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Fig.3 Schematic diagram of zoning balance planning

1.2 HE37 A AR AE L 53 B 18]

AR AR Sk HE IV S U2 0 286 ) 55 T AE B RO AR M DX, 25 (] 9% R G B0 R B R e A R RS B e . B
FE AL 53 T SR W XS 4 T Sk ARk BB O B SCBEAE . TR AR BEAR ME I B B8 AR ] = 4E AR AR R R AT RS 0 0E AL
RERLDU MR V2R 3 A br il FE AL AR ARIE N QY ve 0. MAEMEECR Y A R B L 46 67 0 L [n) LA ot - i LA &%
A 2R 545 7% Bl AR 0 B AR 45 4 A 0 R /M TR, X — B A3 T LUR 2 A R BEVE L AR AIE - 1 5, AR AR AVE L 1Y
LA AL T AN ) DURL I, 37547 o U AT 15 D1 % 5y o 35 b 7% 20y IO P 6 BE UL, X5 I Al ik ) 5 Y, 76 4 IRl ME B 1)
TR NS )2 0 BELIS A2 B A e B 22 I o 67 L K A B AR B AE N A I T AR B 2R B L R T g S R
AN B A A0 AR AR M SE 52

o L UL RS2, BHAR 454 19 ik i 5 S A AR M D S IR R B VI AR OC . B 4 47 B 4H 0] 8 (container relocation
problem, CRP) 7E AH 3¢ SC ik vt Bk S B 8 72 {37 7] B (block relocation problem, BRP)™'™ , i e I, 7] 851 (4 4% .00 7E T
LRI R R AT ERA . AR RFE FEZ & 2 DM XCESHCHRBMERE, 56, R 406 E
BT UE Y I T R S R DAL LU MR AR PR b o AR SOAR 4 o oK 1R 1 AR R A 4 ARG IR AT R
BB MEAE I, 3X 2 DS EEE R 0 AL B A S R B L 247 o SR EE A e 2, R AR SRS 4.
T A SRR AR A ME— R O0 SE P Tt X 0 G R E 1 AR MEAF AL E . B H R DR R 0 e L R e
RS, BE B e 00 26 5 X 0 B WS A [ I, D) Lo A o B A5 20, > H AR SR B AR b 0 A7 TR0 SE 0T i i B A AR
SR FEATBIR R, W h B, =140 —1 RN r, =23, W x <<a, 77 L IRBIAE. R RN, =23, —1
JBH =240 7, <Zm, AR T REHAR . KA ST BIAR R E R R

. FIbRA
= Ty

— HEAIE
il BT
’11 12 (2221|2334

B4 RAEIEFEIFE

Fig. 4 Container pick-up operation and container reshuffling operation
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Fig. 5 Structure of Actor deep neural network
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Fig. 6 Structure of Critic deep neural network
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A KINGFE T =5 000, KAPE L CFTAESBAIIKED . 21 M ZEF X 45 & B=10 000, #tk K
/NN =32, Actor W45 > #& R ,,=0. 001, Critic M 4°% ] 3 R =0. 01, K HfrdnH 7 6=0. 9 KKK E=0. 1,
b UG Actor S %L 0 T Critic NS o AT TR SO ECE R A
Wik Ak
AR 1 BENLRT i ik Actor 4840 0 Al Critic MBS o,



34 ERMEAFZERCELAFFIR  https://cqnuj. cqnu. edu. cn % 43 %

IR 2. W IR A B MR AF X D 258 B
LR 3R BRI 000" <o,
FIZEIR for e=1to T do
AUR 1 IREE R AR s
IR 2. W IR AR BRI 7 <0,
L BR 3B PR HAEIR for t=1 to L do
IR 4 S ARG Y TR 7, DR s, EEEIIEa, .
DI e BEALIRR — AL E, B IR HE Actor M 254 H B9 SITERER M6 7, (a |5, REEEIE @, .
IR 5 AT S  AERLL IR Th AT S AE o, CRUFE AR AL 3L S AT S5 R TR
R 6 MBI AR IR — AR s, CRIEF 23 -, FIZE 1EFR A done,
HI T AR R ICH (s, va, s7, 55,4, sdone) FA R RIS AFIX. D,
IR 8RS Hr a5, <5,110
B BN v <7 o T 70
TR 10 A0 B K B o, KOOk B R PSR AR (A 1D, HAs A e %3] S b,
2 BANCEE 2 G
AT X AR AR LA B — LU WK D R BEHLRFE N SR8 ondd .
BB Critic 2% XM M EAR T AARE v, =r, +6 %V, (.00 I /b Critic 4589307 1% 22
R :L(w)Z% * 3 (y, =V, ()7,
B Actor 94 « L 96 B BB IS 1= T I Actor B0 0% 0Fa, * V) (9) . Foih 9,0 (6) ~
% *3,[Vylog mty(a; | s) * A, |a) 1 EHEREL A G, |a) Al i Critic W& AT TDR%Z 6, =y, —V, ()
THHRME .0 <0+ (1—0)0 o' ~to+ (11—,
EHESE o
IR 12 BEAA R AN SE 0 Mo,

