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Abstract; Transshipment hub ports typically handle high-density water-to-water transshipment, while limited port resources
pose significant challenges for efficient berth scheduling. To address this issue, a berth scheduling approach integrating
multiple transshipment modes is proposed by incorporating a double-berthing operation, which allows vessels to berth side-
by-side at the same berth and conduct direct transshipment via quay cranes. The double-berthing operation is further
integrated with indirect transshipment and improved direct transshipment to form a coordinated transshipment framework. A
mixed-integer programming model is formulated to jointly determine berth allocation and transshipment mode selection, with

the objective of minimizing transshipment costs and vessel-related operational costs. The model incorporates practical
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constraints including transshipment time windows, vessel matching relationships, and quay crane width limitations. To
solve the resulting complex optimization problem, an Adaptive Large Neighborhood Search ( ALNS) algorithm is developed.
Multiple destroy and repair operators together with an adaptive weight updating mechanism are designed to enhance the
exploration capability and computational efficiency of the algorithm. Computational experiments of different scales are
conducted, and the proposed algorithm is compared with the Gurobi solver, Genetic Algorithm ( GA), and Simulated
Annealing (SA). In addition, weight sensitivity analysis is performed to evaluate the robustness of the model under
different cost weight settings. The applicability of the proposed approach is further verified using real arrival data from
feeder berths at Shanghai Yangshan Port. The results show that, compared with traditional scheduling schemes, the
proposed approach significantly reduces vessel waiting time and overall completion time while substantially decreasing truck
transportation and yard storage costs. Specifically, the total vessel waiting time is reduced by 63. 48% , the total operational
time by 5.73% , and the overall operational cost by 65.09% . Furthermore, the improved ALNS achieves solutions within
3% of those obtained by Gurobi for small-and medium-sized instances, and obtains high-quality solutions within shorter
computation times than GA and SA for large-scale instances, demonstrating strong robustness and computational efficiency.
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AW R T iz 7 206 FHAS 2 BeA e
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Tab.1 Parameters of the test instances

S IR/ A LSy iiEh)

1 2 5 (1,4)

2 3 10 (1,4) (6,8)

3 4 15 (1,4) (6,8) (11,13)

4 5 20 (1,4) (6,8) (11,13) (16,19)

5 5 25 (1,4) (6,8) (11,13) (16,19) (21,24)

6 6 30 (1,4) (6,8) (11,13) (16,19) (21,24) (27,29)

7 6 35 (1,4) (6,8) (11,13) (16,19) (21,24) (27,29) (31,34)

8 7 40 (1,4) (6,8) (11,13) (16,19) (21,24) (27,29) (31,34) (36,39)

9 7 50 (1,4) (6,8) (11,13) (16,19) (21,24) (27,29) (31,34) (36,39) (42,47)
10 8 60 (1,4) (6,8) (11,13) (16,19) (21,24) (27,29) (31,34) (36,39) (42,47) (53,58)

SN X EE T LR PR AR
1) SR B iz TRl i 77 5,
2) RIS SRR | ELAE e m ) 3 e w07 5K

T I 0] LUK At 2R , AL e is B O AR R At
FRCRA . AR RSR XTI 2, £2

e 2200 HAMERIPE A RE B s B BRI 5k
HBLF s A5 — R ICIEAE 2 h AR 58 i 15
5/ ORI 2 h SRR I E] PN A B B9 25 A/ R AT
friito

K2 TRRBERET L

Tab.2 Comparison of solutions for different models

N Gurobi (578 1) Gurobi (575 2)

o HbME  SFfeafE/h i@ ERE/h 5 E/s HAME  SfFafR/h @ERE/h R Es 28/%
1 2 141 7.7 11.0 0.05 765 3.0 10.0 0.02 64.27
2 3360 12.0 15.0 3.77 900 3.5 14.5 0.70 73.21
3 3 629 12.5 18.5 290. 66 1294 4.5 15.5 9.00 64.34
4 3148 10.0 19.7 1 047.55 1054 3.5 19.7 21.47 66.52
5 3 667 11.5 23.0  4935.54 1573 5.0 23.0 82.18 57.10
6 /3636  /10.8 /25.0 — 1533 4.8 25.0 99.96 —

7 /459) /117 /27.0 — 1543 4.8 26.5 211.52 —
8  /4866) /11.9 /28.5 — 1678 5.3 28.5  2291.14 —

9 /10500  /39.8 /35.0 — /4863 /26.0 /33.5 — —
10 /19842  /61.9 /37.0 — /11446 /44. 1 /35.5 — —

H1¢ 2 AT ASEARN 1 FOASEARY 2 2] SR gt /N RIS
LB AR R B, A5 2 A7 B8R g, (H T3 i
[ AR 1 W TC R o /N SE ) 1 ~
SE S v, RS TR AR L, IR 2 [ H AR R AR
65.09% , s [ jhiz B W A 4> 5. 73% , {0 46 75 B
()45 %0 63. 48% , TR} [H] 45 J 86. 92% , X K IR
T2 I A TR D)4 R R S R B ] 3 S B
BRI R 55 58 BT T 3R AR T 6 18 35 AR

