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Abstract 

This study addresses the problems of vessel congestion and inefficient resource utilization 

caused by the independent scheduling of port berths and locks in river–sea intermodal 

transport. Moreover, this study explores the joint scheduling optimization problem for a 

single port and a single lock under the direct transshipment mode of seagoing and river 

vessels. First, considering the spatiotemporal coupling characteristics of the port–lock sys-

tem, a mixed-integer linear programming model integrating seaside and riverside berth 

allocation, lock batch scheduling, and 2D layout constraints of the lock chambers is con-

structed. The objective is to minimize the time costs of seagoing vessels in a port, river 

vessels in a port, and river vessels passing through the locks. Second, a hierarchical itera-

tive collaborative optimization algorithm is designed. The outer layer uses an iterative 

algorithm framework, while the inner layer utilizes a heuristic algorithm to address the 

lock scheduling problem. An adaptive large neighborhood search algorithm is used to 

address the berth scheduling problem. Finally, the model and algorithm are validated 

through numerical instances. Compared with the commercial solver CPLEX, the proposed 

algorithm HICOA achieves up to 81.45% lower costs in medium-to-large instances. Com-

pared with independent scheduling, joint scheduling reduces the total vessel dwell time 

cost by up to 66.22%, demonstrating the significant value of port–lock collaboration. Fur-

thermore, the arrival time window of river vessels and the ratio of the number of vessels 

to the number of berths have a significant influence on system performance. 

Keywords: river–sea intermodal transport; direct transshipment mode; joint scheduling 

of port and locks; hierarchical iterative collaborative optimization algorithm; adaptive 

large neighborhood search algorithm 
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1. Introduction 

In the global waterway network, the “port–lock” system, consisting of locks and ad-

jacent ports, is the primary hub of river–sea intermodal transport. Port berth allocation 

and lock scheduling have been largely independently optimized for a long time. This lack 

of global coordination easily leads to a vicious cycle of “waiting for berths to pass through 

locks” and “waiting for lock times to berth”, resulting in severe vessel congestion and 

resource idleness, which has become a major bottleneck restricting waterway efficiency 
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(Zhang Y. et al., 2023) [1]. Currently, China is vigorously promoting the construction of 

the Pinglu Canal in Guangxi, an important project. The operation of the Pinglu Canal, a 

key channel connecting the Xijiang River inland waterway and the Beibu Gulf seaports, 

will heavily rely on efficient “port–lock” coordination. In the context of direct transship-

ment between seagoing vessels and river vessels, traditional fragmented scheduling is 

unlikely to satisfy the continuity and high-efficiency requirements of vessel navigation. 

Therefore, for emerging canal systems, such as Pinglu Canal, breaking down business barri-

ers and conducting research on port–lock joint scheduling optimization under the direct trans-

shipment model of seagoing vessels and river vessels is of great practical significance for max-

imizing the efficiency of the new canal and fundamentally avoiding navigation congestion. 

In the complex scenario of direct transfer between seagoing and river vessels, the key to 

improving the efficiency of port and lock scheduling through joint optimization lies in the 

stringent spatiotemporal coupling characteristics and resource dependency relationships be-

tween the two operations. Traditional single-vessel berthing operations have been upgraded 

to synchronous coordination between river and seagoing vessels. The direct transfer time win-

dow of a vessel in the port and its preset lock passage time window present a deeply bound 

two-way constraint relationship. If port and lock scheduling decisions lack coordination and 

are disconnected, then two typical problems are likely to occur. First, when the lockage 

frequency is high, ships can pass through the lock area without waiting. However, berth-

ing waiting may occur due to untimely matching of port berth resources. Second, when 

the lockage frequency is relatively loose, port berths can avoid ship queuing and conges-

tion. Nevertheless, ship congestion and waiting may occur in the lock area. Both situations 

reduce system operating efficiency. Meanwhile, if lock frequency planning is integrated 

with port berth allocation and loading/unloading resource configuration, then it can ef-

fectively guide the orderly flow and smooth connection of ships between the port and 

locks. The entire process time of “arrival–operation–departure” and the passage time of 

“arrival at the lock entry into the lock exit from the lock” can be accurately matched 

through a collaborative optimization mechanism, thereby reducing the ineffective dwell 

time of ships at anchorages and in front of the locks. Accordingly, the utilization rates of 

port berths and lock chambers are improved, and the overall flow efficiency of the ship-

ping system is maximized. 

Although berth allocation and lock scheduling have been extensively studied, the 

exploration of the substantial joint optimization of the two is still in its developmental 

stage. Existing research can be mainly divided into two categories: one focuses on the 

resource set within the port; the other focuses on the scheduling optimization within the 

lock. A few pioneering studies have begun to examine port–lock coordination. Ji et al. 

(2018) [2] treated the lock and terminal as an integrated system for coordinated scheduling. 

Liu et al. (2024) [3] studied the coordination of waterways and locks during the flood sea-

son. However, most existing joint scheduling models focus on specific links, such as only 

considering riverside transshipment, and lack port–lock joint scheduling in the context of 

river–sea intermodal transport with direct transshipment between seagoing vessels and 

river vessels. In this port–lock joint system, river vessels pass through the lock down-

stream, reach the berth, dock with seagoing vessels to complete loading and unloading, 

and sail upstream to leave the lock. 

The primary problem addressed in this study is the port–lock joint scheduling opti-

mization of the direct transshipment mode between seagoing vessels and river vessels 

against the above-mentioned river–sea intermodal transport background. The academic 

difficulties are mainly reflected in three aspects: 
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(1) High model complexity. The problem requires the integration of discrete berth allo-

cation, continuous operation time arrangement, the batch processing of lock sched-

uling, and operation connection constraints between seagoing vessels and river ves-

sels at the same time, resulting in numerous model variables and complex constraints, 

constituting a strongly coupled mixed-integer programming problem. 

(2) Significant challenge in solving. The combinatorial explosion characteristic of the 

problem makes it an NP-hard problem. Exact algorithms have difficulty coping with 

the actual scale, and an efficient heuristic or metaheuristic algorithm that can simul-

taneously handle the berth sequence, operation time sequence, lock allocation, and 

cabin layout is extremely challenging to design. 

(3) Close spatiotemporal correlation. A natural conflict exists between the batch pro-

cessing characteristics of locks and the continuous time operation of ports. Coordi-

nation of the time windows of the two requires careful modeling to ensure the feasi-

bility and optimality of the solution. 

In light of the above-mentioned difficulties and shortcomings, the main contributions 

of this study are as follows: 

(1) A new joint optimization mixed-integer linear programming model integrating sea-

side berth allocation, riverside berth allocation, lock batch scheduling, and lock 

chamber 2D layout constraints is constructed, which comprehensively describes the 

actual operation of the river–sea intermodal transport system. 

(2) Given the characteristics of strong model complexity and difficulty in solving, this 

study proposes a hierarchical iterative collaborative optimization algorithm (HICOA) 

for the characteristics of this port–lock system. Specifically, an iterative algorithm is 

used as the overall framework, and a heuristic algorithm is designed to solve the lock 

scheduling. Moreover, an adaptive large neighborhood search is utilized to address 

the berth scheduling of seagoing vessels and river-going ships in the port, thereby 

obtaining a high-quality feasible solution within a reasonable time. 

(3) The efficiency improvement potential of joint scheduling compared with traditional 

independent scheduling is quantitatively evaluated through numerical experiments 

and a case analysis, providing decision support for the collaborative operation of 

“port–lock”. 

The remainder of this paper is organized as follows. Section 2 provides a systematic 

review of relevant literature; Section 3 elaborates on the problem and establishes a math-

ematical model; Section 4 introduces the design of the solution algorithm; Section 5 pre-

sents numerical experiments and result analysis; Section 6 summarizes the entire work 

and introduces future research directions. 

2. Literature Review 

Various scholars around the world have extensively researched berth allocation and 

lock scheduling, gradually forming a research system from single resource optimization 

to system-level coordination. This study systematically reviews the relevant research pro-

gress in three dimensions: the berth allocation problem, lock scheduling problem, and 

joint scheduling problem of berths and locks. 

2.1. Berth Allocation Problem 

Berth allocation is a fundamental scheduling task in port operations. Its objective is 

to allocate optimal berth locations and operating times to ships based on their arrival time, 

size, and loading/unloading requirements to minimize the total service time, waiting time, 

or port operating costs. This problem can be divided into discrete and continuous types 
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according to berth layout, and both have been proven to be NP-hard problems, requiring 

heuristic algorithms to balance accuracy and efficiency. 

Early research mainly focused on the accurate modeling and solution of single-type 

berth allocation problems. Cordeau et al. (2005) [4] proposed a time-based tabu search 

heuristic and a continuous extended heuristic that considers spatiotemporal constraints 

for discrete dynamic berth allocation problems. Verification based on actual data from the 

port of Gioia Tauro demonstrated the efficiency of this method, laying the algorithmic 

foundation for subsequent research. Research is gradually moving toward integration as 

port operations become increasingly complex. Agra and Oliveira (2018) [5] integrated 

berth allocation with quay crane scheduling by developing a mixed-integer programming 

model based on the relative position formula and a discretized improved model. Com-

bined with a rolling time-domain heuristic algorithm, this approach can obtain optimal 

solutions for real-scale instances with a short period of time, thereby addressing the prob-

lem of “weak lower bound and slow solution” in traditional models. 

The optimization of berth allocation in special scenarios has become a major research 

focus in recent years. Correcher et al. (2019) [6] used a mixed-integer programming model 

for irregularly laid-out wharves to represent spatial constraints, such as adjacency and 

congestion, and proposed an iterative local search algorithm. Corry and Bierwirth (2019) 

[7] coupled berth allocation with channel scheduling to address channel–berth connection 

constraints. Moreover, they developed a waiting-free bidirectional flow workshop model 

and proposed a corresponding decomposition method to minimize suboptimal allocation 

caused by channel congestion. Jia et al. (2020) [8] proposed using a three-stage simulation 

optimization method for dynamic scenarios to address the collaborative needs of deep-

sea and feeder vessels. Korekane et al. (2024) [9] designed a neural network-assisted 

branch and bound algorithm to improve the solution efficiency of dynamic berth alloca-

tion problems. Wang et al. addressed the needs of continuous berth allocation and the 

dynamic scheduling of quay cranes in container ports by formulating the problem as a 

Markov decision process. They developed a deep reinforcement learning algorithm for 

near-end policy optimization combined with an A2C neural network framework, adapting 

to dynamic scheduling environments. Other studies addressing uncertainty in ship arrival 

times have used the LightGBM model to predict arrival times and integrated the prediction 

results into a dynamic berth allocation model. This framework accounts for operational con-

straints, such as tides and water depth adaptability, and is solved using an improved genetic 

algorithm to obtain efficient solutions. Furthermore, green and low-carbon goals are gradually 

being integrated into berth allocation research. Liu et al. (2025) [10] constructed a dual-objec-

tive model for ship speed optimization and berth allocation and proposed a reinforcement 

learning-driven non-dominated sorting genetic algorithm. Wang et al. (2022) [11] indi-

rectly optimized berth resource utilization through a dynamic congestion charging mech-

anism, providing a new perspective for berth allocation optimization. 

2.2. Lock Scheduling Problem 

Ship lock scheduling, a bottleneck facility in inland waterway and river–sea inter-

modal transport, aims to minimize ship waiting time and operating costs by optimizing 

the allocation of lock chambers, navigation sequencing, and in-cabin placement schemes. 

Lock scheduling problems can be divided into independent and series lock scheduling 

based on the lock layout. The latter is significantly complex due to the need for coordinat-

ing ship transfers between locks. 

Early studies on independent lock scheduling primarily focused on accurate model-

ing. Nauss (2008) [12] constructed an integer programming model for scheduling tugboats 

and barges in river locks. The aforementioned study demonstrated that the search space 

for the optimal solution can be significantly reduced under certain conditions, thereby 
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significantly improving scheduling efficiency compared with the first-come, first-served 

scheme. Verstichel’s team [13–17] carried out a series of pioneering work: in 2009, they 

proposed a multi-objective optimization model and a delayed acceptance algorithm to 

balance water consumption and waiting time; in 2011, they decomposed the lock sched-

uling problem into packing and scheduling subproblems and proposed a metaheuristic 

algorithm, which greatly improved the solution efficiency; in 2014, they proposed a multi-

order optimal adaptation heuristic for the lock chamber placement subproblem, which 

can quickly solve thousands of instances; in the same year, they constructed an integrated 

hybrid integer programming model for the generalized lock scheduling problem, which 

could optimally solve 30 instances within 12 h; in 2015, they effectively shortened the so-

lution time for large-scale instances through combined Benders decomposition, providing 

key technologies for solving large-scale lock scheduling problems. The scheduling of tan-

dem locks and complex scenarios has been a research focus in recent years. Ji et al. (2021) 

[18] constructed a hybrid integer programming model for tandem locks from the perspec-

tive of flexible workshop scheduling, which can optimally solve the case of multi-com-

partment locks and multiple ships. In 2022, they [19] further proposed a decomposition 

framework, combined with tabu adaptive large neighborhood search (ALNS), to address the 

large-scale problem of generalized tandem lock scheduling. In the field of congestion and 

green scheduling, Deng et al. (2021) [20] proposed a combination scheme of congestion charg-

ing and service time window, which could significantly minimize social costs. Zhao et al. (2022) 

[21] constructed a dual-objective model and ship reservation system optimization scheme for 

the congestion problem of the Three Gorges Dam, balancing waiting time and carbon emis-

sions. Wu et al. (2024) [22] constructed a green lock scheduling model, which achieved the 

coordinated optimization of fuel consumption and total dwell time through large neighbor-

hood search. Ji et al. (2019) [23] focused on the coordinated scheduling of locks and wharves 

in inland waterways and proposed a hybrid heuristic algorithm driven by fuzzy logic control, 

which efficiently performed in the data verification of the Three Gorges Dam. Ji et al. (2025) 

[24] integrated lock scheduling with port resource allocation by developing a mixed-inte-

ger programming model and a mixed heuristic framework, providing a new direction for 

the optimization of port–locks on inland waterways. 