PR3N IRE — NGRS AR B A G R B 7 S8 SRR L4 2R AL
AW 14:R 0,0, A,

3 SLIGIGIE
3.1 SLIGEMIEIT

ARSCER XSS 3 AR B AL P 7T s 1 R ] o A Sk ME 3 B S U TS R R Y R R SR % . AR X RS LR SR 40 4>
DI X6 NHESR X4 DNUWEE BT 2 MR LI EBAE B AEN A8 22 DRI HEFFEN . A
XA 50 NMERFERETS . HEXSHEIRE L 2,

x2 HXBH
Tab.2 Related parameters
SR FR K ZRFR Bl
FEDXCHLRE 7 06,0} 40X 64 G B5 50 % shAE RS /s 2
Ui R/ B 2 Y 15— A~ D A I T s I/ s 30
AL DU K B /m 7 Yo 81 14 e 2 FE BT /m 14
Yt i LS 1 ARERT /s 5

2 BRI AR UL 23 53 8 18 1 40,50 ANTEHEAF HY 1A A9 B AL Se AR BN 3% 3 s . 4% DLAL 40 46 K
Fr R BN 4 B . A6 DO DU G B D R L O T Il 52 B, AR R 8 SCHUBCRT 10 A DA AR S AR DA 75 M
RS . A DAL HEAE (5 BRI 1A 4 789 —E PR AS S A 2R AT R AL L & 1 A2 X000 1 A2 A0, Hoh, 417
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X H, F 2T Actor-Critic WE R HH LB LB 5 7 HE R ML

RFZIZAAAEEER 0" MFRPIZZ AL F a5 BERAS IR 4 5 1 3158 2 4711007 KR 1EE 1 N 2
RIS 12 2 EHEEMEM,ME 1N 2M0E 3 EME 4 EoER.
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Tab.3 Information of export containers to be stacked
1T 55 46 ik 5540 ik 540 ik fE5 40 ik {E 5546 ik
%= g %5 g %5 g %5 e gt %5 e gt
1 23 11 13 21 22 31 41 41 43
2 34 12 21 22 21 32 34 42 14
3 11 13 31 23 34 33 21 43 21
4 42 14 12 24 44 34 23 44 34
5 24 15 23 25 11 35 12 45 42
6 13 16 24 26 11 36 32 46 22
7 12 17 13 27 31 37 14 47 14
8 32 18 23 28 24 38 13 48 32
9 24 19 23 29 24 39 21 49 44
10 14 20 11 30 22 40 24 50 12
x4 HRBABLONBEFRS
Tab. 4 Initial stacking status of parital slots in the container yard
n
53
71 72 Vs Vi Vs Vs 77 Vs Yo Y10
€ 1000 1100 1100 1100 1100 1000 1000 1110 1100 1100
€, 1100 1000 1100 1000 1000 1000 1111 1110 1000 1000
€ 1110 1100 0000 1000 1110 1000 1000 1100 1110 1100
€, 1000 1100 1100 1100 1000 1110 1000 1111 1100 0000
€5 0000 1000 1000 1000 1100 1000 1100 1000 1000 1110
€ 1000 0000 1100 1100 1000 1000 1000 1000 1100 1100

3.2 IEKE
AR SCHSEK IS  PyTorch 2. 5.1 Pyhton 3. 12. GPU:RTX4090(24 GB), HFrek¥ F,.F,.F,.F, 1 F,
JIE 6t 107 (4 A F 2 B0 53 1 B R w0, =0. 350, =0. 2,0, =0. 3,0, =0. 1,0, =0.1, Actor-Critic # XS 50i%

BIWES,

&5 Actor-Critic EiXFTAS#

Tab.S5 Parameters used in the Actor-Critic algorithm

S8 IfE 28 Jig)
Actor M#% S HF R, 0. 001 22 ) 45 15 AR 32
Critic P#&2¢ 2] A F R 0.01 AR EL 5 000
TD 22 i R T A 1 ¢ 0.9

£ Actor-Critic SIEHERLT AR BEIH R AT IE 0] 2 il bR 8- 2 (8 0 1E BB /NS RGETEREIEAR & . HAK

T+ B 14 22 Dl L R R 3 S 0 B T

R ML A B S0 AG Y 25 £ I D | RIAR ORI AR i IE

S SV (1) S /0 7 A kB A A B T RE A B H S A R B R DX TE ) B (] 00 A SSOR S G AR R I S 1 fE AR
P+ 225 1l 4 2 A0 AR SO S5t e e 18] 22 0 DR 22 W st 2k i1 7 Fros o AR W Sl 2 R W - A I R 300 L B I 2 A
Wh 0 1000 Zidy, b2 2 DR b T H . 1d B R BE AT i3 J o BT AL L L pR R 2 ) B A KR SRS L 3R
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Fig. 7 Reward convergence curve and temporal difference error convergence curve
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Tab. 6 Container slot allocation result table

