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Abstract. In this paper, we introduce the daily berth planning problem for Xiamen
Hai-Tian Container Terminal (XHCT) at the Port of Xiamen, China, and propose the
development and implementation of a berth planning system. The aim of the berth
planning problem is to optimize daily berth plans by considering various decisions,
including berth allocation, quay crane assignment, fairway traffic control, and berthing
safety requirements. Among these decisions, the berthing safety requirement is a novel
but practical problem in berth allocation that concerns the resource allocation related to
berthing safety and interrelation with other decisions. A mathematical programming-
driven methodological framework is designed with a 0-1 integer linear programming
model for problem formulation and a highly efficient decomposition heuristic algo-
rithm for solving the problem. This framework establishes the core for the berth plan-
ning system. The adoption of the berth planning system contributes to the increase of
container throughput and berth capacity by transforming the planning process of
XHCT. Moreover, the mathematical programming-driven daily berth planning informs
further intelligent operations development in the Port of Xiamen and other container

ports.
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The recent developments in global trade have led to a
boom in the container shipping industry, and the
development of the southeast coast of China is particu-
larly remarkable. The Port of Xiamen, located in the
Xiamen Special Economic Zone of Fujian Province in
Southeast China, has developed rapidly since it began
offering container services in 1983 (see Figure 1). Xia-
men has become a crucial port for cross-strait trade
between the Chinese mainland and Taiwan and a key
node on the Maritime Silk Road between China and
Asia, Europe, and Africa. Various factors led the
throughput of the Port of Xiamen to reach 12.05 million
20-foot equivalent units (TEUs) in 2021, and it was
ranked the seventh largest port in China and the 13th
largest in the world (China Daily 2022).

Although this is a remarkable achievement, increas-
ing pressure has become a central issue for the future
development of the Port of Xiamen. The demand for
berths and container handling, in addition to the ser-
vice expectations from shipping companies, shippers,
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and the government, has increased, and higher targets
for the port’s throughput and utilization have been
proposed. However, the limited berth capacity and
container-handling capability constrain further increases
in the port’s performance. The Port of Xiamen authorities
have strived to assess the potential and have formulated
a detailed action plan for the future development of the
port, which includes the renovation of existing port
equipment, the informatization of workflow and cus-
tomer service, and intelligent operations development.
Aimed at enhancing the planning procedures, including
berth, yard, and vessel stowage planning, the intelligent
operations development designs and implements intelli-
gent decision-making frameworks and makes full use of
berths and port equipment. These measures aim to
improve port utilization and operational efficiency and
thus help the port adapt to the growing demands as well
as service expectations.

In the port’s action plan, the intelligent operations
development for berth planning at Xiamen Hai-Tian
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Figure 1. (Color online) Map of the Port of Xiamen
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Source. Google Maps (Accessed in 2022).

Container Terminal (XHCT) is one of the most critical
projects. Located on the west shore of Xiamen Island,
XHCT is one of the largest and busiest terminals in the
Port of Xiamen and accounts for nearly a quarter of the
port’s total container throughput. The boom in ship-
ping services has led to the steady growth of XHCT’s
container throughput, which reached 2.63 million TEUs
in 2021, an increase of 15% from the previous year.
This expansion has placed a tremendous strain on
XHCT’s berthing and container-handling operations.
Operational data suggest that vessels” average waiting
time in anchorage before entering the berth is approxi-
mately 3.4 hours. During July and August 2021, XHCT
experienced incidents that included a typhoon and
maintenance work, and vessels’ delay time on busy
days significantly increased to 18.6hours on average.
Despite the downtime that is due to maintenance work
on berths and quay cranes, the terminal’s resources had
to work continuously. Although the throughput of
2.6 million TEUs represented the best performance in
the history of XHCT, this was far from the designed
throughput capacity of more than 3.5 million TEUs per
year. Thus, less than 75% of the terminal’s throughput
capacity is utilized on average, indicating that further
improvements can be made.