2.3. Joint Optimization Problem of Port Berths and Locks 

Independent optimization of berths and locks is difficult to adapt to the continuous 

operation process of ships from locks to ports, often resulting in ship congestion at the 

connection point. At present, research on the coordinated scheduling of the primary re-

sources of the two remains relatively scarce. Existing related research focuses more on the 

transfer decisions of locks and ports, rather than the systematic coordinated scheduling of 

key resources, such as locks, berths, and quay cranes. Consequently, the connection effi-

ciency problem of port–locks is challenging to fundamentally address. 

Early related research mostly focused on local connection optimization and did not 

achieve true resource coordination. Zhang et al. (2016) [25] developed a model to mini-

mize the total waiting time for the channel–berth connection problem of unidirectional 

channel ports and proposed a simulated annealing–multi-population genetic algorithm. 

However, the model mainly focused on the scheduling coordination of the channel and 

berth, without involving the coordinated optimization of lock resources. Ji Bin (2018) [2] 

focused on the coordination of locks and berths in water conservancy hubs, establishing 

a mixed-integer programming model that considered the willingness of ships to cross the 

dam. The model focused on optimizing the decision making of ships passing through the 

lock and crossing the dam. However, the resource linkage mechanism between berth op-

erations and lock scheduling was relatively limited, and the deep integration of the two 

operation processes was not achieved. Although some recent studies have addressed the 
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multi-scenario optimization of port–locks, they have yet to overcome the core bottleneck 

of resource coordination. Zhang et al. (2023) [1] constructed a multi-objective model for 

lock utilization, waiting time, and energy consumption and verified its practicality. How-

ever, they did not incorporate berth resources into the coordination framework, focusing 

only on the scheduling optimization of locks and approach channels. Hao et al. (2023) [26] 

considered the influence of tides and studied the joint scheduling of barges and tugboats 

in river–sea intermodal transport, focusing on the coordination of transport vehicles ra-

ther than the integration of resources within the port–lock. Liu et al. (2024) [3] focused on 

the coordination of waterways and locks during the flood season, optimizing vessel wait-

ing time. Nonetheless, they did not address the timing connection and resource adapta-

tion between berth operations and lock scheduling. 

At present, research on the joint optimization of berths and locks remains relatively 

scarce. Ji et al. (2025) [24] first explicitly proposed the problem of the coordinated sched-

uling of port–lock resources, filling this research gap. This study maps the joint scheduling 

problem into a variant of flexible workshop scheduling, constructing a mixed-integer pro-

gramming model that integrates lock scheduling, berth allocation, and quay crane alloca-

tion. Moreover, this study innovatively combines ALNS, the Floyd–Warshall algorithm, 

and a multi-order optimal adaptation heuristic to achieve deep collaboration among mul-

tiple resources in the port–lock system. Validation based on measured data from the Al-

bert Canal in Belgium and the Three Gorges Dam on the Yangtze River demonstrates that 

this method can effectively minimize vessel waiting time, clarify the optimal vessel 

throughput ratio and the number of quay cranes under different traffic volumes, and pro-

vide core theoretical support for the efficient operation of the port–lock system. However, 

they mainly focus on the joint optimization of inland river port–locks, without needing to 

consider the coordination between seagoing vessels and river vessels. 

Independent optimization research on berth allocation and lock scheduling has 

formed a relatively mature theoretical system and technical methods. Scholars have con-

ducted extensive research on discrete and continuous berth allocation strategies and time-

series scheduling rules for locks, proposing various effective solution schemes, such as 

heuristic algorithms, machine learning models, and mathematical programming. These 

studies have provided solid support for the optimal allocation of resources in a single link. 

However, joint optimization research on the synergistic interaction between the two re-

mains relatively scarce. Existing results often neglect the spatiotemporal coupling rela-

tionship between berths and locks, especially the spatiotemporal coupling relationship 

among riverside berths, seaside berths, and locks, making it difficult to adapt to the com-

plete operational process of “ship arrival lock passage–berthing” in port operations. This 

situation results in insufficient overall and coordinated resource allocation, restricting fur-

ther improvement in port operation efficiency. Therefore, joint optimization research on 

berths and locks and the development of an intelligent decision-making framework that 

takes into account the constraint coupling and dynamic adaptability of the two are of great 

theoretical and practical significance for overcoming the limitations of single-link optimi-

zation and maximizing the overall resource utilization efficiency of ports. The character-

istics of the relevant literature are shown in Table 1. 

Table 1. Characteristics of lock and berth in the relevant literature. 

Literature Study Object Direct Transshipment Mode 
2D Bin Packing Con-

straint 

Seagoing and River 

Vessel Coordination 

Nauss (2008) [12] Lock × × × 

Verstichel & Berghe (2009) [13] Lock × × × 

Verstichel et al. (2011) [14] Lock × × × 

Verstichel et al. (2014a) [15] Lock × √ × 
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Verstichel et al. (2014b) [16] Lock × √ × 

Verstichel et al. (2015) [17] Lock × √ × 

Deng et al. (2021) [20] Lock × × × 

Ji et al. (2021) [18] Lock × √ × 

Ji et al. (2022) [19] Lock × √ × 

Wang T. & Li (2022) [11] Lock × × × 

Zhao et al. (2022) [21] Lock × × × 

Zhang Y. et al. (2023) [1] Lock × × × 

Liu S et al. (2024) [3] Lock × × × 

Wu et al. (2024) [22] Lock × √ × 

Cordeau et al. (2005) [4] Berth × × × 

Zhang X. et al. (2016) [25] Berth × × × 

Agra & Oliveira (2018) [5] Berth × × × 

Correcher et al. (2019) [6] Berth × × × 

Corry & Bierwirth (2019) [7] Berth × × × 

Jia et al. (2020) [8] Berth × × × 

Korekane et al. (2024) [9] Berth × × × 

Li et al. (2024) [27] Berth × × × 

Liu B. et al. (2025) [10] Berth × × × 

Wang L. et al. (2025) Berth × × × 

Zhang Y. et al. (2023) [1] Berth × × × 

Hao et al. (2023) [26] Berth × × × 

Ji (2018) [2] 
Ship locks and 

river port berths 
× √ × 

Ji et al. (2019) [23] 
Ship locks and 

river port berths 
× √ × 

Ji et al. (2025) [24] 

Ship lock, river 

port berth and 

quay crane 

× √ × 

Our work 
Ship lock, seaside 

and riverside berth 
√ √ √ 

3. Problem Description and Mathematical Model 

3.1. Problem Description 

This study focuses on the collaborative scheduling problem of a river–sea intermodal 

transport system under a single port–lock environment. The analysis considers three key 

facilities: seaside berths, riverside berths, and locks (Figure 1). Unlike the traditional inde-

pendent operation mode of berth scheduling and lock scheduling, this study focuses on 

the spatiotemporal coupling relationship between berth operations and lock passage to 

achieve the overall coordination and integrated optimization of “berth–lock” resources 

within a port. The system involved in this study includes lock facilities, seaside operating 

berths, riverside operating berths, and the cargo transport system connecting the river–

sea operation areas. The ship-related parameters include the seagoing vessel arrival time, 

river vessel lock arrival time, vessel dimensions, and load information; the operational 

parameters include vessel loading and unloading requirements; and facility parameters 

include lock chamber capacity and berth operation capacity, all of which are considered 

known. In terms of operational procedures, seagoing vessels berth at seaside berths to 

complete loading and unloading operations, while river vessels berth at riverside berths 

after passing through the locks and directly transfer cargo within the port with their cor-

responding seagoing vessels. Thereafter, these vessels pass through the locks again to 

transfer cargo to inland areas. 

Under the above-mentioned operational procedures, berth scheduling, a fundamen-

tal operational link in the river–sea intermodal transport system, mainly addresses spe-

cific issues, such as the allocation of seaside and riverside berths, the timing of vessel 
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berthing operations, and the arrangement of port entry and exit sequences. The decision-

making content of this framework includes allocating the corresponding seaside and riv-

erside berths to the seagoing and river vessels, and determining the start and end times 

of operations and the port entry and exit sequences for various types of vessels. This link 

must satisfy the following constraints: each vessel occupies only one berth throughout its 

operational cycle, and berth sharing is not permitted. In this study, direct transfer opera-

tions are implemented between river vessels and their corresponding seagoing vessels. 

The start time of the vessel’s operations must not be earlier than its arrival time. The berth 

operation time interval of seagoing vessels must cover the operation time window of the 

corresponding river vessels to ensure the continuity of cargo handover. Moreover, the 

adjacent vessels at the same berth must operate sequentially to avoid operational conflicts. 

Closely linked to berth scheduling is lock scheduling, a crucial hub connecting river–sea 

intermodal transport. This mechanism primarily addresses specific issues, such as lock 

allocation for river vessels, lock chamber allocation, lock passage sequences, and lock 

opening times. The decision-making process of this mechanism includes assigning each 

river vessel a unique upstream or downstream lock session, allocating a corresponding 

lock chamber for each session, and determining the lock opening time and the order in 

which river vessels enter the locks. The corresponding constraints include the following: 

each river vessel can only belong to one lock session and is not allowed to pass through 

multiple lock sessions; the lock opening time of a session cannot be earlier than the arrival 

time of all river vessels within that session; each lock session corresponds to only one lock 

chamber; the dimensions of the river vessel must satisfy the capacity requirements and 

safe passage standards of the allocated lock chamber; and the opening times of adjacent 

lock sessions in the same or opposite directions must maintain a reasonable interval to 

avoid passage conflicts. 

 

Figure 1. Schematic of port–lock joint scheduling under the river–sea direct transport mode. 

Based on the decision-making content and constraints of berth and lock scheduling, 

the key to the joint scheduling of the river–sea intermodal transport system lies in break-

ing the boundary of their independent operation, coordinating and integrating the deci-
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sion-making elements of the two types of scheduling, and realizing the integrated and 

coordinated allocation of seaside berths, riverside berths, and lock resources. The primary 

objective is to coordinate the allocation of berths, berthing sequence, and lock passage 

arrangements of ships within the system while simultaneously meeting the constraints of 

berth operations and lock passage. Accordingly, the waste of time and space resources 

and operational process conflicts that may occur under the traditional independent schedul-

ing mode are prevented, thereby realizing the orderly connection of each operational link. To 

this end, this study takes improving the overall operational efficiency and service capacity of 

port river–sea intermodal transport as the guide and minimizing the total system time cost as 

the optimization objective. The time cost includes the total time of seagoing and river-going 

vessels in port (including waiting, operation, and port turnaround times) and the time of river-

going vessels in locks (including lock waiting and passage times), thereby improving the com-

prehensive utilization efficiency of berth and lock resources. 

Berth scheduling and lock scheduling must be jointly optimized because they are not 

independent operational links but instead form a closely coupled relationship of mutual 

constraints and influences in terms of time, space, and resource capacity. The decision-

making results of any link will directly affect the operational efficiency of the other link 

and ultimately influence the operational performance of the entire intermodal transport 

system. In terms of time, the berth operation time window constitutes an important con-

straint on lock scheduling: the start and end times of seagoing vessel operations determine 

the corresponding river vessel operation time range; the completion time of river vessel 

operations further affects the lock passage demand, and the lock opening time must sim-

ultaneously match the river vessel arrival time and the berth operation completion time; 

if the connection between the two is unbalanced, then river vessels can be left waiting for 

locks or seagoing vessels can experience delays. Moreover, the lock interval and passage 

capacity constraints also restrict the berth operation sequence of river vessels, resulting in 

idle berth or lock resources. Furthermore, the location of the berths on the riverside deter-

mines the distance and actual arrival time of river vessels at the locks, thus affecting the 

lock sequence arrangement. Meanwhile, the lock chamber capacity determines the maxi-

mum throughput of a single lock cycle. If these two factors do not match the operational 

output of the riverside berths, then backlogs of river vessels can easily form after their 

operations are completed, or berth occupancy can become ineffective. In terms of resource 

capacity, the overall operational capacity of the berths determines the scale of vessels that 

can be concurrently served and the intensity of lock throughput demand. The lock’s 

throughput capacity directly affects the efficiency of cargo transshipment for river vessels. 

If any link becomes a capacity bottleneck, then it will restrict the overall operational ca-

pacity of the system, thereby weakening the comprehensive efficiency of the river–sea in-

termodal transport system. 

3.2. Model-Related Assumptions 

In light of the complex situation of the joint optimization model of river–sea inter-

modal transport and lock scheduling, this study makes the following assumptions based 

on the actual situation: 

1. The matching plan of sea ships and river ships in river–sea intermodal transport, the 

arrival time of sea ships at the port, and the arrival time of river ships at the lock are 

determined. 

2. The berths are all discrete berths, and the draft of the berths satisfies the berthing 

requirements of the ships. 

3. Each berth can only serve one ship at a time. 

4. Given that no waterway congestion occurs, the time required for berthing and de-

parture is not considered. This study assumed that the berthing time of the ship is 
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the start time of loading and unloading. Meanwhile, the departure time of the ship is 

the end time of loading and unloading. 