JEBIL S AL PERE -

B 1 RN 2 A 42 T HA AL G IEOM I 1 ) e
Hor I WL T M8, 7 MIE 8 AN B TE
J3E Eh AL BRI ) e, AR [R] B FETR B TE . A4
T[] AR AEIE LR LIAEIX o Y 1 3d i XRS5
TR REA 12 M5 4, KRB 1 AR 58 2605 i
4, RUIFRHAEIAAL 2 ARk, A 11 2 13 [P, fi6
P 8 Rk HAk Sz M 8 Al fEfT 6 Z AT Ek,
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Fig.7 Gantt chart of model 1 with instance 3
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Fig.8 Gantt chart of model 2 with instance 3
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Fig.9 Comparison of model costs under different scales
3.3 HiEwtt
FEBRHBEEA] T Gurobi K 505 A%, M LA
SN AIAT i, ASCR M ALNS SRR i ml 2, 9f:
[T I GA SR K T REXS L, Gurobi
SR H L 3, Sk iU S 4k LB LR 10,
R RARGEE ALY Bk 1T 10 IRECEBI{E.

# 3 Gurobi 5&EEITIL

Tab.3 Comparison between Gurobi and algorithms

25 Gurobi (57 2) BB KL (Y 2) WAL (B 2) it ALNS 5303k (#E11 2)
HASME TR mE/s BEME HHREE/s 228/% HARE TR/ 20/% HARME FHEmE/s - ZH/%

1 765 0.02 791 0.18 3.81 784 8.15 2.53 770 1.17 0.65
2 900 0.70 938 0.33 4.18 926 14.30 2.86 906 5.23 0.67
3 1294 9.00 1354 0.85 4.65 1335 29.76 3.14 1305 15.43 0.85
4 1 054 21.47 1153 1.21 9.32 1134 52.13 7.65 1080 30.19 2.47
5 1573 82.18 1772 2.88 12.67 1739 123.99 10.52 1632 77.61 3.75
6 1533 99.96 1723 3.41 12.43 1684 146.22 9.85 1578 92.28 2.94
7 1 543 211.52 1752 5.94 13.55 1719 255.11 11.37 1593 164.13 3.24
8 1678 2291.14 1934 54.32 15.28 1899 2329.46 13.22 1740 1532.91 3.69
9 /4863 — 5027 65.92 — 4944 2826.93 — 4527 1861.17 —
10 /11 446 — 13 232 83.45 — 13021 3578.59 — 11980 2357.16 —

HH 2R3 AL 10 AT FESEM 1 ~ S5 8 v, gtk
ALNS S 5 Gurobi ()Y 22164 2. 78% ; 1E
ANFIASE S A oy, B ALNS S50 35 5K i 6 (8] W &
Gurobi , {H i35 SR O, iR R s e 7t
FF M Gurobi, 8 & X Eb 3 g & X AT A
ALNS fif 51 it fe {3, GA IRZ, SA FHXT 55 ; TE 1A

Bf ] J5 T, SA d B, ALNS J& i1, GA fi% 18, % 8]
ALNS 35 76 fff o2 i 5 1 F RO 22 (8] BUAS 3 471
7, PRI T SR g AR [ R v K o
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Fig. 10  Comparison of convergence curves
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Tab.4 Sensitivity analysis of weights

w =200,k =50 w =200,k =100 w =400,k =50 w =400,k =100 w=40,k=10
5 B GTE B S S S S
HbrE _ HiRE _ HAME _ HAMAE - HtsE X
) ) ) ] ) ] b B
. 1 2141 7.7 11.0 2526 7.0 10.7 3681 7.4 10.6 4066 6.8 10.5 601 8.5 11.2
2 765 3.0 10.0 915 2.5 9.7 1365 2.7 9.6 1515 2.3 9.5 165 3.5 10.2
) 1 3360 12.0 15.0 3960 11.2 14.7 5760 11.6 14.6 6360 10.9 14.5 960 13.0 15.2
2 900 3.5 14.5 1075 2.9 14.3 1600 3.2 14.2 1775 2.7 14. 1 200 4.3 14.7
3 1 3629 12.5 18.5 4254 11.6 18.2 6129 12.0 18.1 6754 11.2 18.0 1129 13.4 18.9
2 1294 4.5 15.5 1519 3.8 15.3 2194 4.2 152 2419 3.5 15.0 335 6.0 15.8
4 1 3148 10.0 19.7 3648 9.3 19.4 5148 9.6 19.3 5648 8.9 19.2 1148 11.0 19.9
2 1054 3.5 19.7 1229 2.9 19.5 1754 3.2 19.4 1929 2.7 19.3 320 5.5 19.9
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Fig. 12 Gantt chart of actual port scheduling
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