The gap between the actual and design throughputs
can be attributed to various factors, including the

limitations brought by weather and water conditions,
concerns about berthing safety, variations in the berth-
ing capabilities of different berths, and incidents such
as typhoons or military activity. In addition, the tradi-
tional berth planning process, which relies on the
planners” knowledge and skill, encounters a bottle-
neck. Manual planning may at times not make full use
of berth resources, and the berth plans usually come at
the expense of efficiency and resource utilization.
Daily berth planning is typically performed by XHCT
and other container terminals once or twice a day. The
main decision problems have been identified as berth
allocation and quay crane assignment, with fairway traf-
fic control and berthing safety requirements also taken
into consideration. Other real-world factors influencing
berth planning include tides, fairway traffic control,
and port congestion. Among the various decisions and
influencing factors, berthing safety requirements make
the berth planning of XHCT different. The changeable
water and weather conditions in XHCT not only recom-
mend strict safety measures in port operation but also
influence berth planning decisions. In addition to safety
clearance between vessels, the bollards used to tie moor-
ing lines as temporary anchors should be given consid-
eration in berth plans according to the safety rules.
Fenders with different sizes are used to buffer different
types of vessels against the quay side, and vessels should
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be allocated to the berth with suitable fenders. The
berthing safety requirements are practical and urgent
issues influencing berth planning; however, to the best
of our knowledge, few academic studies or commercial
planning software packages have addressed berth allo-
cation problems that incorporate all of these realistic fac-
tors. Because of the nature and the urgency of the
problem, the Port of Xiamen decided to utilize intelli-
gent operational planning technology to alleviate the
bottlenecks in berthing, vessel handling, and berthing
safety. Our team has worked toward developing an
intelligent berth planning system for XHCT.

Like the general berth planning problems investi-
gated in other studies, the daily berth planning problem
at XHCT aims to optimize berth allocation. Mathemati-
cal programming models are commonly used for berth
allocation problems to describe the objective and com-
plex relationships between various decisions, and opti-
mization algorithms are designed to solve the problem.
The particularity of the XHCT daily berth planning
problem requires further investigation on both models
and algorithms. In the system development, we develop
a mathematical programming-driven methodological
framework for the XHCT daily berth planning problem
based on the general research method of mathematical
programming models and optimization algorithms. We
formulate a 0-1 integer linear programming model to
integrate decision problems with other related factors.
We also develop a highly efficient heuristic algorithm to
work out the daily berth plan. The model and algorithm
are validated by numerical experiments, and we com-
pare the efficiency of the algorithm with that of manual
planning. The mathematical programming-driven meth-
odological framework is then used as the core of the
system development, and the berth planning system
becomes a successful case of turning theoretical opera-
tions research to real-world operations management
practice.

The remainder of this paper is organized as follows.
Related works are classified and analyzed in the next
section. The section titled “The Daily Berth Planning
Problem” states XHCT’s berth allocation problem by
identifying the challenges, specific characteristics, ves-
sels’ berthing procedures, and main decision problems.
The section titled “The Berth Planning System” proposes
the system framework and mathematical programming-
driven methodological framework, in which the models
and algorithms are embedded in the system. “Impact
and Benefits” lists the practical benefits of the system for
the XHCT. “Future Research and Development” is dis-
cussed at the end of the paper.

Related Works

Container terminal operation is a systematic planning
process that involves various decisions. According to a

survey conducted by Rashidi and Tsang (2013), the
berth is the most important resource because it directly
affects the capacity of the terminal, and berth allocation
decisions influence the turnaround time of vessels and
the throughput rate of the port. Berth allocation is gen-
erally an operational-level decision aimed at the assign-
ment of quay space and service time to vessels that are
to be unloaded and loaded at a terminal (Bierwirth and
Meisel 2010). Operational challenges such as the tide-
dependent accessibility of ports and crane operation
ranges have recently been considered in the berth allo-
cation problem (Bierwirth and Meisel 2015). To assess
the current research progress and to obtain useful refer-
ences for our study, we first review the categories of
container terminal operations and then discuss the
work related to the daily berth planning of XHCT in
terms of berth allocation, quay crane assignment, fair-
way traffic flow, and berthing safety. We then summa-
rize the reviewed literature and identify any research
gaps in the daily berth planning problem.