5. Loading and unloading and horizontal transport are represented by the loading and 

unloading transport efficiency matrix between different berths. 

3.3. Related Parameters and Variables 

The parameters and variables in the model are defined as follows based on the above-

mentioned model assumptions to further characterize the joint optimization model of 

river–sea intermodal transport and lock scheduling: 

1. Set 

𝐶 is the set of physical lock chambers, 𝑢 ∈ 𝐶, 𝑢 = (1,2, … , 𝑁𝑢𝑚𝑐), where 𝑁𝑢𝑚𝑐 is 

the total number of lock chambers; 

𝐷𝐿 represents the set of downstream lock batches,  𝐷𝐿 = (1,2, … , |𝐼𝐽̅|), where |𝐼𝐽̅| is 

the total number of river vessels; 

𝐺 represents the set of correspondences between seagoing and river vessels, (𝑖, 𝑗) ∈ G; 

𝐼𝐻  represents the set of seagoing vessels, and |𝐼𝐻̅| is the total number of all arriving 

seagoing vessels; 

𝐼𝐻′ represents the union of the virtual seagoing vessels {0} and the set of arriving 

seagoing vessels 𝐼𝐻 ; 

𝐼𝐽 represents the set of river vessels, and |𝐼𝐽̅| is the total number of all arriving river 

vessels; 

𝐼𝐽′ represents the virtual river vessels {0} and the set of arriving river vessels 𝐼𝐽; 

𝐾𝑆 represents the set of seaside berths, and |𝐾𝑆
̅̅ ̅| is the total number of all seaside berths; 

𝐾𝑅 represents the set of riverside berths, and |𝐾𝑅
̅̅̅̅ | is the total number of all riverside 

berths; 

𝐿𝑘 represents the set of lock batches, 𝐿𝑘 = (1,2, … , 𝑁𝑢𝑚); 

𝑈𝐿  represents the set of upstream lock batches, 𝑘 ∈ 𝑈𝐿 , 𝑈𝐿 = (|𝐼𝐽̅| + 1, . . . , 𝑁𝑢𝑚𝑙),

where 𝑁𝑢𝑚𝑙 is the total number of lock cycles, 𝑁𝑢𝑚𝑙 = 2 ∗ |𝐼𝐽̅|. 

2. Related parameters 

𝛼 indicates the port time weight of seagoing vessels; 

𝛽 indicates the full process time weight of river vessels; 

𝛾 indicates the lock passage time weight of river vessels; 

𝑇𝑖
𝑎𝑟𝑟𝑄𝑗𝑣𝑘,𝑙  indicates the transfer efficiency between berths, 𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅 (unit: tons/h); 

maxT𝑀𝑁𝑢𝑚𝑐𝑐𝑑 is the time cost of a single downstream lock passage; 

𝑐𝑢 is the time cost of a single upstream lock passage; 

𝐶𝑊 is the lock chamber 𝑢 width, 𝑢 ∈ 𝐶; 

𝐶𝐿 is the lock chamber 𝑢 length, 𝑢 ∈ 𝐶; 

𝑀 indicates a large constant; 

maxT is the maximum transport speed between berths; 

mint is the minimum transport speed between berths; 

𝑁𝑢𝑚𝑐 is the number of lock chambers; 

𝑄𝑗  indicates the load capacity of the river vessel, 𝑗 ∈ 𝐼𝐽 (unit: tons); 

𝑆𝑊𝑗 indicates the width of river vessels, 𝑗 ∈ 𝐼𝐽; 

𝑆𝐿𝑗 indicates the length of river vessels, 𝑗 ∈ 𝐼𝐽; 

𝑇𝑖
𝑎𝑟𝑟  is the arrival time of vessel i, defined as the port arrival time for seagoing vessels 

(𝑖 ∈ 𝐼𝐻) and the lock arrival time for river vessels (𝑖 ∈ 𝐼𝐽); 

𝑡𝐶 is the lock chamber processing time; 

𝑡𝑠𝑎𝑚𝑒  is the time for continuous batch switching in the same direction; 

𝑡𝑡𝑟𝑎𝑣𝑒𝑙 is the time for the river vessel to sail from the riverside berth to the upstream 

and downstream locks; 
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𝑣𝑘,𝑙 indicates the transfer efficiency between berths, 𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅 (unit: tons/h). 

3. Decision variables 

𝐴2,𝑗 is a continuous variable, representing the arrival time of the river vessel at the 

port, 𝑗 ∈ 𝐼𝐽; 

𝐴𝑙𝑜𝑐𝑘,𝑗 is a continuous variable, representing the arrival time of the river vessel at the 

upstream lock, 𝑗 ∈ 𝐼𝐽; 

𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′,𝑘 is a 0–1 variable, representing the relative position of the vessel (down); 

𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; 

𝑐𝑑𝑜𝑤𝑛,𝑗 is a continuous variable, representing the start time of the river vessel enter-

ing the lock downstream; 𝑗 ∈ 𝐼𝐽; 

𝐶𝑘 is a continuous variable, representing the lock completion time; 𝑘 ∈ 𝐿𝑘; 

𝑐𝑢𝑝,𝑗 is a continuous variable, representing the start time of the river vessel entering 

the lock on the upstream side, 𝑗 ∈ 𝐼𝐽; 

𝑓𝑑𝑜𝑤𝑛,𝑗 is a continuous variable, representing the completion time of the river vessel 

entering the lock on the downstream side, 𝑗 ∈ 𝐼𝐽; 

𝑓𝑗,𝑘 is a 0–1 variable, which is 1 if the river vessel j is assigned to the lock k; otherwise, 

0; 𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; 

𝑓𝑢𝑝,𝑗 is a continuous variable, representing the completion time of the river vessel 

entering the lock on the upstream side, 𝑗 ∈ 𝐼𝐽; 

𝑙𝑒𝑓𝑡𝑗,𝑗′,𝑘 is a 0–1 variable, representing the relative position of the vessel (left); 𝑗, 𝑗′ ∈

𝐼𝐽, 𝑘 ∈ 𝐿𝑘; 

𝑝𝑟𝑜𝑐𝑘,𝑢 is a 0–1 variable, lock number 𝑘1 if assigned to lock chamber u; otherwise, 

0; 𝑘 ∈ 𝐿𝑘, 𝑢 ∈ 𝐶; 

𝑠𝑒𝑞𝑖,𝑖′
𝐻  is a 0–1 variable, 1 if seagoing vessel i is operating at the same berth before 

seagoing vessel i′; otherwise, 0. 𝑖, 𝑖′ ∈ 𝐼𝐻′; 

𝑠𝑒𝑞
𝑗,𝑗′
𝐽  is a 0–1 variable, 1 if river vessel j operates at the same berth before river vessel 

j′; otherwise, 0; 𝑗, 𝑗′ ∈ 𝐼𝐽′; 

𝑠𝑒𝑞𝑘,𝑙
𝑙𝑜𝑐𝑘  is a 0–1 variable, 1 if lock sequence k is before lock sequence l; otherwise, 0; 

𝑘, 𝑙 ∈ 𝐿𝑘; 

𝑠𝑘,𝑙 is a 0–1 variable, representing the lock sequence conversion time; if k and l are in 

the same direction, it is the time for one lock opening; if k and l are in different directions, 

it is 0; 𝑘, 𝑙 ∈ 𝐿𝑘; 

𝑇𝑖
𝑠𝑡𝑎𝑟𝑡/end

 is a continuous variable, representing the start/end times of loading or un-

loading in vessel i; 

𝑥𝑖,𝑘 is a 0–1 variable, 1 if seagoing vessel i is assigned to berth k; otherwise, 0; 𝑖 ∈

𝐼𝐻′ , 𝑘 ∈ 𝐾𝑆; 

𝑥_𝑝𝑜𝑠𝑗,𝑘 is a continuous variable, representing the ship’s x-coordinate, 𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; 

𝑦_𝑝𝑜𝑠𝑗,𝑘 is a continuous variable, representing the ship’s y-coordinate, 𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐿𝑘; 

𝑦𝑗,𝑙  is a 0–1 variable, 1 if river vessel j is assigned to berth l; otherwise, 0; 𝑗 ∈ 𝐼𝐽′ , 𝑙 ∈ 𝐾𝑅; 

𝑧𝑖,𝑘,𝑗,𝑙 is a 0–1 variable, 1 if seagoing vessel i is at berth k, and its corresponding river 

vessel j is at berth l; 𝑖 ∈ 𝐼𝐻 , 𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅； 

𝑧𝑘 is a 0–1 variable, 1 if the lock is used; otherwise, 0; 𝑘 ∈ 𝐿𝑘. 

3.4. Model Construction 

3.4.1. Objective Function 

The objective of this model is to minimize the total time cost of the system. Specifically, 

the goal of the joint optimization of river–sea intermodal transport and lock scheduling is to 

reduce the weighted sum of the port time cost of seagoing and river vessels and the lock time 

cost of river vessels, covering the three core dimensions of the time cost of seagoing vessels in 

port, the full-process time cost of river vessels, and the lock operation cost. 
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min 𝑍 = 𝛼 · ∑(𝑇𝑖
𝑒𝑛𝑑 − 𝑇𝑖

𝑎𝑟𝑟)

𝑖∈𝐼𝐻

+ 𝛽 · ∑((𝑐𝑑𝑜𝑤𝑛,𝑗 − 𝑇𝑗
𝑎𝑟𝑟) + (𝑇𝑗

𝑒𝑛𝑑 − 𝐴2,𝑗)

𝑗∈𝐼𝐽

+ (𝑐𝑢𝑝,𝑗 − 𝐴𝑙𝑜𝑐𝑘,𝑗)) + 𝛾 · (𝑐𝑢 · ∑ 𝑧𝑘

𝑘∈𝑈𝐿

+ 𝑐𝑑 · ∑ 𝑧𝑘

𝑘∈𝐷𝐿

)  (1) 

3.4.2. Constraints 

The joint optimization of river–sea intermodal transport and lock scheduling follows 

a series of orderly processes. Close coordination is required between various vessels and 

equipment to ensure the rapid and efficient transfer of dry bulk cargo. The main con-

straints include berth allocation constraints, sea and river vessel operation time coordina-

tion constraints, river vessel lock passage time constraints, and lock bidirectional sched-

uling constraints. The specific constraints are as follows. 

1. Berth allocation constraints 

∑ 𝑥𝑖,𝑘

𝑘∈𝐾𝑆

= 1   ∀𝑖 ∈ 𝐼𝐻; (2) 

∑ 𝑦𝑗,𝑙

𝑙∈𝐾𝑅

= 1   ∀𝑗 ∈ 𝐼𝐽; (3) 

𝑧𝑖,𝑘,𝑗,𝑙 ≤ 𝑥𝑖,𝑘∀(𝑖, 𝑗) ∈ G,  𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅; (4) 

𝑧𝑖,𝑘,𝑗,𝑙 ≤ 𝑦𝑗,𝑙∀(𝑖, 𝑗) ∈ G,  𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅 , ; (5) 

𝑧𝑖,𝑘,𝑗,𝑙 ≥ 𝑥𝑖,𝑘 + 𝑦𝑗,𝑙 − 1, ∀(𝑖, 𝑗) ∈ G,  𝑘 ∈ 𝐾𝑆, 𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅 . (6) 

Constraints (2) and (3) represent the uniqueness of berth allocation for sea and river 

vessels, respectively; constraints (4) and (5) represent the matching relationship between 

sea and river vessels, respectively; and constraint (6) is a mandatory association constraint 

for pairing sea and river vessels. 

2. Sea and river vessel operation time coordination constraints 

𝑇𝑖
𝑠𝑡𝑎𝑟𝑡 ≥ 𝑇𝑖

𝑎𝑟𝑟 , ∀𝑖 ∈ 𝐼𝐻; (7) 

𝑇𝑗
𝑠𝑡𝑎𝑟𝑡 ≥ 𝐴2𝑗, ∀𝑗 ∈ 𝐼𝐽; (8) 

𝑇𝑖
start ≤ 𝑇𝑗

start   ∀(𝑖, 𝑗) ∈ 𝐺, 𝑖 ∈ 𝐼𝐻; (9) 

𝑇𝑗
end ≤ 𝑇𝑖

end + 𝑀 · (1 − 𝑧𝑖,𝑘,𝑗,𝑙)   ∀(𝑖, 𝑗) ∈ 𝐺, 𝑘 ∈ 𝐾𝑆, 𝑙 ∈ 𝐾𝑅 ; (10) 

𝑇𝑗
end ≥ 𝑇𝑗

start +
𝑄𝑗

𝑣𝑘,𝑙

⋅ 𝑧𝑖,𝑘,𝑗,𝑙    ∀𝑖 ∈ 𝐼𝐻 , ∀𝑗 ∈ 𝐼𝐽; (11) 

𝑇𝑖′
𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑖

𝑒𝑛𝑑 + 𝑀 · (1 − 𝑠𝑒𝑞𝑖,𝑖′
𝐻 ) ≥ 0, ∀𝑖 ∈ 𝐼𝐻 , 𝑖′ ∈ 𝐼𝐻′ , 𝑖 ≠ 𝑖′, 𝑘 ∈ 𝐾𝑆; (12) 

𝑇𝑗′
𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑗

𝑒𝑛𝑑 + 𝑀 · (1 − 𝑠𝑒𝑞
𝑗,𝑗′
𝐽

) ≥ 0, ∀𝑗 ∈ 𝐼𝐽 , 𝑗′ ∈ 𝐼𝐽′, 𝑗 ≠ 𝑗′, 𝑙 ∈ 𝐾𝑅; (13) 

