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Multi-Equipment Coordinated Scheduling Considering Energy Consumption
in Sea-Rail Intermodal Container Terminal

YANG Jiazhu, YU Fang* , ¥ANG Yongsheng
(Institute of Logistics Science and Engineering, Shanghai Maritime University, Shanghai 201306, China)

[ Abstract] With the growth of multimodal transportation and the push for green ports, improving the efficiency of
sea-rail intermodal transportation and reducing energy. consumption have become critical concerns for ports. This
study focused on optimizing the layout of shared.yards between the railway and terminal operation areas at a
container terminal. The objective is to mininiize operation completion time and optimize the energy consumption of
Rail-Mounted Gantry (RMG) cranes and{Automatic Guided Vehicles (AGV), thereby improving the utilization
rate of RMGs. To achieve this, a coordinated scheduling optimization model is developed for RMGs, AGVs, and
yard cranes within a mixed loading and unloading environment. The model considered interference and task
allocation among the RMGs, capacitynconstraints of AGV partners, and energy consumption variations during
different AGV states such as loading, unloading, and waiting. In addition, a task assignment strategy that
considered interference constraints is introduced for RMG operations. An improved hybrid grey wolf genetic
algorithm is proposed to%solve the model. This algorithm incorporated a grey wolf algorithm position update
strategy to enhance the crossover method of the genetic algorithm, thereby improving the efficiency of finding
optimal solutions. A reward-based evaluator is also introduced before the selection step of the genetic algorithm to
enhance the local search capability of the algorithm. Experimental results indicated that considering task allocation
for RMGs improved their average utilization rate by 3%-8% compared to scenarios where the RMG operating range
is predetermined. Furthermore, the improved hybrid grey wolf genetic algorithm reduced energy consumption more
effectively within a shorter completion time compared to adaptive chaotic and traditional genetic algorithms. In
conclusion, this study provides an effective and superior solution for improving efficiency and reducing energy
consumption in sea-rail intermodal transportation at container terminal.

[Key words]) sca-rail intermodal transportation; coordinated scheduling; mixed loading and unloading; task
assignment; improved hybrid gray wolf genetic algorithm
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Fig.7 Completion time and operational energy consumption under different weights
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Table 2 Comparison of tasking with and without

consideration of rail cranes

A BB B AES AR IERLE AT 55
Bk /A fi/s A ek f1/s A ek 8l
30 2332.7 1471.4 2349.8 1 490. 8
60 4782.5 2 946.8 4863.5 2 998.5
90 6924.7 4272.8 7013.4 4324.5
100 7824.6 4824.8 7.885.5 4 866. 0
120 9179.3 5657.7 9 213.5 5 680.7
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Fig.8 Route for rail crane operations
0.45 -

% IS HIE AT /AL
HH FEHIE AT S50

100 120

30 60

0
SEH B /A
9 WAER THHEREHF AET
Fig.9 Comparison of the average utilization rate of

rail cranes in the two case



E50% 5§ 10 #1/2024 £ 10 A/AHENTIRE

401

PR BN LT % FEGE AT 55 2 B iR 5 i
PRI FRETE T 3% ~8% . L. A SCH IR LA
AT 55 43 B AE B8 = AR L 803 1 R B RE S 4 TH LI 1)
IR S| E
3.2.2  AN[FSIEM SIS o3 b

TS Y UE TR TSR e SR ) AT R S 8
ST AL BTl g 9 3545 Tk (HGA) M5 & K
TR R 1 (GWGA) 5 {34 g A 7%t [ 5
B RRAHSCIRHEAT 30 YR AR IS BOF-ME, SEgab A