Terminal operation decision-making problems in-
clude mainly the berth allocation, stowage planning,
quay crane assignment/scheduling, cargo storage and
stocking, transport optimization, and gate operation
(Zhou et al. 2021). Berth allocation directly determines
the service operations management of container vessels
and aims to maximize berth resources with high levels
of utilization (Martin-Iradi et al. 2022). Quay crane
assignment and scheduling is a problem closely related
to berth allocation. This problem optimizes the quay
operation to improve its efficiency and thus the utiliza-
tion of quayside resources, including quay cranes and
berths (Chargui et al. 2023). The containers handled by
quay cranes should be transported by efficient container
transport. Container transport optimization can be cate-
gorized into internal and hinterland transportation. The
internal transportation transports containers between
the quay side and yards and ensures the continuous
and efficient operation of the quay side (Roy et al. 2022).
The hinterland transportation transports inbound and
outbound containers between the container port and
customer points in the hinterland (Pourmohammad-
Zia et al. 2023), and the gate operation is also a problem
for the management of hinterland transportation (Jin
et al. 2023). The yard in a container terminal serves as
a temporary storage area for containers, and the yard
operations consist mainly of yard crane operation
and the associated storage space allocation decisions
(Wang et al. 2022, Vallada et al. 2023). Of the various
container decision problems, the quay side operations,
including berth allocation and quay crane assignment/
scheduling, are the most important in container yards
because quay side resources are limited (Zhen et al.
2022, Abou Kasm et al. 2023). Current research of con-
tainer terminal operations highlights the importance
of quay side operations. The efficient use of terminal
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resources is dependent mainly on berth allocation
and quay crane operations (Rodrigues and Agra 2022),
which is in line with XHCT’s aim to improve terminal
efficiency. We identify the research directions and gaps
by examining the berth planning details and reviewing
the related studies.

The decisions of berth allocation and quay crane
assignment are interrelated. The workload of quay
cranes can influence the berthing time of vessels,
whereas the berth allocation considers and defines the
available quay cranes for vessels (Zhen et al. 2021).
Recent research attempts to integrate the two pro-
blems to explore their relationship and consider realis-
tic factors (Cheimanoff et al. 2022). The factors include
the impact of maintenance activities (Zheng et al.
2019), quay crane operating efficiency (He et al. 2021),
dynamic crane allocations (Abou Kasm et al. 2020),
and feeder arrival (Jia et al. 2020a).

In the decision problem of berth allocation, decisions
can be classified as long term, midterm, and short term,
depending on the makespan of berth plans. Berth alloca-
tion is also related to midterm and long-term planning
issues, such as the laycan allocation problem (Bouzekri
et al. 2021), the yard allocation problem that considers
transshipment and the position of import/export blocks
(Liu 2020), berth allocation, which considers line carrier
clusters (Zheng et al. 2021), and the robustness of weekly
planning (Iris and Lam 2019). Midterm and long-term
planning define the preferred berthing positions and
berthing time windows of specific routes in advance to
improve the service level, which can influence daily
berth planning decisions.

The fairway connects berths and outer sea areas
through a channel. The fairway sailing condition deter-
mines whether a vessel can sail in the fairway. Traffic
flow is a major factor related to daily berth planning and
also determines whether a vessel can sail in the fairway.
The influencing factors can be divided into the control
and restriction of fairway traffic flows and the impact of
tidal change on vessels. In general, a fairway can operate
in either a one-way or two-way mode, depending on the
sailing condition, which includes fairway width, water
depth, and regulations. If a fairway is too narrow for
vessels to sail in parallel, then the fairway must be oper-
ated in the one-way mode. Several studies investigate
fairway traffic scheduling and control problems and
consider restricted channels (Li et al. 2021), anchorage
area utilization (Jia et al. 2019), pilot scheduling (Jia et al.
2020b), and the influence of tides (Li and Jia 2019). Chan-
nel restriction is closely related to berth allocation in
channel-constrained ports (Corry and Bierwirth 2019).
Tidal change has a significant influence on the water
depth of the fairway. To ensure sailing safety, the under-
keel clearance restrictions should be strictly followed to
avoid the risk of grounding. Vessels with a deep draft
can sail in the fairway only at high tide. This restriction