fLos RGNS | fEsA Mfim | AESEAE MEGYE | AR MG | RS MR
% WES % UES % UES % UES % UES
1 15-4-2 11 11-2-1 21 16-4-3 31 39-1-4 41 30-3-1
2 17-6-3 12 18-6-4 22 25-6-2 32 24-2-3 42 12-3-1
3 15-6-4 13 19-5-4 23 27-6-2 33 16-5-1 43 28-3-4
4 35-6-2 14 6-6-2 24 35-3-4 34 30-5-2 44 26-6-1
5 24-2-2 15 26-2-2 25 27-4-2 35 3-6-4 45 40-4-1
6 6-6-3 16 20-2-3 26 8-1-4 36 21-2-2 46 29-5-2
7 12-1-2 17 12-1-1 27 20-2-2 37 15-4-3 47 3-6-3
8 24-5-2 18 19-4-3 28 30-4-3 38 4-3-2 48 28-2-2
9 16-6-3 19 25-1-4 29 26-2-3 39 18-3-3 49 39-4-4
10 14-3-3 20 1-3-4 30 15-5-3 40 23-4-4 50 8-2-4
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Fig. 8 Container slot allocation experimental result diagram
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Tab.7 Yard bridge scheduling plan

b1 Yk 2 ik 1 Yt 2
3 B V6 b Wit 3 - - Y B A ol WL - -
WOfEHS WY HOfEs NS HWOfEHS Vs HOfEs WS
1 12 18 24 35 14 11 11 22 25
2 39 18 28 30 15 50 8 19 25
3 18 19 48 28 16 6 6 8 24
4 2 17 25 27 17 35 3 32 24
5 21 16 23 27 18 20 1 36 21
6 33 16 4 35 19 47 3 27 20
7 30 15 34 30 20 38 4 5 24
8 37 15 41 30 21 42 12 15 26
9 1 15 43 28 22 14 6 40 23
10 9 16 31 39 23 26 8 44 26
11 7 12 46 29 24 13 19 49 39
12 10 14 16 20 25 3 15 45 40
13 17 12 29 26
40 }
35+
30 b
o 25
& 207
=ost
100 ~ i
5~ Gt
0t L L L N
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[} [E] /min

B9 HHE b i B

Fig. 9 Yard bride operation trajectory diagram
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Fig. 10 Comparison chart of different algorithms
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Tab.8 Comparison table of different algorithms

GA Actor-Critic
S it £F  ESE JERE  CPU it £F  EFSE dERE CPU
FFe BB B B4R
ek /s %fe/s B BHE/s  FERT/s ek /s /s & BFE/s  FERT/s
1 30 0 962 726 0 432 36. 2 0 913 681 0 398 25. 4
2 50 0 2 541.5 1352 0 840 58. 7 0 2316 1179 0 732 42.1
3 90 1 6035 3182 2 1256.4 132.6 0 5309.2 2779 0 1074.8 88.3
4 120 6 7924 4119 3 1578.6 174.3 4 6728 3492.8 0 1330.4 109.2
5 150 12 10 083 5272 3 1876.2 235.1 9 8 545 4 505 0 1549.3 146.5
F9 AREBEBEEITILR
Tab.9 Comparison table of different model algorithms
H % bR 4L SCHRLY ] SCHRLIL] AR
55 107 2 0 0

3 % EE MV B ] / min 17.52 12.2

AT %5 5¢ A B[] / min 167.52 123.1

RESEENE V& VAC: IO ) 17.9 23. 98

AR 1 0

Yt A i 18] /s 2 560 2 316

R AR E] /s 1 400 1179

CPU #EH} /s 50. 2 42.1

12 9 FTAL, FEAT X B ROAE 55 5 07 25 349 0 0, UEBATEAE 55 70 TS B S5 g ik b, — 3% SR B I) , 30 8 52 BAT: 55 1 1
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Quay Crane Scheduling Based on Actor-Critic
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Abstract: As a key node in international trade, the operational efficiency of container terminals directly affects the turnaround time of
ships and logistics costs. Bay allocation and yard crane scheduling are two crucial aspects in container terminal operations, which are
interdependent and influence each other. Therefore, this paper proposes a method based on the deep reinforcement learning Actor-
Critic framework to study the collaborative optimization of bay allocation and yard crane scheduling, aiming to achieve collaborative
decision-making in these two areas. On the one hand, a mixed-integer programming model is established considering factors such as
yard crane operation balance, non-operational time of yard cranes, operation time of yard cranes, waiting time of internal container
trucks, and container reshuffling volume. On the other hand, by constructing the state space of the container yard, the action space
of yard cranes, and a multi-objective reward function model, a solution algorithm based on the deep reinforcement learning Actor-
Critic framework is proposed. Through comparative analysis of different-scale examples, it is verified that the proposed algorithm
outperforms the traditional genetic algorithm in terms of solution quality. Compared with existing research results, under the
condition of maintaining the operation balance of yard cranes, the new algorithm can effectively reduce the operation and non-
operational time of yard cranes. shorten the waiting time of automated guided vehicles, and lower the container reshuffling rate.

Keywords: slot allocation; yard crane scheduling; deep reinforcement learning; Actor-Critic; mixed-integer programming model;

container terminal
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