3PN, MR 3 HSLIREE R AT LR AR s
ik T O R ) HGA S35 R GWGA AR
A HEGF AR RDR AREE R . it — 0 R Pr Be ko
SRS AT R £ 100 ANERZA AR R )RS 1 4T
W RN TR Bk gl St £ an 10 Brzs. AL 10
LR AT LA HGA AT GA Bk i TH
NGy B A JRy ¥ e (0 it » DR A SR A L B ARG
GWGA FREMET GA 53k W SO AL 5 - REAE
BRI ] PSSR — AT

R3 BUHREEAIXT LK

Table 3 Comparative experiments on improved strategies

LA BB/ HGA GWGA GA
B /A AGV/ 5k S1/s fo /kWh CPUHRE/s  f, /s [y /kWh CPURmE]/s  [47/8 S, /kWh CPU i[d] /s
20 3/3/3 2 378.3 58.1 334.2 2377.9 59.1 77. 4 2'393. 1 59.7 336. 7
20 3/5/3 1 670.1 54, 8 340. 3 1 668. 4 54.3 86. 2 1674.8 55.2 341. 1
50 3/5/3 4 510.7 165.1 498. 2 4 498.3 164.9 181. 6 45535. 9 165. 6 501. 4
50 3/6/3 3902.7 161. 4 502.5 4 067.9 162.0 206. 4 4 141. 8 162. 8 505. 3
80 3/5/3 7 338. 6 266. 5 734.8 7 526. 6 267. 3 272. 8 7 604.9 267.9 720. 2
80 3/6/3 6 429.9 261.7 736.8 6 301. 4 260. 8 283.1 6 791. 7 262.8 726.9
100 3/6/3 8114.2 332.3 783.1 8 275.5 33346 358.2 8 341.7 336.7 825.9
100 4/6/3 8 030.7 353.2 754. 3 7.902.8 35509 303.5 8 120. 1 359. 9 776. 4
100 4/7/3 7 020.5 338.5 747.1 7 202.2 341. 1 299. 6 7 335.6 352.6 775.0
120 4/10/3 6 389.4 375.8 812.5 6 463. 3 380. 8 337.2 6 950. 0 395.5 815.9
120 4/12/3 5809.1 386. 6 793. 7 5.795.0 398. 2 318.9 6 549. 2 408. 1 800. 1
180 4/16/3 9 491. 4 790. 4 952. 6 9 288.7 782. 4 623.1 11 152.1 902.5 1 096. 3
180 4/20/3 9 552.3 876.0 931.5 9105.1 850.7 595.0 10 458.5 1113.2 1025.9
200 4/18/3 10 018.9 911.2 1 106. 6 9501.2 893. 4 739.7 12 332.2 1144.3 1204.5
200 4/20/3 9 587.0 936. 5 1 096. 3 9004.1 910.5 723.5 11 992.1 1212.3 1 180.0
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Fig.10 Comparison of convergence of algorithms with
improved strategies
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Table 4 Comparative experiments of three algorithms with different data sizes