can be depicted in terms of the feasible berthing and
departing time windows of vessels (Zhen et al. 2017). In
our paper, we further investigate the influence of fair-
way traffic control and water depth based on the context
of the Dongdu Fairway, which is the only fairway con-
necting XHCT with the sea.

Berthing safety is the main concern of XHCT. The
berthing safety issues and factors include the water
depth of the fairway and berth, along with the strict
berthing safety regulations regarding bollards and
fenders.

Like the concerns about the fairway water depth,
changes in the in-berth water depth can also cause the
grounding of vessels at low tide, and in-berth under-
keel clearance should also be strictly observed. The
in-berth water depth limits the berthing time windows
of vessels (Qin et al. 2016). If sufficient quay cranes are as-
signed to a vessel, its container-handling time can be
reduced so that the vessel can leave the berth before low
tide (Lalla-Ruiz et al. 2016, Malekahmadi et al. 2020).

Waves and wind can push in-berth vessels, leading
to the risk of them colliding with the quay. Bollards
and fenders are fixed immobile assets that are part of
the quay infrastructure and used for in-berth collision
prevention (Carbonari et al. 2019). Mooring lines are
attached to the bollards as temporary anchors for the
vessels, and fenders are used to buffer any collision
between the vessels and the quay. Various sizes of fen-
ders can accommodate the berthing requirements of
different vessels. Most of the research considering bol-
lards and fenders takes an engineering perspective,
whereas few studies consider operations-related pro-
blems such as bollard assignment or the influence of
fenders from an operations planning perspective. To
ensure berthing safety, the bollards and fenders should
be further investigated in research into port operations.

Based on our literature review, we propose that
research into daily berth planning for XHCT should
address the following aspects:

1. To generalize berth allocation to enable practical
application, integrated research on multiple related
decision problems should be conducted. However, few
studies address all of the XHCT’s particularities and
concerns.

2. Although water depth has been discussed in some
studies, berthing safety issues in terms of the resource
allocation for bollards and fenders still need further
exploration.

Very few real case studies have been conducted to
assess the practical implementation of a berth allocation
model. Ding et al. (2016) introduced a project for the Port
of Shanghai, and similarly to our study, they also investi-
gated the daily berth planning problem. Although their
research provides some empirical references, further
work is needed in terms of the specific requirements and
unique features of the Port of Xiamen.
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The Daily Berth Planning Problem

XHCT is the largest container terminal in the Port of Xia-
men. After its multiphase construction and extension,
XHCT has a 2,486-meter shoreline with 12 berths, 22
quay cranes for the handling of container vessels, and a
620,000-square-meter yard with 48 cranes for handling
containers (see Figure 2). The shoreline of XHCT follows
a north-south direction. According to the daily opera-
tional data for July and August 2021, XHCT handles the
berthing needs of approximately 22.4 vessels a day on
average, and the length of the vessels varies from less
than 70 meters to more than 260 meters. These two
months constitute a busy period for the terminal, with
many vessels to be handled. Most of the vessels berthing
at XHCT are domestic trade vessels or vessels on off-
shore routes, including routes to Korea, Japan, and
Southeast Asia. Vessels longer than 200 meters make up
20% of all vessels berthing at XHCT and contribute
more than 30% of the container-handling volume of the
terminal. Small feeder vessels less than 160 meters long
account for approximately 40% to 50% of the berthing
needs, and the 160- to 200-meter vessels account for
approximately 30% to 40% of the berthing needs. Small
feeder vessels give rise to more frequent berthing opera-
tions. The allocation of berths at XHCT is thus more scat-
tered and complex compared with terminals serving
large vessels.