∑ (𝑠𝑒𝑞0,𝑖
𝐻 + 𝑠𝑒𝑞|𝐼𝐻̅̅̅̅ |+1,𝑖

𝐻

𝑖∈𝐼𝐻′

) = |𝐾𝑆
̅̅ ̅|; (14) 

∑ (𝑠𝑒𝑞𝑖,0
𝐻 +

𝑖∈𝐼𝐻′

𝑠𝑒𝑞𝑖,|𝐼𝐻̅̅̅̅ |+1
𝐻 ) = |𝐾𝑆

̅̅ ̅|; (15) 

∑ (𝑠𝑒𝑞0,𝑗
𝐽 + 𝑠𝑒𝑞

|𝐼𝐽̅|+1,𝑗

𝐽

𝑗∈𝐼𝐽′

) = |𝐾𝑅
̅̅̅̅ |; (16) 
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∑ (𝑠𝑒𝑞𝑗,0
𝐽 + 𝑠𝑒𝑞

𝑗,|𝐼𝐽̅|+1

𝐽
)

𝑗∈𝐼𝐽′

= |𝐾𝑅
̅̅̅̅ |; (17) 

𝑠𝑒𝑞0,0
𝐻 = 0; (18) 

𝑠𝑒𝑞0,0
𝐽 = 0; (19) 

∑ 𝑠𝑒𝑞𝑖,𝑗
𝐻 =

𝑗∈𝐼𝐻′ :𝑗≠𝑖

1   ∀𝑖 ∈ 𝐼𝐻; (20) 

∑ 𝑠𝑒𝑞𝑗,𝑖
𝐻 =

𝑗∈𝐼𝐻′ :𝑗≠𝑖

1   ∀𝑖 ∈ 𝐼𝐻; (21) 

∑ 𝑠𝑒𝑞𝑖,𝑗
𝐻 =

𝑗∈𝐼𝐻′ :𝑗≠𝑖

1   ∀𝑖 ∈ 𝐼𝐻; (22) 

∑ 𝑠𝑒𝑞𝑗,𝑖
𝐽 =

𝑗∈𝐼𝐽′:𝑗≠𝑖

1   ∀𝑖 ∈ 𝐼𝐽; (23) 

𝑥𝑖,𝑘 + 𝑥𝑖′,𝑘 − 𝑀 · (2 − 𝑠𝑒𝑞0,𝑖
𝐻 − 𝑠𝑒𝑞|𝐼𝐻̅̅̅̅ |+1,𝑖

𝐻 − 𝑠𝑒𝑞0,𝑖′
𝐻 − 𝑠𝑒𝑞|𝐼𝐻̅̅̅̅ |+1,𝑖′

𝐻 ) ≤ 1   ∀𝑖, 𝑖′ ∈ 𝐼𝐻 , 𝑖 ≠ 𝑖′, 𝑘 ∈ 𝐾𝑆 (24) 

𝑥𝑖,𝑘 − 𝑥𝑖′,𝑘 + 𝑀 · (1 − 𝑠𝑒𝑞𝑖,𝑖′
𝐻 ) ≥ 0   ∀𝑖, 𝑖′ ∈ 𝐼𝐻 , 𝑖 ≠ 𝑖′, 𝑘 ∈ 𝐾𝑆; (25) 

𝑥𝑖,𝑘 − 𝑥𝑖′,𝑘 − 𝑀 · (1 − 𝑠𝑒𝑞𝑖,𝑖′
𝐻 ) ≤ 0   ∀𝑖, 𝑖′ ∈ 𝐼𝐻 , 𝑖 ≠ 𝑖′, 𝑘 ∈ 𝐾𝑆; (26) 

𝑦𝑗,𝑘 + 𝑦𝑗′,𝑘 − 𝑀 · (2 − 𝑠𝑒𝑞0,𝑗
𝐽 − 𝑠𝑒𝑞

|𝐼𝐽̅|+1,𝑗

𝐽
− 𝑠𝑒𝑞0,𝑗′

𝐽 − 𝑠𝑒𝑞
|𝐼𝐽̅|+1,𝑗′

𝐽
) ≤ 1   ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 ≠ 𝑗′, 𝑘 ∈ 𝐾𝑅; (27) 

𝑦𝑗,𝑘 − 𝑦𝑗′,𝑘 + 𝑀 · (1 − 𝑠𝑒𝑞𝑗,𝑗′
𝐽 ) ≥ 0   ∀𝑗, 𝑗′ ∈ 𝐼𝐽, 𝑗 ≠ 𝑗′, 𝑘 ∈ 𝐾𝑅; (28) 

𝑦𝑗,𝑘 − 𝑦𝑗′,𝑘 − 𝑀 · (1 − 𝑠𝑒𝑞𝑗,𝑗′
𝐽 ) ≤ 0, ∀𝑗, 𝑗′ ∈ 𝐼𝐽, 𝑗 ≠ 𝑗′, 𝑘 ∈ 𝐾𝑅; (29) 

𝑠𝑒𝑞𝑖,𝑖′
𝐻 + 𝑠𝑒𝑞𝑖′,𝑖

𝐻 ≤ 1   ∀𝑖, 𝑖′ ∈ 𝐼𝐻: 𝑖 ≠ 𝑖′; (30) 

𝑠𝑒𝑞𝑗,𝑗′
𝐽 + 𝑠𝑒𝑞𝑗′,𝑗

𝐽 ≤ 1   ∀𝑗, 𝑗′ ∈ 𝐼𝐽: 𝑗 ≠ 𝑗′ . (31) 

Constraints (7) and (8) represent the start time of a seagoing and river vessel, respec-

tively; constraint (9) represents the synchronous start of a seagoing and river vessel; con-

straint (10) represents the end time of river vessels no later than that of seagoing vessels; 

constraint (11) represents the lower limit of a river vessel’s operation time; constraints (12) 

and (13) represent the operation sequence constraints of a seagoing and river vessel in the 

same berth, respectively; constraints (14)–(29) collectively model the berth service se-

quences as a set of ordered chains. Specifically, constraints (14)–(19) define the boundary 

conditions by anchoring each chain to virtual source and sink nodes, with the number of 

chains equal to the number of available berths. Constraints (20)–(23) impose the unique-

ness of each vessel’s predecessor and successor within its chain. Constraints (24) and (27) 

prevent two vessels from being simultaneously assigned to the same berth unless one of 

them occupies a chain boundary position. Constraints (25), (26), (28), and (29) enforce con-

sistency between the sequencing variables and the berth assignment variables, ensuring 

that consecutively sequenced vessels are always assigned to the same berth. 
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3. Lock allocation and constraints 

𝑓𝑗,𝑘 ≤  𝑧𝑘, ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐿𝑘; (32) 

∑ 𝑝𝑟𝑜𝑐𝑘,𝑢

𝑢∈𝐶𝑠

=  𝑧𝑘 ,  ∀𝑘 ∈ 𝐿𝑘; (33) 

𝑝𝑟𝑜𝑐𝑘,𝑢 +   ∑ 𝑝𝑟𝑜𝑐𝑙,𝑣

𝑣∈𝐶,𝑣≠𝑢

+  𝑠𝑒𝑞𝑘,𝑙
𝑙𝑜𝑐𝑘 ≤ 2,  ∀𝑘,  𝑙  ∈  𝐿𝑘, 𝑘 < 𝑙, 𝑢 ∈ 𝐶; (34) 

𝐶𝑙 − 𝐶𝑘 +  𝑀 ∗ (3 −  𝑠𝑒𝑞𝑘,𝑙
𝑙𝑜𝑐𝑘 − 𝑝𝑟𝑜𝑐𝑘,𝑢 −  𝑝𝑟𝑜𝑐𝑙,𝑢) ≥ 𝑡𝐶 + 𝑠𝑘,𝑙 · 𝑡𝑠𝑎𝑚𝑒 , ∀𝑘,  𝑙  ∈  𝐿𝑘, 𝑘 < 𝑙, 𝑢 ∈ 𝐶 (35) 

𝐶𝑘 − 𝐶𝑙 +  𝑀 ∗ (2 + 𝑠𝑒𝑞𝑘,𝑙
𝑙𝑜𝑐𝑘 − 𝑝𝑟𝑜𝑐𝑘,𝑢 − 𝑝𝑟𝑜𝑐𝑙,𝑢) ≥ 𝑡𝐶 + 𝑠𝑘,𝑙 · 𝑡𝑠𝑎𝑚𝑒 , ∀𝑘,  𝑙  ∈  𝐿𝑘, 𝑘 < 𝑙, 𝑢 ∈ 𝐶 (36) 

Constraint (32) represents the association between lock usage and river vessel alloca-

tion; constraint (33) represents the uniqueness of lock usage and lock chamber allocation; 

and constraints (34)–(36) represent the time constraints when lock usage is allocated to the 

same lock chamber. 

Downstream lock: 

∑ 𝑓𝑗,𝑘

𝑘∈𝐷𝐿

=  1, ∀𝑗 ∈ 𝐼𝐽; (37) 

𝑧𝑘+1 ≤ 𝑧𝑘, ∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐷𝐿, 𝑘 < |𝐼𝐽̅|; (38) 

𝑐𝑑𝑜𝑤𝑛,𝑗 ≤ (𝐶𝑘 −  𝑡𝐶) +  𝑀 · (1  −  𝑓𝑗,𝑘),  ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐷𝐿; (39) 

𝑐𝑑𝑜𝑤𝑛,𝑗 ≥ (𝐶𝑘 −  𝑡𝐶) −  𝑀 · (1  −  𝑓𝑗,𝑘),  ∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐷𝐿. (40) 

Constraint (37) indicates the uniqueness of the downstream lock allocation for river 

vessels; constraint (38) indicates the constraint of the continuous use of downstream lock 

sessions; and constraints (39) and (40) indicate the correlation between the downstream 

lock entry time and the lock session completion time for river vessels. 

Upward lock: 

∑ 𝑓𝑗,𝑘

𝑘∈𝑈𝐿 

=  1, ∀𝑗 ∈ 𝐼𝐽; (41) 

𝑧𝑘+1 ≤ 𝑧𝑘 , ∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝑈𝐿, 𝑘 < 𝑁𝑢𝑚𝑙; (42) 

𝑐𝑢𝑝,𝑗 ≤ (𝐶𝑘 − 𝑡𝐶) +  𝑀 · (1  −  𝑓𝑗,𝑘),  ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝑈𝐿; (43) 

𝑐𝑢𝑝,𝑗 ≥ (𝐶𝑘 −  𝑡𝐶) −  𝑀 · (1  −  𝑓𝑗,𝑘),  ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ U𝐿. (44) 

Constraint (41) indicates the uniqueness of the upstream lock allocation for river ves-

sels; constraint (42) indicates the constraint of the continuous use of the upstream lock; 

and constraints (43) and (44) indicate the correlation between the upstream entry time of 

river vessels and the lock completion time. 

Packing and size constraints: 

𝑥_𝑝𝑜𝑠,𝑗,𝑘+ 𝑆𝑊𝑗 ≤ 𝐶𝑊 +  𝑀 · (1  −  𝑓𝑗,𝑘)∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐿𝑘; (45) 

𝑦_𝑝𝑜𝑠𝑗,𝑘 + 𝑆𝐿𝑗 ≤ 𝐶𝐿 +  𝑀 · (1  −  𝑓𝑗,𝑘)∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; (46) 

𝑥_𝑝𝑜𝑠𝑗,𝑘 ≥ 0, ∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; (47) 

𝑦_𝑝𝑜𝑠𝑗,𝑘 ≥ 0, ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐿𝑘; (48) 
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𝑙𝑒𝑓𝑡𝑗,𝑗′,𝑘 + 𝑙𝑒𝑓𝑡𝑗′,𝑗,𝑘+𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′,𝑘+𝑏𝑒𝑙𝑜𝑤𝑗′,𝑗,𝑘 ≥ 1, ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; (49) 

𝑥_𝑝𝑜𝑠𝑗,𝑘 + 𝑆𝑊𝑗 ≤ 𝑥_𝑝𝑜𝑠𝑗′,𝑘 + 𝑀 · (1  −  𝑙𝑒𝑓𝑡𝑗,𝑗′,𝑘) + 𝑀 · (2  −  𝑓𝑗,𝑘 −  𝑓𝑗′,𝑘) 

∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; 
(50) 

𝑦_𝑝𝑜𝑠𝑗,𝑘 + 𝑆𝐿𝑗 ≤ 𝑦_𝑝𝑜𝑠𝑗′,𝑘 + 𝑀 · (1  −  𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′ ,𝑘) + 𝑀 · (2  −  𝑓𝑗,𝑘 −  𝑓𝑗′,𝑘) 

∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; 
(51) 

𝑥_𝑝𝑜𝑠𝑗,𝑘 + 𝑆𝑊𝑗 + 𝑀𝑊 ≤ 𝑥_𝑝𝑜𝑠𝑗′,𝑘 + 𝑀 · (1  −  𝑙𝑒𝑓𝑡𝑗,𝑗′,𝑘) + 

𝑀 · (2  −  𝑓𝑗,𝑘 −  𝑓𝑗′,𝑘), ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 ≠ 𝑗′, 𝑘 ∈ 𝐿𝑘; 
(52) 

𝑦𝑝𝑜𝑠𝑗,𝑘
+ 𝑆𝐿𝑗 + 𝑀𝐿 ≤ 𝑦𝑝𝑜𝑠𝑗′,𝑘

+ 𝑀 · (1  −  𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′,𝑘) + 

𝑀 · (2  −  𝑓𝑗,𝑘 −  𝑓𝑗′,𝑘), ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 ≠ 𝑗′, 𝑘 ∈ 𝐿𝑘; 
(53) 

𝑥_𝑝𝑜𝑠𝑗,𝑘 ≤ 𝑀 · 𝑓𝑗,𝑘, ∀𝑗 ∈ 𝐼𝐽 , 𝑘 ∈ 𝐿𝑘; (54) 

𝑦_𝑝𝑜𝑠𝑗,𝑘 ≤ 𝑀 · 𝑓𝑗,𝑘, ∀𝑗 ∈ 𝐼𝐽, 𝑘 ∈ 𝐿𝑘; (55) 

𝑙𝑒𝑓𝑡𝑗,𝑗′ ,𝑘 ≤ 𝑓𝑗,𝑘, ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; (56) 

𝑙𝑒𝑓𝑡𝑗,𝑗′ ,𝑘 ≤ 𝑓𝑗′,𝑘, ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; (57) 

𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′,𝑘 ≤ 𝑓𝑗,𝑘, ∀𝑗, 𝑗′ ∈ 𝐼𝐽, 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘; (58) 

𝑏𝑒𝑙𝑜𝑤𝑗,𝑗′ ,𝑘 ≤ 𝑓𝑗′,𝑘, ∀𝑗, 𝑗′ ∈ 𝐼𝐽 , 𝑗 < 𝑗′, 𝑘 ∈ 𝐿𝑘. (59) 

Constraints (45)–(48) indicate the size adaptation constraint between river vessels 

and lock chambers, and constraints (49)–(59) indicate the relative position and safety dis-

tance constraint of river vessels within the lock. 

