P T R E AR
TERENS SC BL A M2, DRGSO T WL R Aol 52 Pz B R AR, 5 I8 2 2 3 2 1 b L T R T I DR RE 56 R R
R L SR TR 20\ 32 2 TE 6 T ) 8 45 PR 3K 0~ - S 2 W ) 6 PR A 7 BF S o e T 482 0 S el T 1) 7 1) 22 R
sty e K AT 0 B B A AR TR RO X B AT T IR AR

ASCE e T LABCIR S 1 B4 B AR A | I IR A A AL I 5 2 9 B 4 0 B A A | I R A R
A RS A Z R AL B AR BOR A R BOW S AR R L SR Ji5 B T 1Y 29 R A5 RO A2 i R ) B AR SRR BT T R AL
J S AR B fi i 2 T AR SR SCHRAE I 27 AN/ N ALBESE B AN 8 AN B R UL () kA7 B 5 . SR 2 R R T
D) ARSCHTBTBIBER T AR 2 h SRR 5 A XSO L 20 AR 5% B R A 4 P R ol B9 530 0010 L R A B
R SR A BE 7 5 T AR SO BT A9 3 e 3Rk 7 R o I 1) A BB o fie B S v ) RO IR] R, 2) ) L5 23 T2 B 4 1)
FIUASE I DX 388 a0 P2 A 50 v B A A1 80 T TR o X8 50 % o 2 I v R B A SR TR R 4 TR 1
B R DX PP P A BOKT TR A 2% 38 F) 52 MR U 22 8 it o I B80T R) R A2 R JEE Y S i B /N . 3) R TR/ LB R
11 ERIE 3K A o PR 5 Bt 25 A 91 RS I, S22 B OIR A% 500 09 R AR TS B S R TS 6 A B S B
4) JE R AT f5r AR IR ), 2 PR IR 4 80 el R A R TRC K AR B R T B IE B 2 B B A R RR
] D322 I B 549 2 508 R Wi B A
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AR SO T P B 4 ) B A B8 L T L0 R Al S B iz B P I TR SR . BT TSR )
1655 B IR AR v AR 4 ARl A AT IR R S DAL 2 A JZ PR T ER RO 2% L R i 2 R LA R T - SR IR A I
BT 58 AT BT R Al S B 2 G 6 0 28% e AR P ) 32 A R AR W s A AR . E A L S R A TR 6 7 56 e D
IR UK ) A S50 o 9k TR A R A I 328 AR L G R Sk T S T g Al B T AL 1 R A L 4 Al R AR A A
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Special Topics on Operations Research and Modern Intelligent Transportation

Multi-Commodity Two-Echelon Vehicle Routing Problem with
Split Delivery and Soft Time Windows

XU Dongyang'?, LU Chuang’s WANG Lijuan’
(1. Institute of Management Science and Engineering, Henan University;
2. School of Business, Henan University, Kaifeng He’nan 475004 ;
3. School of Economics and Management, Chongqing Jiaotong University, Chongqing, China)

Abstract: As crucial components of logistics and distribution in e-commerce enterprises, the coordination and optimization of trunk
and branch routes have significant importance in cost reduction and efficiency improvement. Based on the operational characteristics
of trunk and branch logistics, the two-echelon vehicle routing problem involving soft time windows, multiple depots, multiple
commodities and split delivery is extracted, and a mixed integer programming model is established with the objective of minimizing
vehicle routing cost, fixed cost and penalty cost (violation of delivery time requirements). Employing a greedy idea focusing on
dispatch frequency and transportation distance savings, an efficient heuristic algorithm is designed and validated through experiments
involving 27 small-scale instances and 8 larger-scale instances. The experimental results show that: 1) The proposed model can
solve instances involving 5 distribution centers, 20 satellites, and 4 commodities within 2 hours by using optimization software. The
proposed heuristic algorithm efficiently produces feasible solutions for large-scale problems in a short time, demonstrating superior
solving capability and efficiency compared to CPLEX. 2) The complexity of the problem increases sharply with the increase of the
scale of the instance, and the number of satellites has the greatest impact on the complexity of the problem, followed by the number
of city distribution centers, and the impact of the number of commodity types is the smallest. 3) For small-scale instances, linehaul
distribution costs account for a relatively large proportion. With the increase of the scale of the instance, the number of vehicles in
the delivery level increased significantly, which leads to a significant increase in the distribution cost of the delivery level. 4) After
increasing the maximum working hours of vehicles, the number of vehicles in the linehaul level decreases significantly, and the total
cost is significantly reduced. With the relaxation of the capacity limit in the delivery level. the number of vehicles used in the
delivery level was significantly reduced. The research results can not only expand the existing theory of two-echelon vehicle routing
problem, but also help eccommerce enterprises to achieve efficient and collaborative operation of multi-level distribution networks.
In addition, by optimizing the distribution schedule and reducing the number of dispatches, it will help alleviate the pressure on
urban traffic and improve the urban traffic environment.
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