The future development plan of the Port of Xiamen
requires XHCT to have higher berth availability, utili-
zation, and service capability. This can be interpreted
as serving more vessels and handling more throughput
with limited equipment and resources. We assess these
challenges by identifying the terminal’s infrastructure

and characteristics, and we analyze the operational
challenges emerging in recent years.

The Challenges of XHCT’s Berth Planning

XHCT has specific characteristics in terms of status
and berthing conditions because of its multiphase con-
struction and resource integration, which make berth
planning more complex. In addition, the requirements
from terminal operators, especially the concern of
berthing safety, further complicate the problem. The
specific characteristics and requirements make the the-
oretical studies and practices at other terminals hardly
applicable at XHCT. The unique berth planning char-
acteristics include the following aspects:

1. The shoreline is divided into two sections, south
and north (see Figure 2), which operate independently
but plan jointly. The quay cranes’ rails end at the sec-
tion boundary, which limits the moving range of the
quay cranes to within one of the two sections. The
berthing positions of vessels cannot overlap the bound-
ary between the south and north sections because the
separation of the rails prevents quay cranes from mov-
ing to the boundary position. Despite the independent
operations, the clearance distance between vessels at
berths on both sides of the boundary needs to be taken
into consideration. A corner divides the south section
into two subsections. Some quay cranes can move
between the two subsections freely, but the berthing
position of vessels cannot overlap this corner.

2. The capacity and functions of berths vary. Although
berth allocation is generally a continuous problem, the
water depth, shoreline boundary, and throughput of
quay cranes lead to different berth capacity limits. The

Figure 2. A Scratch Map of XHCT and the Examples for Berthing Requirement
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datum water depth of berths at XHCT ranges from
—8.6 meters to —14.2 meters and is influenced by tidal
changes. Large vessels can only be assigned to specific
deep-water berths, whereas the assignment and opera-
tion of small vessels are more flexible. The efficiency of
the quay cranes also varies. Berths with twin-lift quay
cranes have a higher container-handling capability than
those with older and inefficient quay cranes.

3. Fairway traffic control is another factor influenc-
ing berth planning. Sailing conditions, including the
width and depth of the fairway, can influence vessels’
entering and leaving. Dongdu Fairway is the only way
for inbound and outbound traffic flow at XHCT. The
fairway usually operates in a two-way mode. Because
of its width and depth limitations, Dongdu Fairway
has to operate in one-way or dedicated mode for the
sailing of oversized vessels, depending on their type
and length. Tidal changes also directly influence water
depth and limit the sailing time windows.

4. The complex sailing and berthing conditions make
berthing safety an important and complicated problem
that should be given full consideration. The in-berth
vessels should be moored to bollards and pressed
against fenders. Bollards should be dedicated to large
feeders and vessels for mooring safety. Fenders should
be considered in berth planning to prevent vessels
from leaning against different-sized fenders because of
swing. The berthing safety concerns can generally be
addressed in hierarchical order intuitively, and the
safety concerns can be considered after solving a gen-
eral berth planning problem. In practice, a general berth
planning problem tends to minimize the space clear-
ance between vessels to achieve higher berth utilization.
But optimized berth plans without the consideration

of safety requirements may be infeasible because
of insufficient available bollards or an inappropriate
berthing position that leans against different-sized
fenders. Although berth plans can be adjusted to
accommodate safety concerns, sometimes the adjust-
ment may become extremely complicated with many
vessels reallocated, and a simple adjustment may
reduce efficiency. Thus, berthing safety concerns must
be integrated into the decision process to ensure that
the berth plan is practical and complies with safety
requirements.

The berth planning for XHCT is therefore a unique
and more complex problem than those addressed in
previous studies. To deal with the complexity, all oper-
ating procedures and aspects related to the problem
must be studied carefully. In the following problem
description, we first summarize the berthing proce-
dures and main considerations in berth planning and
then conclude with the main decisions on the berth
planning problem.