4. Time connection constraints between berth allocation and lock scheduling: 

𝐴2,𝑗 = 𝑓𝑑𝑜𝑤𝑛,𝑗 + 𝑡𝑡𝑟𝑎𝑣𝑒𝑙 , ∀𝑗 ∈ 𝐼𝐽; (60) 

  𝐴𝑙𝑜𝑐𝑘,𝑗 = 𝑇𝑗
end + 𝑡𝑡𝑟𝑎𝑣𝑒𝑙 , ∀𝑗 ∈ 𝐼𝐽; (61) 

𝑓𝑑𝑜𝑤𝑛.𝑗 = 𝑐𝑑𝑜𝑤𝑛,𝑗 + 𝑡𝐶 , ∀𝑗 ∈ 𝐼𝐽; (62) 

𝑓𝑢𝑝,𝑗 = 𝑐𝑢𝑝,𝑗 + 𝑡𝐶 , ∀𝑗 ∈ 𝐼𝐽; (63) 

𝑐𝑢𝑝,𝑗 ≥  𝐴𝑙𝑜𝑐𝑘,𝑗 , ∀𝑗 ∈ 𝐼𝐽; (64) 

𝑐𝑑𝑜𝑤𝑛,𝑗 ≥ 𝑇𝑗
𝑎𝑟𝑟 , ∀𝑗 ∈ 𝐼𝐽 . (65) 

Constraints (60)–(65) indicate the time connection constraints of the entire process of 

river vessels. 
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4. Port–Lock Collaborative Optimization Algorithm Design 

The primary objective of the port–lock collaborative scheduling algorithm is to col-

laboratively optimize the berth allocation and lock scheduling of seagoing and river ves-

sels to minimize the total time of vessels in port. A close relationship exists between lock 

and berth scheduling. On the one hand, the completion time of a vessel’s operations at the 

berth directly affects its arrival time at the lock, thereby influencing the composition and 

scheduling order of lock batches. On the other hand, the lock’s passage time and batch 

arrangement constrain the vessel’s operation time window within the port, thereby affect-

ing the feasibility and efficiency of berth allocation. Separate optimization of these two 

aspects often results in local optima and may even cause resource conflicts and time de-

lays. Therefore, this study adopts a joint optimization approach and designs a collabora-

tive optimization iterative algorithm for locks and berths. 

The algorithm adopts an iterative algorithm framework, gradually approximating 

the global optimal solution through the combination of lock and berth allocation. This 

framework draws on the hierarchical iterative idea for solving complex systems. For ex-

ample, in dealing with certain problems, such as cooperative control of connected auton-

omous vehicles, dynamic scheduling of AGVs in automated terminals, and berth planning 

under uncertain environments, research has shown that decomposing the original prob-

lem into sub-modules at different levels and designing an iterative cooperative mecha-

nism can effectively minimize the complexity of the problem and improve the overall per-

formance of the system. Therefore, this study adopts an iterative algorithmic framework 

to address the cooperative optimization problem between port berth and lock allocation 

and designs heuristic and ALNS algorithms to solve the resulting subproblems based on 

their structural characteristics. 

The collaborative optimization algorithm proposed in this study adopts a hierar-

chical iterative structure, and the overall process is shown in Figure 2. Its computational 

complexity is (|𝐼𝐻̅|3+|𝐼𝐽̅|
3
). 

Step 1: Initialization and data reading 

Read ship static data (size, cargo capacity, etc.), berth information, inter-port transfer 

speed, lock parameters, etc. Record the original descent time of the river ship to the lock, 

and initialize the global optimal solution. 

Step 2: Outer iteration 

Set the maximum number of outer iterations T, and initialize the outer iteration coun-

ter t = 1. Execute the following steps in a loop until t > T: 

Step 2.1 Downward ship lock dispatch 

Two-dimensional packing strategy: Arrange the ship layout based on the lock cham-

ber size and safety clearance constraints. 

Ship lock allocation: Determine the passage time and number of locks for each batch 

of ships. 

Output the ship lock scheduling plan. 

Step 2.2: Inner layer optimization: Cooperative optimization of ALNS berth alloca-

tion and lock scheduling 

Execute the following collaborative optimization process based on the current arrival 

time of the river vessel at the lock: 

Step 2.2.1: Berth allocation optimization (ALNS framework) 

Initial solution generation: Allocate berths for sea and river vessels based on the or-

der of arrival time. 

Destruction stage: Random ship destruction operator, random river ship destruction 

operator, and random high-cost destruction operator. 

Repair phase: Greedy repair operator, regret value repair operator. 
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Figure 2. Schematic of port–lock joint scheduling under the river–sea direct transport mode. 

Acceptance criteria: The simulated annealing mechanism determines whether to ac-

cept the new solution. 

Weight update: Regularly update operator weights. 

Output the current optimal berth plan and the completion time of the river vessel 

operation. 

Step 2.3: Upstream ship lock optimization (heuristic packing strategy) 

Two-dimensional packing strategy: Arrange the ship layout based on the lock cham-

ber size and safety clearance constraints. 

Ship lock allocation: Determine the passage time and number of locks for each batch 

of ships. 

Output the ship lock scheduling plan. 
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Step 2.4: Cost calculation and evaluation of solutions 

Calculate the total cost of the current plan, and update the global optimal solution. 

Step 2.5: Outer iteration update 

t = t + 1; Extract the completion time of this round of river vessel operations, and 

calculate the upstream return time. Accordingly, further optimize the downstream lock-

age time and batch scheduling. 

Step 3: Algorithm termination and output 

Terminate when the maximum number of iterations in the outer layer is reached. 

Output the globally optimal berth allocation plan and ship lock scheduling plan. Other-

wise, return to Step 2.1. 

4.1. Ship Lock Allocation Algorithm 

The preliminary step of the entire iterative algorithm is the design of the ship lock 

allocation algorithm to define a feasible range of time and space for subsequent berth al-

location. This step determines the reasonable number of locks and the layout of the space 

inside the locks through ship lock allocation. The primary steps include 2D packing and 

ship lock allocation strategies (Algorithm A1). 

4.1.1. 2D Packing Strategy 

This study assumes that the width of ship 𝑠 is 𝑆𝑊𝑠, the length is 𝑆𝐿𝑠, the upper limit 

of the width of lock chamber 𝑐 is 𝐶𝑊𝑐𝑚𝑎𝑥 , the upper limit of the length is 𝐶𝐿𝑐𝑚𝑎𝑥 , the 

lateral safety clearance is 𝛿𝑤 , and the longitudinal safety clearance is 𝛿𝑙 . In candidate 

batch 𝑏, the cumulative width of the currently arranged ships is 𝑆𝑊𝑏, and the cumulative 

length is 𝑆𝐿𝑏. 

When adding ship 𝑠, the algorithm first tries to arrange them side-by-side in the lat-

eral direction: 

1. Calculate the total width after lateral arrangement 𝑆𝑊𝑏 = 𝑆𝑊𝑏 + 𝑆𝑊𝑠 + 𝛿𝑤; 

2. Calculate the total length after lateral arrangement 𝑆𝐿𝑏 = 𝑚𝑎𝑥(S𝐿𝑏 , 𝑆𝐿𝑠); 

3. If 𝑆𝑊𝑏 ≤ S𝑊𝑐𝑚𝑎𝑥 and 𝑆𝐿𝑏 ≤ 𝑆𝐿𝑐𝑚𝑎𝑥, then adopt the transverse arrangement. If the 

transverse arrangement is not feasible, then try the longitudinal sequential arrange-

ment: 

① Calculate the total width after the longitudinal arrangement 𝑆𝑊𝑏 =

𝑚𝑎𝑥(𝑆𝑊𝑏 , 𝑆𝑊𝑠); 

② Calculate the total length after the longitudinal arrangement 𝑆𝐿𝑏 = 𝑆𝐿𝑏 + S𝐿𝑠 +

𝛿𝑙; 

③ If 𝑆𝑊𝑏 ≤ S𝑊𝑐𝑚𝑎𝑥 and 𝑆𝐿𝑏 ≤ 𝑆𝐿𝑐𝑚𝑎𝑥 , then adopt the longitudinal arrangement. 

4.1.2. Lock Allocation Strategy 

The algorithm adopts a heuristic strategy based on arrival time sequence processing, 

combined with a batch allocation method based on cost assessment. In each ship to be 

arranged 𝑠 , the algorithm traverses all created batches and checks whether it can be 

added to an existing batch. 

Calculate the cost increment 𝑏 for ships 𝑠 and candidate batches 𝑏. The increment 

consists of two main parts: the total waiting time of existing vessels in batch 𝛥𝐶𝑎𝑑𝑑 for 

adding to an existing batch 𝑏 due to waiting for 𝑠 to arrive and the waiting time of ves-

sel 𝑠  in batch 𝑏 . Moreover, the fixed cost 𝑏𝑛𝑒𝑤  is calculated, including the basic cost 

𝐶𝑛𝑒𝑤 of creating a new batch 𝐶𝑏𝑎𝑡𝑐ℎ of the new batch (usually set to one) and the waiting 

cost of vessel 𝑠 in the new batch. The algorithm selects the option with the lower cost: if 

𝛥𝐶𝑎𝑑𝑑 < 𝐶𝑛𝑒𝑤 , then 𝑠 is added to batch 𝑏; otherwise, 𝑠, a new batch, is created. The al-

gorithm pseudocode is provided by the Appendix A. 
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4.2. Berth Allocation Algorithm 

The berth allocation algorithm based on ALNS has the primary task of planning spe-

cific berths and operation time windows for each seagoing vessel and simultaneously al-

locating suitable river vessel berths for the associated river vessels in the same port. The 

optimization goal of this algorithm is to minimize the total time of ships in port (including 

waiting and operation times). 

4.2.1. Initial Solution Generation 

An initial feasible solution is generated using a rule-based heuristic construction 

method. The algorithm executes the following steps: 

Step 1: Vessel sequence generation. Sort all vessels (including seagoing vessels and 

river vessels) according to their arrival times at the port to form a processing sequence. 

Step 2: Seagoing vessel berth allocation. Assign a seagoing vessel berth to each sea-

going vessel in turn, and the conditions include the following: 

• It must be a seagoing vessel berth; 

• The berth is available when the seagoing vessel arrives; 

• The berth is not occupied during the expected operation period. 

The seagoing vessel operation time is estimated based on the total cargo volume of 

all associated river vessels at a fixed transfer rate. If an available berth is found, then allo-

cate it, calculate its start and end times, and update the berth availability time; if no berth 

is available, then place the seagoing vessel in the waiting queue. 

Step 3: River vessel berth allocation. Sequentially assign berths to each river vessel, 

under the following conditions: 

• Its associated seagoing vessel has been assigned a berth, and its start time has been 

determined; 

• An available river vessel berth is found within the same port (the berth is vacant, and 

no time conflict occurs). 

The river vessels’ operating time is determined by its cargo volume and the specific 

transfer rate between berths. If the conditions are met, then the berth is assigned, and the 

time is updated; if not (a berth is unavailable or a seagoing vessel is not scheduled), the 

river vessel is placed in the waiting queue. 

Step 4: Waiting queue processing 

The berth vacancy time requirement is relaxed for vessels in the waiting queues of 

seagoing vessels and river vessels, allowing vessels to operate after waiting for berths to 

become vacant. All vessels must obtain berths by retrying the assignment, ultimately 

forming a complete initial feasible solution. 

4.2.2. Design of the Destruction Operator and Its Update Mechanism 

1. Random seagoing vessel destruction operator 

Generate a random number 𝑘1 in the interval [1, 𝑛1. |𝐼𝐻̅|] (where 𝑛1 are the param-

eters of the random seagoing vessel destruction operator). Randomly select 𝑘1 seagoing 

vessel tasks from the task list of the current solution. If a seagoing vessel task is selected, 

then remove the seagoing vessel task and all its subordinate river boat sub-tasks. Moreo-

ver, put all removed tasks into the list to be reinserted. 
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2. Random river boat destruction operator 

Generate a random number 𝑘2 in the interval [1, 𝑛2. |𝐼𝐽̅|] (where 𝑛2 is the parameter 

for the random river vessel destruction operator). Randomly select 𝑘2 river vessels from 

all the assigned river vessels in the current solution. Remove all selected river vessels, 

change their status to “unassigned”, and add them to the list to be reinserted. 