4 R BuEm/ HGWGA ACGA GA

5 B/ AGV/EN f /s f, /kWh CPURME/s  f1 /s  f, /kWh CPURH/s /i /s  f, /kWh CPU /s
1 20 3/3/3 2377.7 58.4 65.3 2529.3 61.4 339. 8 2393.1 59,7 336.7
2 20 3/5/3 1 666. 6 54.4 71.2 1.809. 7 58.9 365. 5 1674.8 55.2 341.1
3 50 3/5/3 4479.6  164.8 165. 1 41609.2  165.5 434. 4 45359  165.6 501. 4
1 50 3/6/3 3905.5  160.4 173.5 4034.6  161.6 415.2 4141.8  162.8 505.3
5 80 3/5/3 7203.4  265.8 260. 0 7502.3  268.6 782.0 7 604.9 #M267.9 720. 2
6 80 3/6/3 6261.6  259.4 270. 8 6584.5  260.3 762. 6 6791. 70, 26218 726. 9
7 100 3/6/3 7824.6  325.2 337.4 8210.5  333.7 814. 2 884170, 836.7 825.9
8 100 4/6/3 7785.1  350.2 277.7 8022.1  351.7 786. 3 8120.1 /' 359.9 776. 4
9 100 4/7/3 6804.3  337.7 272.7 7242.2  338.5 767.6 7336.6  352.6 775.0
10 120 4/10/3  6340.4  372.0 312.0 6657.9  378.8 806. 4 6950.0  395.5 815. 9
11 120 4/12/3  5784.7  374.5 303.2 6246.4  393.7 795. 4 6549.2  408.1 800. 1
12 180 4/16/3 91416  771.1 610.2  10203.1  788.8 987«7  11152.1  902.5  1096.3
13 180 4/20/3  9019.7  848.2 580.1  10067.8  919.0 954.1  10458.5 1113.2 1025.9
14 200 4/18/3  9448.0  886.1 728.3  11018.1 9375 o 1137.7 12332.2 1144.3 12045
15 200 4/20/3  8996.1  908.4 7125  10889.8 1010%5°  1096.5 11992.1 1212.3  1180.0
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Fig.11 Performance trend plots for 15 sets of experiments

for the three algorithms

Tk 4 A S, HGWGA 5319 CPU i) 1
EF ACGA %31 GA &y, H ) 55308,
HGWGA BB RCR A L3I .

itk — L I T T HGWGA Sk ik fg . A
SCAE 100 ANEEREAF B AR TR ] SERA T A B— R AN
B S & A 12 Fos . el s, HGWGA
Bk CACGA BRI GA Bk Bl T 127 K.
208 YA 252 Ik B A SCHT i T F ) HGWGA
SRR SR U FLR A 20 i BARMEAL T 55 4hFIAS
B o O PR R T IO SR A T R
(38 2Bl T SRR I SUROR [ R 2R i 2 [B] 11
AE 385 , [F)B B A L 2 AL 1 1 TP 5 e 1

5950 -
-------- HGWGA
—— ACGA
5600 | ==---GA
b|
5250 K
-3 -
s il
= 4900 F ..
fee—enesa
E Lecmeccmecmecmmeccame
4550 1—|
4200 L 1 I 1 Il
0 100 200 300 400 500

EAH IR
B 12 3 FhE R e e X b
Fig.12 Comparison of convergence curves of three algorithms



5550 %5 510 H3/2024 £ 10 A/itEHL TR 403
ﬁﬂTﬁ%B@%%ﬁ?ﬁ%ﬁﬁg [8] YAN B C, ZHU X N, WANG L, et al. Integrated

4

&RIE

RSO HT T ERIR B A Sk Z2 B 3 [F]

JE IR, DL d /N 58 T 1) LA R de /NG BLIE 3 A
AGV RMRERE S H AR, %18 AGV A7 il
T AGV BE HOIRES 28 #R S A K AERIRES
I AR R REFE SR LY o, BT TR IR 3k 28
PRI PR EE DAY . ST RIE B AR T
1B A S5 S EOR S IR BT T I IR B BOR gL
VLR OUE 5 AGY I R EE IR, iy L2
SRR AR SR Y AR S 12 AN (R A% 1l 2 24 T
FI SR Sk Al 352 2 18 J3E A ek ] FTRE FE 225K L 4 vy
T AR RBLIE B A A B AR AR L
FEAN TRV RO AU 1 [ AR e b 33 BT R g P
TESE PR A AP R 2 A E R 7S R /Y
WFFEH A ol 1) RSN s 5 S B AR AGV R HE
T VAGV AT R TR 0 AR o 2 RIS JE S5 AN E 1
DU JEAE NI ST AR LA BERE T . 55 Oh L B 2 e B
[ A R QL Vo T — 22 ST A s

(1]

[z]

[3]

L6]

7]

&% 3k

XIS, M. [F PR 2 X I8 & e i 3 B 38 = 1) %) SR s
[J]. $EFEBELF. 2009, 23(12) . 17-20.