The Vessel Berthing Procedure

Berth planning should be worked out and implemented
based on vessels’ sailing and berthing operations. Ves-
sels sailing to XHCT should follow the instructions of
the port authority and complete the berthing procedures
on time. Figure 3 shows a general berthing procedure
and key considerations. The regulations, restrictions, and
logical relationships in berth planning can be depicted
through a summary of the whole berthing procedure.
This involves several critical time points, which are
explained along with their corresponding abbreviations
in Table 1.

Figure 3. Vessel’s Berthing Procedure and Relevant Requirements

Position Datum Start Tim?/ Required under-
water depth Duration keel clearance
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Table 1. Table of Abbreviations of Critical Time Points

Abbreviation Explanation

EAT Estimated arrival time

EHT Estimated container-handling time

ENT Estimated time for non-handling operations before container handling
SBT Scheduled berthing time

SDT Scheduled departure time

SHT Scheduled start time of handling

SMT Sailing and maneuvering time

Arriving at the Port. Vessels arriving at XHCT are first
guided to the anchorage to wait for berthing. The ship-
ping agents provide the estimated arrival time (EAT) of
vessels and update actual EATs according to their real-
time positions.

Entering and Leaving the Berth. All vessels entering
and leaving the terminal must sail through the Dongdu
Fairway. The water depth of the fairway maintains a
datum of 11.6 meters and is affected by tidal changes.
To ensure safety, the under-keel clearance of vessels
sailing in the fairway should be maintained at a mini-
mum standard for sailing. Vessels with deeper drafts
may need to wait for high tide to go through the fair-
way. The estimated total time for sailing between the
anchorage and the berth consists of in-fairway sailing
time and maneuvering time. During the in-fairway sail-
ing time, the inbound vessel sails in the fairway from
the anchorage to the assigned berth, and the outbound
vessel sails in the opposite direction. The maneuvering
time to enter the berth consists of the maneuver opera-
tion, in which a tug tows the vessel between the fairway
and its berthing position, a possible 180-degree turn,
and other berthing preparations, such as mooring and
quay crane moving. For an inbound vessel, when the
vessel is finally berthed after sailing and maneuvering,
the time point is defined as the scheduled berthing time
(SBT). An inbound vessel should enter the fairway in
advance to ensure sufficient time for sailing and maneu-
vering before the SBT. Outbound vessels should leave
the berth at the scheduled departure time (SDT) and
complete the maneuver operations and in-fairway sail-
ing. The outbound vessels usually have higher maneu-
vering and sailing priority over the inbound vessels,
and both the maneuvering time and in-fairway sailing
time are shorter than inbound vessels. When the plan-
ning horizon is discretized into timesteps, the estimated
timesteps for in-fairway sailing must take a greater
number to make sure the duration of timesteps is
enough for sailing. If the total estimated in-fairway sail-
ing and maneuvering time is not greater than the dura-
tion of timesteps for sailing, then the maneuvering time
can be included in the in-fairway sailing time and need
not be estimated separately. For the case of XHCT, the

sailing time and maneuvering time used in berth plan-
ning are estimated as fixed parameters of timesteps.
These estimated timesteps should satisfy the sailing and
maneuvering requirements of most vessels.

During the maneuver operation and berthing, ves-
sels are influenced by tidal currents and face the poten-
tial risk of losing control. In addition, inbound vessels
should be more alert to the risk of colliding with the
quay and other vessels while maneuvering toward the
berth. To eliminate these risks, it is recommended for a
vessel to head against the tide during the maneuver
process before mooring and berthing, and a 180-degree
turn in maneuver operation is consequently performed
by a vessel whose direction follows along with the tide.
The outbound vessel’s maneuver operation is relatively
easier to control and has lower risk than that of an
inbound vessel. During the outbound maneuver opera-
tion, all outbound vessels can head toward the out-
bound direction directly, and those vessels that have
not made a 180-degree turn before berthing should
make this turn as part of the outbound maneuver pro-
cess. The requirement of vessels” direction for maneu-
vering and berthing is indicated by the bow’s direction
in the berth plan of XHCT. The bow of a vessel should
point against the tide at its SBT. The bow should point
south when entering the berth if the tide is rising and
vice versa if the tide is ebbing. The 180-degree turn
should be made before berthing if the tide is rising.