3. High-cost vessel destruction operator 

In each vessel (sea and river vessels) in the current solution, calculate its cost contri-

bution value, which is the sum of the vessel’s waiting time (start time minus arrival time) 

and its operating time. Thereafter, sort all vessels according to this cost contribution value 

from high to low. In this sorted list, randomly select an integer 𝑘3 between [1, 𝑛3. (|𝐼𝐻̅| +

|𝐼𝐽̅|)] (where 𝑛3 is the parameter for the high-cost vessel destruction operator), and re-

move the top 𝑘3 vessels with the highest cost from the beginning of the list. If the re-

moved vessel is a seagoing vessel, then all of its associated river vessels will also be re-

moved; if the removed vessel is a river vessel, then only the vessel itself will be removed. 

All removed vessels will be added to the list to be reinserted. 

4. Update mechanism of partial solution after disruption 

First, identify all affected berths. Thereafter, recalculate the start and end times of 

each vessel’s operation at the berth according to the original task order, and uniformly 

update the berth status. Given that the operation times of seagoing vessels and their asso-

ciated river vessels are interdependent, any adjustment to one side may trigger cascading 

updates—for example, a change in the start time of a seagoing vessel will affect all asso-

ciated river vessels, and a change in the overall progress of river vessels may in turn cor-

rect the end time of seagoing vessels. The partial solution maintains the feasibility of the 

remaining scheduling plan while releasing the resource time window through this series 

of adjustments, thus creating conditions for the reinsertion of subsequent vessels. 

4.2.3. Design of the Repair Operator 

The repair operator reinserts all vessels removed in the previous step into the partial 

solution to form a new complete solution. The strategy for repair insertion is to achieve 

the smallest possible cost increment. Here, two types of insertion operators are used: the 

greedy repair operator and the regret value insertion operator. 

1. Greedy repair operator 

First, arrange the ships to be inserted according to their original arrival times. There-

after, process the ships one-by-one in this order: list all feasible insertion schemes for the 

ships to be arranged. Each scheme must determine the berth selected by the ship and the 

start time of operation. Calculate the increase in the objective function value of each fea-

sible insertion scheme. The insertion scheme that minimizes the increase in the objective 

function value for insertion is inserted. Insert the ships to be arranged in sequence until 

the list of ships to be inserted is empty. 

2. Regret value insertion operator 

List all feasible insertion schemes for each ship to be arranged, and calculate the cost 

of all the insertion schemes. Let the optimal cost be 𝑐1 and the suboptimal cost be 𝑐2. The 

regret value of the ship can be expressed as Δ𝑐 = 𝑐2 − 𝑐1. Calculate the regret value of 

each ship to be inserted. Select the ship with the largest regret value Δ𝑐, and insert it into 

the position corresponding to its optimal cost 𝑐1. Next, given that this insertion changes 

the availability time of some resources, relist all feasible insertion schemes for the remain-

ing ships to be inserted. Subsequently, calculate the regret value. Thereafter, insert the 

ship with the highest regret value into the optimal position. The above-mentioned steps 

are repeated until all ships have been inserted. 
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4.2.4. Random Perturbation 

This study embeds a global optimal solution perturbation mechanism based on iter-

ative stagnation into the adaptive large neighborhood search framework: a deep “destruc-

tion–repair” perturbation is implemented when the number of consecutive unimproved 

iterations reaches the stagnation threshold η = 100 as the trigger condition: first, seagoing 

or river vessels are randomly selected as destruction targets with equal probability, and a 

corresponding number of vessel tasks are removed from the global optimal solution ac-

cording to a preset ratio (60%); second, feasible berths and operating periods are redistrib-

uted to the removed vessels through random insertion heuristics. 

4.2.5. Solution Acceptance Rule 

This study uses simulated annealing as the acceptance criterion for new solutions. 

The core of this criterion is to allow the algorithm to accept solutions worse than the cur-

rent solution with a certain probability. This probability is dynamically adjusted as the 

search process progresses. 

Specifically, let the total cost of the current solution be 𝐶𝑐𝑢𝑟 and the total cost of the 

newly generated solution be 𝐶𝑛𝑒𝑤. If the new solution is better (i.e., 𝐶𝑛𝑒𝑤 < 𝐶𝑐𝑢𝑟), then the 

new solution is unconditionally accepted, replacing the current solution. If the new solu-

tion is worse than the current solution (i.e., 𝐶𝑛𝑒𝑤 ≥ 𝐶𝑐𝑢𝑟), then it is not directly rejected, 

but accepted with a certain probability 𝑃 . The formula for calculating the acceptance 

probability 𝑃 is as follows: 

𝑃 = exp (
𝐶𝑐𝑢𝑟 − 𝐶𝑛𝑒𝑤

𝑇
),  

where 𝑇 is the current temperature parameter. 

The temperature 𝑇 is initially set to a relatively high value 𝑇0 (set to 1200 in this 

study), which makes the algorithm likely to accept inferior solutions in the early stages of 

the search, thus encouraging extensive exploration of the solution space. The temperature 

gradually decreases according to the cooling rate 𝛼 (taken as 𝛼 = 0.95 in this study) as 

the iteration progresses (i.e., 𝑇 ← 𝛼 ⋅ 𝑇). The decrease in temperature reduces the proba-

bility of accepting inferior solutions, and the algorithm’s search behavior gradually shifts 

from global exploration to a more precise exploration of the neighborhood of the current 

better solution. 

4.2.6. Solution Selection 

In the initial stage, all operators have equal weights, and the score is initialized to 

one. During each iteration, scores are given in a stepwise manner based on the perfor-

mance of the operator, with higher scores indicating better operator performance. This 

study sets the following four scenarios: (1) If the new solution is better than the currently 

known global optimal solution of the algorithm, then a reward score will be given 𝑤1. If 

the new solution is better than the current solution but not better than the global optimal 

solution, then a reward score will be given 𝑤2. If the new solution is accepted, then re-

ward points will be awarded 𝑤3. If the new solution is rejected, then a penalty score will 

be given 𝑤4. In each segment, record the total reward score obtained after each operator 

is called 𝜎𝑖, and the number of times it has been selected 𝑛𝑖. Use exponential smoothing 

to update the weights of each operator. 

𝑤𝑖+1 = 𝜆 ∙ 𝑤𝑖 + (1 − 𝜆) ∙
𝜎𝑖

𝑛𝑖

  

In each iteration, select the operator to be used based on the updated weights accord-

ing to the roulette wheel. 
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4.3. Algorithm Termination Rules 

4.3.1. Inner Iteration Termination Rules 

1. Maximum number of iterations: Set a fixed maximum number of iterations 

𝑀𝐴𝑋𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 . When the search process reaches this number, the search stops re-

gardless of the current solution exploration status. 

2. Simulated annealing temperature threshold: With the algorithm iteration and the set-

ting of the cooling rate, the cooling rate of simulated annealing is 0.95. When the 

temperature 𝑇 drops to an extremely low preset threshold (such as close to zero), 

the probability of the algorithm accepting a bad solution is negligible, the search pro-

cess stabilizes, and the inner iteration is terminated at this time. 

Stop running and return the optimal berth allocation scheme it has searched when 

any condition is met. 

4.3.2. Termination Condition of the Outer Iteration 

1. Maximum number of iterations: Set a maximum number of outer iterations 𝑇𝑚𝑎𝑥  . 

When the number of iterations of the main loop reaches this upper limit, the algo-

rithm terminates. This condition is mainly used to control the overall calculation 

time. 

2. Convergence judgment: At the end of each outer iteration, the algorithm records and 

compares the historical best total cost 𝐶𝑏𝑒𝑠𝑡. If no improvement is obtained in multi-

ple consecutive iterations 𝐶𝑏𝑒𝑠𝑡  (i.e., the cost has not decreased), the algorithm is 

judged to have sufficiently converged, and the possibility of continuing to iterate and 

improve the total cost is low. At this time, the algorithm will also terminate early to 

conserve computing resources. 

When any of the above-mentioned outer termination conditions are met, the entire 

collaborative optimization algorithm stops running and outputs the historical best solu-

tion recorded in the entire process (i.e., the corresponding optimal berth and lock sched-

uling schemes). 

5. Numerical Experiment and Analysis 

This section verifies the effectiveness of the proposed port–lock collaborative sched-

uling model and algorithm through numerical experiments. All experiments were con-

ducted on the same platform: the hardware consisted of an AMD Ryzen 7 4800H CPU 

with Radeon Graphics and 16 GB of RAM; the software environment was a Windows 10 

operating system; and the experiments were implemented using Java in IntelliJ IDEA. As 

a benchmark, the mathematical programming model constructed in this study was solved 

using the commercial solver CPLEX 12.8.0, with a maximum solution time of 5 h to obtain 

the best possible feasible solution within a reasonable timeframe. 

5.1. Experimental Data and Case Design 

The experimental case design closely follows the typical actual operation scenario of 

Chinese dry bulk cargo river–sea intermodal transport. The ship parameters were all set 

according to the standard of the main ship type for coastal dry bulk cargo transport in 

China and the standard of inland waterway ship type after the opening of the Pinglu Ca-

nal. Seagoing vessels cover 12 types of tonnage ranging from 3000 tons to 300,000 tons. 

Meanwhile, river vessels cover four types of tonnage ranging from 1000 tons to 5000 tons. 

The detailed parameters are shown in Tables 2 and 3. 
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Table 2. Seagoing vessel parameters. 

No. of Seagoing Vessel  Total Length (m) Breadth (m) Depth (m) Full-Load Draft (m) Cargo Capacity (10,000 Tons) 

H1 96 16.6 7.8 5.8 0.3 

H2 115 18.8 9.0 7.0 0.5 

H3 135 20.5 11.4 8.5 1.0 

H4 164 25.0 13.5 9.8 2.0 

H5 190 30.4 15.8 11.2 3.5 

H6 223 32.3 17.9 12.8 5.0 

H7 228 32.3 19.6 14.2 7.0 

H8 250 43.0 20.3 14.5 10.0 

Table 3. River vessel parameters. 

River Vessel Number Total Length (m) Total Width (m) Full Load Draft (m) Intermodal Transport Capacity (Tons/Vessel) 

J1 45.0~50.0 10.8~11.0 2.6~3.0 0.1 

J2 68.0~74.0 13.8~14.0 2.8~3.5 0.2 

J3 74.0~80.0 15.5~15.8 3.4~3.8 0.3 

J4 86.0~90.0 15.5~15.8 3.2~3.5 0.3 

J5 86.0~90.0 15.5~15.8 4.8~5.2 0.5 

The port layout adopts a combination of “shore-type seagoing vessel terminal + 

breakwater-type river vessels terminal”. This experiment focuses on the port’s submerged 

scenario, and the design parameters for its discrete berths are shown in Table 4. The lock 

is a single-stage double-line lock. The relevant lock parameters are shown in Table 5. 

Table 4. Port berth parameters. 

Parameter Type Value (Tons) 

Design Tonnage of Seagoing Vessel Berths (tons) 100,000 

Design Tonnage of River Vessel Berths (tons) 5000 

Table 5. Lock parameters. 

Number of 

Lock Chambers 

Lock Chamber 

Type 

Effective Dimensions 

(Length × Width × 

Threshold Depth, m) 

Single Opera-

tion Time (h) 

Same-Di-

rection Re-

set Time (h) 

Lateral Safety 

Clearance (m) 

Longitudinal 

Safety Clear-

ance (m) 

Port Distance 

from Lock 

Travel Time (h) 

2 
Single-stage, 

double-line 
300 × 34 × 8 1 0.5 2.0 5.0 0.5 

Cargo transfer is completed through an “integrated loading/unloading-belt conveyor 

system”. The transfer efficiency decreases in a stepwise manner with an increase in the 

distance between berths. Meanwhile, the transfer speed progressively decreases from 

5000 to 3000 tons/h, with each step decreasing by 500 tons/h. This speed gradient quanti-

fies the spatial distance difference into operational efficiency parameters, thus reflecting 

the distance cost of horizontal transportation in the model. 

Eight incrementally large test case scenarios were designed to evaluate the algo-

rithm’s performance under different scheduling pressures. In each scale, five different 

planned arrival times for seagoing vessels were set (8:00–10:00 to 8:00–14:00), and the ar-

rival time for river vessels downstream was set to within 1 h of the seagoing vessel arrival 

time, simulating operational conditions from relaxed to strained. A total of 40 test in-

stances were generated. The test case scale configuration is shown in Table 6, and the in-

stance naming convention is “total number of seagoing vessel berths @ total number of 

river vessel berths @ number of seagoing vessels @ number of river vessels @ seagoing 

vessel arrival time window”. The test cases were divided into four levels—small-scale, 
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medium-scale, medium-large-scale, and large-scale—primarily based on the number of 

river vessels for ease of differentiation. 

Table 6. Test case scale design. 

Instance Category Case Naming Seagoing Berth River Vessel Berth 
Number of Seagoing 

Ships 

Number of River 

Vessels 

Small-Scale a 3@3@4@6 3 3 4 6 

Small-Scale b 3@4@4@15 3 4 4 15 

Medium-Scale a 3@5@5@25 3 5 5 25 

Medium-Scale b 4@7@7@25 4 7 7 25 

Medium-Scale c 5@10@10@25 5 10 10 25 

Medium-to-Large-Scale a 3@7@7@35 3 7 7 35 

Medium-Large-Scale b 4@10@10@35 4 10 10 35 

Large-Scale 5@15@15@45 5 15 15 45 

5.2. Algorithm Effectiveness Evaluation 

5.2.1. Model and Algorithm Parameter Settings 

The key parameter settings of the model and hierarchical iterative collaborative op-

timization algorithm in this study are shown in Table 7. 