LIUB L, LIN T. International multimodal transport: the
trends and polices[ J]. China Business and Market, 2009,
23(12): 17-20. (in Chinese)

YANB C, ZHU X N, LEE D H, et'ak, Transshipment
operations optimization of sea-rail intermodal®container in
seaport rail terminals [ J ]. Computers & Industrial
Engineering, 2020, 141: 106296.

HEJ L, HUANG Y F, YAN W, ctal. Integrated internal
truck, yard crane and quay. ctane scheduling in a container
terminal considering erfetgy consumption[ ] |. Expert Systems
with Applications, 2015, 42(§). 2464-2487.

WANG L, ZHU X N. Container loading optimization in rail-
truck intermodal terminals considering energy consumption
[J]. Sustainability, 2019, 11(8): 2383.

5 ) 5. BEAEUS T BRK A2 42 1 RS U P Ml 3 4 7
EEPRARLD]. dbnt. Jbatscil R, 2016.

FENG L Y. Optimization of operation equipment scheduling
in container port under direct access mode of hot metal
combined transport vehicle and ship [ D]. Beijing: Beijing
Jiaotong University, 2016. (in Chinese)

HORR AR T . NEIE R RN A9 R A A Sk G A IR) e IR
AR LT, Scilia i TR, 2017, 17(6) . 115-124.
CHANG Y M, ZHU X N. Integrated scheduling of handling
operation between train and vessel in container terminal under
uncertain factor[ J]. Journal of Traffic and Transportation
Engineering, 2017, 17(6): 115-124. (in Chinese)
ZEEPAL L HER TR, T i TR A VRS B B S 4R
KRR AL A, 2021, 41(5): 1506-1513.

LIS Y, HAN X L. Collaborative scheduling of rail-mounted
gantry crane and container truck in hybrid operation mode of
rail-water intermodal terminal [ J ]. Journal of Computer
Applications, 2021, 41(5): 1506-1513. (in Chinese)

[9]

[10]

[11]

[12]

[13]

L14]

[15]

[16]

[17]

(18]

[19]

[20]

scheduling of rail-mounted gantry cranes, internal trucks and
reach stackers in railway operation area of container terminal
[J]. Transportation Research Record: Journal of the
Transportation Research Board. 2018, 2672(9) . 47-58.
P B R, SRR Sk HE 1 5 s Ak B v 0 i b ]
BERETILT ], FPEMUHE, 2020, 43(4): 129-134.

ZENG QC, LUM Y. Modeling of cooperative scheduling for
container yard and central railway station in port [ J ].
Navigation of China, 2020, 43(4): 129-134. (in Chinese)
g, THiME, Blis. %, BT DQN 3h &SR E £ 0 X4
FAMNEEFEL] HHEHLTR, 2020, 46(8): 313-320.
YANG B, WANG W Y, ZHAO W T, et al. DQN-based
automatic stowage planning algorithm using dynamic depth
multi-branch search [ J ]. Computer _Engineering, 2020,
46(8): 313-320. (in Chinese)

LIJJ, YAN L X, XU B W. Research on multi-equipment
cluster scheduling of U-shaped automated terminal yard and
railway yard[J]. Journal of Marine Seience and Engineering,
2023, 11(2); 417.

AT BRI, B TR o0 1 SR s 1V Ak s A R A
Al ], THEPLN BEF5ES 2023, 40(1): 185-191, 197.
TANG MY, LIANG®=C ]. transshipment
optimization, offtétminalysea-rail intermodal transport based
on rolling, window |strategy [ J ]. Application Research of
Computers, 20237740(1); 185-191, 197. (in Chinese)
CHANG Y M, ZHU X N, YAN B C, et al.
scheduling™of handling operations in railway
terminals[ ] ]. Transportation Letters, 2019, 11(7);: 402-
412,

LIUW Q, ZHU X N, WANG L, et al. Multiple equipment
scheduling and AGV trajectory generation in U-shaped sea-

L)

Container

Integrated
container

rail intermodal automated container terminal
Measurement, 2023, 206 112262,
REN G, WANG X H., CAI J X, et al

scheduling of handling resources in the railway container

Allocation and

terminal based on crossing crane area[]]. Sustainability,
2021, 13(3). 1190.