The fairway is too narrow for oversized vessels to sail
together with other vessels. To ensure sailing safety,
temporary closure of the fairway is required to restrict
the sailing of other vessels. The temporary closure may
restrict the sailing in the opposite direction of an over-
sized vessel, or the sailing of all the other vessels,
depending on the type and length of the oversized ves-
sel. The time for temporary closure depends on the time
of oversized vessels passing through the fairway. The
vessels affected by the temporary closure must wait
until the fairway reopens.

According to the regulations of XHCT, oversized ves-
sels are classified into two classes according to vessel
length and width. The general oversized vessels include
super Panamax container vessels and ultra-large con-
tainer vessels. The sailing of the general oversized vessels
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requires that the fairway operates in one-way mode, and
a temporary closure is imposed on vessels to sail in the
opposite direction. The super oversized vessels are usu-
ally bigger and longer than the general oversized vessels
and require more strict sailing conditions. For the sailing
of super oversized vessels, the fairway should be closed
to all the other vessels. The temporary closure time of the
fairway should be no less than the estimated sailing time
for both oversized inbound and outbound vessels. The
temporary closure order can be lifted during the maneu-
vering time if the maneuvering time is considered sepa-
rately from the in-fairway sailing time. This is because a
vessel does not travel along the center line of the fairway
during the maneuver operation, and the maneuvering
vessel has little influence on other in-fairway vessels.

In-Berth Operations. In-berth operations refer to the
activities that should be completed when the vessel is
berthing and consist mainly of container handling.
Other activities that take place during berthing are clas-
sified as non-handling operations. The relevant time
points of in-berth operations include the SBT, the sched-
uled start time of handling (SHT), and the SDT. The
time durations corresponding to container handling and
non-handling operations are the estimated container-
handling time (EHT) and the estimated time for non-
handling operations before container handling (ENT),
respectively.

The main in-berth operation is loading and unloading
containers. The EHT is the estimation of the laytime, that
is, the time for container loading and unloading opera-
tions. Two main inputs are generally required to esti-
mate EHT: the loading and unloading quantity and the
quay cranes allocated to the vessel. The planned loading
and unloading quantities are informed by shipping
agents in advance. The quay crane assignment is another
decision in daily berth planning, which we will describe
later.

Non-handling activities may take place when berth-
ing. Some activities can be performed simultaneously
with container handling, such as scheduled crew
changeovers and resource supplies such as water and
fuel. These operations usually have little influence on
container handling or EHT. However, some specific
operations like customs inspection and quarantines
must be performed before the start of container han-
dling because of port authority regulations. These can
delay the beginning of the container-handling process.
The duration of the delayed time can be summarized
as ENT, which can be estimated according to the
related operational plans.

To reduce berthing time and improve berth utiliza-
tion, container handling should start as soon as possi-
ble. The SHT can thus be calculated by adding ENT to
SBT. After container handling, vessels should leave the
berth immediately. The time for vessels leaving the

berth is represented by SDT. The difference between
SDT and SHT should be no less than the EHT to ensure
sufficient time for operations. Sometimes vessels need
to wait for suitable departure conditions, for example,
the rising tide or the reopening of the fairway, and the
SDT will then be substantially delayed.

The Decision Problems of Berth Planning

Berth planning is a comprehensive decision-making
process that involves the decision problems of berth-
ing position, operation time, quay crane assignment,
and decisions related to berthing safety. We propose a
0-1 integer programming model in Appendix A to
express the decision problem and the internal relation-
ships of the different decisions in detail. The decision
problem, objective, and basic principles presented in
the mathematical programming model all provide the
basis for the decision-making process when develop-
ing the system.

Planning Horizon. XHCT and other container terminals
in the Port of Xiamen select 24 hours as the planning
horizon for daily berth planning and other operational
activities. Because the uncertainty is not characterized in
the proposed system, setting a relatively short planning
period can help to reduce the uncertainty of the EAT,
the loading and unloading quantities, and the efficiency
of terminal operations. To simplify the decision-making
procedures, the planning horizon is discretized into
timesteps in half an hour.