Table 7. HICOA parameter settings. 

Parameter Name Symbol Value 

Maximum Number of Iterations in the Outer Layer Tmax 200 

Maximum Number of Iterations in the Inner Layer MAXinteractions 1500 

Initial Temperature T0 1200 

Cooldown Rate α 0.95 

Maximum Random Seagoing Vessel Removal Ratio n1 0.5 

Maximum Random River Vessel Removal Ratio n2 0.5 

Maximum High-Cost Vessel Removal Ratio n3 0.4 

Disturbance Removal Ratio ρ 0.7 

Stagnation Threshold η 100 

Better Than Global Optimal Reward w1 20.0 

Better Than Current Solution Reward w2 10.0 

Accept Inferior Solution Reward w3 1.0 

Rejection Penalty w4 −1.0 

Initial Operator Weight s0 1.0 

Seagoing Vessel Port Time Weight α 1 

River Vessel Full Process Time Weight β 1 

River Vessel Lock Passage Time Weight γ 1 

5.2.2. Comparison of Hierarchical Iterative Cooperative Optimization Algorithm and 

Exact Algorithm Performance 

The HICOA was compared with the exact algorithm to verify its solution efficiency 

and quality. This task was carried out using the commercial solver CPLEX. On each test 

instance, the HICOA was run independently 10 times, and the mean of the obtained ob-

jective function values was recorded. Meanwhile, CPLEX was solved within a set 5 h time 

limit, and its best feasible solution and GAP1 (%) relative to its own linear relaxation lower 

bound were recorded. GAP1 = 
HICOA optimization objective value − CPLEX solution objective value

CPLEX solution objective value
 × 100%. A negative GAP1 value in-

dicates that the HICOA found a better feasible solution than CPLEX. The comparison re-
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sults are shown in Table 8 (“—” indicates that CPLEX did not find a feasible solution 

within 5 h). 

Table 8. Comparison of the HICOA and CPLEX solution results. 

Instance 
Seagoing Vessel Port 

Arrival Time Window 

HICOA 

Total Cost (h) 

CPLEX Results 

Total Cost (h) 
GAP1 (%) 

3@3@4@6 

8–10 17.59 17.59 * 0.00 

8–11 17.98 17.98 * 0.00 

8–12 19.73 19.73 * 0.00 

8–13 19.76 19.76 * 0.00 

8–14 18.68 18.68 * 0.00 

3@4@4@15 

8–10 44.19 44.47 −0.63 

8–11 33.71 36.90 −8.65 

8–12 34.35 34.65 −0.87 

8–13 37.71 37.85 −0.37 

8–14 42.32 42.33 −0.02 

3@5@5@25 

8–10 83.19 302.35 −72.49 

8–11 74.19 — — 

8–12 66.50 82.30 −19.20 

8–13 62.67 143.57 −56.35 

8–14 61.10 226.74 −73.05 

4@7@7@25 

8–10 61.86 — — 

8–11 60.06 — — 

8–12 54.49 176.89 −69.20 

8–13 65.15 330.16 −80.27 

8–14 58.30 122.59 −52.44 

5@10@10@25 

8–10 68.52 281.86 −75.69 

8–11 64.43 209.15 −69.19 

8–12 71.29 — — 

8–13 66.68 — — 

8–14 67.66 364.64 −81.45 

3@7@7@35 

8–10 118.46 — — 

8–11 102.72 — — 

8–12 108.51 — — 

8–13 91.88 — — 

8–14 92.74 — — 

4@10@10@35 

8–10 139.85 — — 

8–11 126.45 — — 

8–12 113.31 — — 

8–13 92.77 — — 

8–14 114.25 — — 

5@15@15@45 

8–10 219.15 — — 

8–11 220.71 — — 

8–12 193.46 — — 

8–13 193.60 — — 

8–14 187.24 — — 

Note: “—” indicates that CPLEX did not find a feasible solution within 5 h, and “*” denotes that 

CPLEX found the optimal solution. 

In the comparison results in Table 8, in small-scale instances 3@3@4@6, the mean of 

the objective function obtained by the HICOA is highly consistent with the optimal solu-

tion obtained by CPLEX within the 5 h time limit, verifying the correctness of the mixed-
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integer linear programming model constructed in this study. Furthermore, the HICOA 

could achieve an optimization performance comparable to that of the exact algorithm in 

small-scale problems. The difficulty of solving CPLEX significantly increases with an in-

crease in the problem scale. In medium-to-large-scale and larger instances, CPLEX cannot 

obtain a feasible solution within the set time limit in most time windows. Even if a solution 

is obtained, its quality is far lower than that of the HICOA. In contrast, the HICOA could 

stably obtain feasible solutions on all 40 test cases, and the variance of the results of mul-

tiple runs was small, showing good robustness and solution efficiency. The above-men-

tioned results demonstrate that the HICOA can provide high-quality solutions to large-

scale port–lock coordinated scheduling problems within an acceptable computation time. 

The overall performance of this algorithm was significantly better than that of the com-

mercial solver CPLEX, making it suitable for optimization decisions in complex real-

world scenarios. 

5.2.3. Performance Comparison of Joint and Independent Scheduling 

This section compares the proposed joint scheduling method with traditional inde-

pendent scheduling methods to demonstrate the practical value of collaborative schedul-

ing between ship locks and ports. The traditional independent scheduling method is a 

sequential scheduling method that uses a three-stage decomposition strategy for sequen-

tial decision making. In the first stage, the downstream lock scheduling problem of river 

ships is independently solved to determine the departure time of each river ship. In the 

second stage, this departure time is used as an unchangeable input to independently solve 

the berth allocation and loading/unloading operation scheduling problem for all ships at 

the port. Accordingly, the completion time of each ship’s operation at the port is deter-

mined. Finally, in the third stage, the completion time of the above tasks is used as a fixed 

input to independently solve the upstream lock scheduling problem of river ships. The 

total cost of independent scheduling is the sum of the target values of the above-men-

tioned three stages of the model. The improvement percentage GAP2 (%) of the joint 

scheduling scheme relative to the independent scheduling scheme in total port time is 

used as the evaluation indicator: GAP2 = 
Joint scheduling target value − Independent scheduling target value

Independent scheduling target value
 × 100%, GAP2. A negative value in-

dicates that joint scheduling is superior to independent scheduling. The comparative ex-

periment was conducted in two steps: first, the exact optimal solution was obtained on a 

small-scale instance for theoretical comparison; second, the HICOA was used for approx-

imate solution comparison on large-scale instances. 

(1) Performance comparison analysis based on the exact optimal solution 

A representative small-scale test case “3@3@4@6” was selected to rigorously verify 

the superiority of the joint scheduling model at the theoretical level. The commercial 

solver CPLEX12.8.0 was used to solve the joint and independent scheduling models, with 

a time limit of 5 h. The comparison results are shown in Table 9. 

Table 9. Comparison of joint and independent scheduling results. 

Instance 
Seagoing Vessel Port 

Arrival Time Window 

Total Cost of Joint 

Scheduling (h) 

Total Cost of Independent 

Scheduling (h) 
GAP2 (%) 

3@3@4@6 

8–10 17.59 19.55 −11.14 

8–11 17.98 19.63 −9.18 

8–12 19.73 20.51 −3.95 

8–13 19.76 28.55 −44.48 

8–14 18.68 22.33 −19.54 
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Across all time windows, the exact optimal solution of joint scheduling was better 

than that of independent scheduling, with the improvement rate reaching up to 44.48% 

(Table 9). The data show the superiority of joint scheduling. 

(2) Comparative analysis of large-scale cases based on the HICOA 

This study further used the HICOA to approximate and compare the solutions of 

larger-scale instances and further verify the advantages of joint scheduling in large-scale 

practical problems. Each stage of independent scheduling independently calls the HICOA 

with completely identical parameter settings to ensure a fair comparison. Table 10 records 

the HICOA solution results and corresponding GAP2 values of joint scheduling and in-

dependent scheduling under different scale instances. 

Table 10. Comparison of the joint and independent scheduling results. 

Instance 
Seagoing Vessel Port Arri-

val Time Window 

Mean Objective Value of In-

dependent Scheduling (h) 

Mean Objective Value of 

Joint Scheduling (h) 
GAP2 (%) 

3@3@4@6 

8–10 18.52 17.59 −5.02  

8–11 23.67 17.93 −24.23  

8–12 22.66 19.73 −12.93  

8–13 21.72 19.76 −9.03  

8–14 24.08 18.68 −22.44  

3@4@4@15 

8–10 74.12 44.19 −40.38  

8–11 59.66 33.71 −43.50  

8–12 57.85 34.35 −40.63  

8–13 60.34 37.71 −37.51  

8–14 74.49 42.32 −43.19  

3@5@5@25 

8–10 192.25 83.19 −56.73  

8–11 173.00 74.19 −57.11  

8–12 154.53 66.50 −56.97  

8–13 142.44 62.67 −56.00  

8–14 125.87 61.10 −51.46  

4@7@7@25 

8–10 153.95 61.86 −59.32  

8–11 143.46 60.06 −66.22  

8–12 144.43 54.49 −57.75  

8–13 142.34 65.15 −65.67  

8–14 145.55 58.30 −63.33  

5@10@10@25 

8–10 177.73 68.52 −59.82  

8–11 153.91 64.43 −58.14  

8–12 174.49 71.29 −62.27  

8–13 147.18 66.68 −54.23  

8–14 149.41 67.66 −59.94  

3@7@7@35 

8–10 291.15 118.46 −57.37  

8–11 304.04 102.72 −57.96  

8–12 256.87 108.51 −56.99  

8–13 267.65 91.88 −65.64  

8–14 252.86 92.74 −59.57  

4@10@10@35 

8–10 328.05 139.85 −61.45  

8–11 300.75 126.45 −58.14  

8–12 263.44 113.31 −59.15  

8–13 270.00 92.77 −54.70  

8–14 282.56 114.25 −54.71  

5@15@15@45 
8–10 470.81 219.15 −53.45  

8–11 483.43 220.71 −54.34  
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8–12 482.96 193.46 −59.94  

8–13 448.42 193.60 −56.83  

8–14 450.97 187.24 −58.48  

The joint scheduling method significantly outperformed the independent scheduling 

method in all test cases (Table 10). The advantages of joint scheduling become increasingly 

apparent with increases in problem size and complexity. In small-scale cases, joint sched-

uling reduced the total port time by 5.02% to 43.50% compared with independent sched-

uling. Meanwhile, in medium-sized and larger cases, the Gap2 value typically exceeded 

50%, and joint scheduling could minimize the total port time by more than 60%. This re-

sult fully verifies the necessity of port–lock coordinated scheduling. The information-seg-

mented decision-making mode of independent scheduling results in a loss of flexibility in 

adjusting ship arrival times at the port, easily causing resource idleness or congestion. The 

joint scheduling method proposed in this study achieves the global optimization of re-

source allocation in the two key links of locks and ports through unified decision making, 

thereby significantly improving the operational efficiency of the entire intermodal 

transport system. Additionally, the solution of the joint optimization also demonstrates 

good stability. 

5.3. Sensitivity Analysis 

This section selects the medium-scale instance “3@5@5@25@8–12” as the benchmark 

scenario to extensively explore the influence of model parameter changes on the perfor-

mance of the joint scheduling system. A sensitivity analysis was conducted from three 

dimensions: the tightness of the river vessel arrival time, the ratio of the river vessel num-

ber to berth number, and the ratio of the seaboat number to berth number. 

5.3.1. Influence of the Concentration of River Vessel Arrival Time on System Performance 

The concentration of river vessel arrival time directly affects the coordination effi-

ciency between the lock scheduling strategy and the port operations. This experiment 

gradually widened the river vessel arrival time window from the baseline of 1 h to 5 h, 

keeping other parameters constant, to explore the influence of the time window width on 

the total port time. The experimental results are shown in Table 11. 

Table 11. Influence of river vessel arrival time window width on total system cost. 

Experimental Groups 
Width of Time Window for 

River Vessel Arrival at Lock (h) 
Total System Cost (h) 

Baseline Scenario 1 66.50 

Experimental Group 1 2 59.80 

Experimental Group 2 3 71.28 

Experimental Group 3 4 82.47 

Experimental Group 4 5 82.17 

When the time window was widened from 1 h to 2 h, the total system cost decreased 

from 66.50 h to 59.80 h, a decrease of 10.1% (Table 11). This result indicates that a slightly 

wider window provides great flexibility for lock scheduling, facilitating the formation of 

an efficient lock combination. However, when the window was widened to more than 3 

h, the total cost rapidly increased. This phenomenon arises because an excessively wide 

window resulted in a highly dispersed distribution of ship arrival times, increased lock 

waiting times, and disruption of port operation continuity. Under the conditions of this 

experiment, a window of about 2 h can effectively balance lock utilization and port oper-

ation continuity. 
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5.3.2. Effect of the Ratio of River Vessel Number to Berth Number on System  

Performance 

The resource matching degree between river vessels and berths is a key factor affect-

ing port operation efficiency. This experiment, with a fixed number of seagoing vessel 

berths and seagoing vessels, varied the number of river vessel berths to explore the influ-

ence of the ratio of river vessels to berths on system performance. The experimental results 

are shown in Table 12. 

Table 12. Influence of the ratio of river vessels to berths on the total system cost. 