YANGY S, HE S, SUN S. Research on the cooperative
scheduling of ARMGs and AGVs in a sea - rail automated
container terminal under the rail-in-port model[ J]. Journal of
Marine Science and Engineering, 2023, 11(3): 557.

B EAE RIET , EMIR, . BIRRRFEN UK IS L RA %E
kM FEMEEL] THEMAGETESFH, 2018,
18(6): 215-221.

YANG Y J, ZHU X N, YAN B C, et al
scheduling of rail-water containers handling operations in
energy-efficiency [ J .
Transportation Systems Engineering and
2018, 18 (6): 215-221. (in

Integrated

intermodal terminals considering
Journal  of
Information Technology.,
Chinese)

YANGY J, ZHU X N, HAGHANI A. Multiple equipment
integrated scheduling and storage space allocation in rail-
water intermodal container terminals considering energy
efficiency[ J]. Transportation Research Record: Journal of
the Transportation Research Board, 2019, 2673 (3): 199-
209.

UL B Te. 5 IBAR M RS BB AR A 42 B 40 A5 3k 15 & 9
P ] AN TSN A, 2021, 57(19): 290-298.
DAIJ T, HAN X L. Coordinated scheduling of equipment in
container terminals considering energy consumption under
different job status [ J ]. Computer Engineering and
Applications, 2021, 57(19): 290-298. (in Chinese)

YANG Y S, SUN S, ZHONG M S, et al. A refined
collaborative scheduling method for multi-equipment at U-
shaped automated container terminals based on rail crane

process optimization [ J ]. Journal of Marine Science and



404

£ 50% 5 10 H1/2024 £ 10 B/HENTIE

[21]

[22]

(23]

Engineering, 2023, 11(3): 605.

2 AR, BERARRS Sk 2 H 5] 4L 00 IR A AR R
RO HEHUER SRS, 2022, 28(5): 1449-1461.
LIJ, ZHU X L. Scheduling and path planning of multiple
automatic guided vehicles in container terminals [ J J.
Computer Integrated Manufacturing Systems, 2022, 28(5):
1449-1461. (in Chinese)

BAERE, £ T &, — w4 B0 X 4 09 D0 4 38 BIME 92 A7 53
®0. HEHLTAR, 2018, 44(5): 280-285, 295,

HU Y P, WANG Z L. A video global domain cooperative
caching algorithm for named data networking[J]. Computer
Engineering, 2018, 44(5); 280-285, 295. (in Chinese)
GUPTA A, SAVARESE S, GANGULI S, et al. Embodied

intelligence via learning and evolution [ ] .
Communications, 2021, 12(1). 5721.

Nature

[24]

[25]

JEIE IR, HIE, AF. BIRREFETT AR AR Sk WL
NS AGV BA B S KR EERARLT ] A sh ke,
2021, 47(10) . 2412-2426.

FANH M, GUO ZF, YUE L J. et al. Joint configuration
and scheduling optimization of dual-trolley quay crane and
AGYV for container terminal with considering energy saving
[J]. Acta Automatica Sinica, 2021, 47(10): 2412-2426. (in
Chinese)

X, 5 IR REAFENY B Bl A0 A 5 Sk 1Ml 38 4% 3 [ 4 B2 A
FBID]. dbnt . Jbatsgil s, 2021,

ZHAO Q R. Collaborative scheduling optimization of
automatic container terminal operation equipment considering
energy consumption[ D], Beijing: Beijing Jiaotong University,
2021. (in Chinese)

ik RBE