Instance Configuration Ratio of River Vessels to Berths Total System Cost (h) 

3@3@5@25 8.33 84.71 

3@4@5@25 6.25 70.95 

3@5@5@25 5 66.78 

3@6@5@25 4.17 64.51 

3@7@5@25 3.57 63.13 

The experimental results in Table 12 show that the total system cost showed a con-

tinuous downward trend with a decrease in the ratio of river vessels to berths. However, 

the marginal benefit gradually weakened. When the ratio decreased from 8.33 to 5.00, the 

total system cost decreased from 84.71 h to 66.78 h, a decrease of 21.2%. When the ratio 

further decreased from 5.00 to 3.57, the cost only decreased from 66.78 h to 63.13 h, a de-

crease of only 5.5%. The above-mentioned data indicate that under this experimental sce-

nario, maintaining the ratio of river vessels to berths at around 5 can achieve a good bal-

ance between resource utilization and system cost, and the cost optimization space 

brought about by further increasing berths is limited. 

5.3.3. Effect of the Ratio of Seagoing Vessels to Berths on System Performance 

Seagoing vessels are the core hub of river–sea intermodal transport, and their berth 

configuration directly affects the operational efficiency of the entire system. This experi-

ment, with a fixed number of river vessel berths and river vessels, varied the number of 

seagoing vessel berths to explore the influence of the ratio of seagoing vessels to berths on 

system performance. The experimental results are shown in Table 13. 

Table 13. Influence of the ratio of seagoing vessels to berths on the total system cost. 

Instance Configuration 
Seagoing Vessel Num-

ber/Berth Number Ratio 
Total System Cost (h) 

1@5@5@25 5 79.74 

2@5@5@25 2.5 66.20 

3@5@5@25 1.67 66.64 

4@5@5@25 1.25 66.46 

5@5@5@25 1 65.77 

The total system cost showed a downward trend with a decrease in the ratio of sea-

going vessels to berths, with the rate of decrease leveling off after the ratio dropped to 2.5 

(Table 13). When the ratio decreased from 5.00 to 2.50, the cost decreased by 16.8%, the 

most significant reduction. This notion indicates that when the ratio of seagoing vessels 

to berths is greater than 2.5, berth resources are severely insufficient. Under the conditions 

of this experiment, controlling the ratio between 1.5 and 2.5 can effectively achieve effi-

cient resource utilization. 
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6. Conclusions 

This study addresses the problem of poor port–lock connectivity under the direct 

transshipment model between seagoing and river transport. Moreover, this study ex-

plores a port–lock joint scheduling optimization method to alleviate these phenomena, 

such as vessel congestion, resource idleness, and low system efficiency caused by inde-

pendent decision making between berths and locks. A mixed-integer linear programming 

model integrating berth allocation, lock batch scheduling, and lock chamber layout con-

straints was constructed based on the spatiotemporal coupling characteristics of the port–

lock system. A hierarchical iterative collaborative optimization algorithm was designed. The 

comparative experimental results show that the proposed model could effectively character-

ize the port–lock collaborative operation process, and HICOA could obtain high-quality fea-

sible solutions more efficiently than CPLEX under the imposed computational time limit, es-

pecially for medium- and large-scale instances. Joint scheduling can significantly reduce the 

total port time and improve the overall operating efficiency of the river–sea intermodal 

transport system compared with the traditional independent scheduling mode. 

Furthermore, the sensitivity analysis based on multi-scale simulations shows that the 

arrival time window of river vessels and the vessel–berth configuration relationship have 

a significant influence on system performance. An excessively wide or narrow arrival time 

window is detrimental to system efficiency and should be kept within a reasonable range. 

An excessively high ratio of river vessels to berths can create operational bottlenecks, 

while an excessively low ratio can lead to resource idleness. The ratio of seagoing vessels 

to berths exhibits a certain threshold characteristic and shows a marginal effect. These 

conclusions can provide a reference for setting parameters and allocating resources for 

port–lock coordinated operation. 

This study still has certain limitations. Specifically, this study mainly focuses on the 

port–lock joint scheduling problem of a single port in a deterministic static scenario and 

has yet to consider the multi-port network environment and random disturbance factors. 

Future research can be further extended to multi-port river–sea intermodal transport net-

works and introduce uncertain factors, such as ship arrival time and loading and unload-

ing demand, to construct a dynamic robust scheduling model. Finally, the existing 

HICOA can be improved by combining intelligent optimization methods, such as rein-

forcement learning, to improve its solution efficiency and applicability in large-scale com-

plex scenarios. 
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Appendix A 

Algorithm A1 Lock Scheduling—2D Packing and Batch Allocation 

Input: 

River vessel set 𝐼𝐽 with arrival times {𝑇𝑠
𝑎𝑟𝑟} (s ∈ 𝐼𝐽); vessel dimensions (SWs: width, 

SLs: length); lock chamber bounds (CWcmax: max width, CLcmax: max length); safety 

clearances (δw: lateral, δl: longitudinal); batch creation cost Cbatch 

Output: 

Batch assignment {𝑓𝑗,𝑘} (𝑓𝑗,𝑘 = 1 if river vessel j is assigned to batch k); batch opening 

times {𝐶𝑘}; vessel layout positions {𝑥_𝑝𝑜𝑠𝑗,𝑘, 𝑦_𝑝𝑜𝑠𝑗,𝑘} 

Phase 1: Generate FCFS Initial Solution 

1. Sort all river vessels in non-decreasing order of arrival time 𝑇𝑠
𝑎𝑟𝑟 . 

2. Create the first batch b1; initialize SWb = 0, SLb = 0, SWbmax = 0, SLbmax = 0.   //SW_b, 

SL_b: cumul. dims; SW_b^max, SL_b^max: max dims in batch b 

3. For each vessel s in sorted order do 

4.    Try to fit s into the current batch b using 2D-Packing-Check(b, s).   //see Section 4.1.1 

5.    If fit is feasible then 

6.     Add s to batch b; update SWb, SLb, SWbmax, SLbmax. 

7.    Else 

8.     Open a new batch bnew; add s as its first vessel; set b ← bnew.   //start a fresh lock 

session 

9.    End if 

10.  End for 

11. For each batch b, set Cb ← max{𝑇𝑠
𝑎𝑟𝑟  | s ∈ b} + tc.   //t_C: lock chamber processing time 

12. Initialize batch set B ← {all batches created above}. 

Phase 2: Cost-Based Batch Merging (Improvement) 

13. For each vessel s in sorted order do 

14.   ΔCbest ← +∞; bbest ← null   //track the best merge candidate 

15.   For each batch b ∈ B do 

16.     If 2D-Packing-Check(b, s) is feasible then   //see Section 4.1.1 

17.       t_open(b, s) ← max(max{𝑇𝑗
𝑎𝑟𝑟| j ∈ b}, 𝑇𝑠

𝑎𝑟𝑟)   //new opening time if s joins b 

18.       ΔC_add ← Σ_{j∈b}(t_open(b,s) − 𝑇𝑗
𝑎𝑟𝑟) + (t_open(b,s) − 𝑇𝑠

𝑎𝑟𝑟)   //see Section 4.1.2 

19.       If ΔCadd < ΔCbest then ΔCbest ← ΔCadd; bbest ← b end if 

20.     End if 

21.    End for 

22. Cnew ← Cbatch + 0   //cost of keeping s in its own FCFS batch (zero waiting) 

23. If bbest ≠ null and ΔCbest < Cnew then   //see Section 4.1.2 

24.    Move s from its FCFS batch into bbest; update Cb_best. 

25.   End if 

26.  End for 

27. Return {𝑓𝑗,𝑘}, {𝐶𝑘}, {𝑥_𝑝𝑜𝑠𝑗,𝑘, 𝑦_𝑝𝑜𝑠𝑗,𝑘}. 

Notes: 

2D-Packing-Check(b, s) (Steps 4, 16): Tests lateral placement first (SWb = SWb+ SWs + 

δw, SLb = max(SLb, SLs)), and then longitudinal (SWb = max(SWb, SWs), SLb = SLb + SLs + δl); 

returns feasible if either fits within (CWcmax, CLcmax). Details in Section 4.1.1. 

C_batch is an algorithm parameter representing the fixed cost of initiating a new lock 

session; it acts as a surrogate for the lock operation cost coefficients cu/cd in the objective 

function. Cnew = Cbatch because vessel s incurs zero waiting in a new batch opened exactly at 

𝑇𝑠
𝑎𝑟𝑟 . Details in Section 4.1.2. 
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Phase 1 ensures that every vessel is assigned a batch (FCFS guarantee). Phase 2 only 

accepts merges that strictly reduce the total cost, so the final solution is always no worse 

than the FCFS initial solution. 
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    C  k −   C  l +   M ∗  ( 2 + s e   q  k , l  l o c k −   p r o c  k , u −     p r o c  l , u )   ≥   t  C + s  k , l ·   t  s a m e , ∀ k ,   l   ∈   L k , k < l , u ∈ C


    ∑  k ∈ D L    f  j , k =   1 ,   ∀ j   ∈   I  J ;


    z  k + 1 ≤   z  k ,   ∀ j ∈   I  J , k ∈ D L , k <  |     I  J - | ;


    c  d o w n , j ≤  (   C  k −     t  C ) +   M ·  ( 1   −     f  j , k ) ,   ∀ j ∈   I  J , k ∈ D L ;


    c  d o w n , j ≥  (   C  k −     t  C ) −   M ·  ( 1   −     f  j , k ) ,   ∀ j ∈   I  J , k ∈ D L .


    ∑  k ∈ U L      f  j , k =   1 ,   ∀ j   ∈   I  J ;


    z  k + 1 ≤   z  k ,   ∀ j   ∈   I  J , k ∈ U L , k <   N u m  l ;


    c  u p , j ≤  (   C  k −   t  C ) +   M ·  ( 1   −     f  j , k ) ,   ∀ j ∈   I  J , k ∈ U L ;


    c  u p , j ≥  (   C  k −     t  C ) −   M ·  ( 1   −     f  j , k ) ,   ∀ j ∈   I  J , k ∈ U L .


    x _ p o s ,  j , k +   S W  j ≤ C W +   M ·  ( 1   −     f  j , k ) ∀ j ∈   I  J , k ∈ L k ;


    y _ p o s  j , k +   S L  j ≤ C L +   M ·  ( 1   −     f  j , k ) ∀ j ∈   I  J , k ∈ L k ;


    x _ p o s  j , k ≥ 0 ,   ∀ j ∈   I  J , k ∈ L k ;


    y _ p o s  j , k ≥ 0 , ∀ j ∈   I  J , k ∈ L k ;


    l e f t  j ,   j ′ , k +   l e f t  j ′ , j , k   + b e l o w  j ,   j ′ , k   + b e l o w  j ′ , j , k ≥ 1 , ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k ;


    x _ p o s  j , k +   S W  j ≤   x _ p o s    j ′ , k + M ·  ( 1   −     l e f t  j ,   j ′ , k ) + M ·  ( 2   −     f  j , k −     f    j ′ , k )


  ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k ;


  ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k ;


    y _ p o s  j , k +   S L  j ≤   y _ p o s    j ′ , k + M ·  ( 1   −     b e l o w  j ,   j ′ , k ) + M ·  ( 2   −     f  j , k −     f    j ′ , k )


  ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k ;


  ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k ;


    x _ p o s  j , k +   S W  j + M W ≤   x _ p o s    j ′ , k + M ·  ( 1   −     l e f t  j ,   j ′ , k ) +


  M ·  ( 2   −     f  j , k −     f    j ′ , k ) , ∀ j ,   j ′ ∈   I  J , j ≠   j ′ , k ∈ L k ;


  M ·  ( 2   −     f  j , k −     f    j ′ , k ) , ∀ j ,   j ′ ∈   I  J , j ≠   j ′ , k ∈ L k ;


      y  p o s  j , k +   S L  j + M L ≤     y  p o s    j ′ , k + M ·  ( 1   −     b e l o w  j ,   j ′ , k ) +


  M ·  ( 2   −     f  j , k −     f    j ′ , k ) , ∀ j ,   j ′ ∈   I  J , j ≠   j ′ , k ∈ L k ;


  M ·  ( 2   −     f  j , k −     f    j ′ , k ) , ∀ j ,   j ′ ∈   I  J , j ≠   j ′ , k ∈ L k ;


    x _ p o s  j , k ≤ M ·   f  j , k , ∀ j ∈   I  J , k ∈ L k ;


    y _ p o s  j , k ≤ M ·   f  j , k , ∀ j ∈   I  J , k ∈ L k ;


    l e f t  j ,   j ′ , k ≤   f  j , k , ∀ j , j ′ ∈   I  J , j < j ′ , k ∈ L k ;


    l e f t  j ,   j ′ , k ≤   f    j ′ , k , ∀ j , j ′ ∈   I  J , j < j ′ , k ∈ L k ;


    b e l o w  j ,   j ′ , k ≤   f  j , k , ∀ j , j ′ ∈   I  J , j < j ′ , k ∈ L k ;


    b e l o w  j ,   j ′ , k ≤   f    j ′ , k , ∀ j ,   j ′ ∈   I  J , j <   j ′ , k ∈ L k .


    A  2 , j =   f  d o w n , j +   t  t r a v e l , ∀ j ∈   I  J ;


        A  l o c k , j =   T  j  end +   t  t r a v e l , ∀ j ∈   I  J ;


    f  d o w n . j =   c  d o w n , j +   t  C , ∀ j ∈   I  J ;


    f  u p , j =   c  u p , j +   t  C , ∀ j ∈   I  J ;


    c  u p , j ≥     A  l o c k , j , ∀ j ∈   I  J ;


    c  d o w n , j ≥   T  j  a r r , ∀ j ∈   I  J .
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