Berthing Position of Vessels. The berthing position is a
major decision in the berth allocation problem. A ves-
sel’s berthing position can be expressed by the position
of bow and stern on the shoreline. In the berth planning
of XHCT, the southernmost and northernmost positions
are used to indicate vessels” berthing positions. The
main factors to consider in a generalized berth allocation
problem include water depth and space clearance.

Water Depth. All in-berth vessels should keep a mini-
mum under-keel clearance when berthing. A vessel can
be allocated to a berth only when the water depth of the
berthing position is greater than the sum of the vessel’s
draft and its minimum under-keel clearance during its
in-berth time. The required under-keel clearance during
berthing is usually shallower than that during sailing.

Space Clearance. To prevent the collision of in-berth
vessels and ensure sufficient space for vessels entering
and leaving the berth, a clearance distance should be
kept between two adjacent vessels (see Figures 2 and 4).
A minimum space clearance distance is required for all
vessels. Additional space clearance should be reserved
for large vessels, which can be calculated using a speci-
fic proportion of the vessel’s length. Thus, the space
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Figure 4. (Color online) An Example of Berth-Time Chart and the Influence of Tide
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clearance distance between two adjacent vessels should
be the maximum of three quantities: the minimum
space clearance distance, a specific proportion of the
length of the southern vessel, and a specific proportion
of the length of the northern vessel.

Berthing Time of Vessels. For the vessels” berthing
procedures, the SBT and SDT are the critical time deci-
sions in berth planning. The EAT, EHT, and ENT are
the necessary time durations for these decisions. The
SBT and SDT decisions should consider the tide and
any fairway temporary closure.

Time Clearance. Time clearance is required between a
vessel and other vessels that berth at the same position.
The purpose of time clearance is to allow time for ves-
sels’” maneuvering operations to enter and leave the
berth. The difference between the SBT of a vessel and
the SDT of other vessels berthed at the same position
should be greater than the minimum time clearance
requirement, which depends on the maneuvering time.

Fairway Temporary Closure. Fairway temporary clo-
sure restricts vessels” sailing and thus influences the
SBT and STD. The SBT and SDT will be delayed until
the fairway is reopened. Figure 4 gives an example of
time clearance. In this figure, the planning horizon is
discretized into timesteps of half an hour. The sailing
times for both inbound and outbound vessels are to be
estimated as two timesteps. The inbound maneuvering
time takes one timestep, whereas the outbound time
need not be separately estimated. Vessels 14 and 11 keep
a minimum time clearance of three timesteps, that is,
SBT14 = SDT1q +3. Vessel 13’s SBT is delayed by the
temporary closure, which is imposed by the leaving of
Vessel 12. Vessel 12's SDT is SDT1,. Vessel 12 sails in the
fairway for an hour and leaves the fairway at SDT, + 2.

window
Vessel 12
General oversized vessel
Draft>10.5m
| Water Depth Berth
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An Example of Berth-time Chart

At the time that Vessel 12 leaves the fairway, Vessel 13
can enter the fairway. Thus, SBT3 =SDT; +2+2+1
=SDT1; +5, and Vessels 13 and 12 have a prolonged
time clearance of 2.5hours.

Quay Crane Assignment. Quay cranes are the main
equipment used for handling containers and are
deployed along the quay side. In general, the quay
crane assignment assigns quay cranes to vessels for
container handling. Quay crane assignment is related
to the spatial and temporal allocation of berths. In terms
of spatial factors, quay crane assignment is dependent
on the berthing position of vessels because the operat-
ing range of quay cranes is limited by rails and electrical
cables. The quay cranes are deployed along the shore-
line in a fixed sequence. They cannot pass each other
when moving, so the moving range is also restricted by
the position of adjacent quay cranes. In terms of tempo-
ral factors, quay crane assignment can influence the
berthing time of vessels. By assigning more quay
cranes, a vessel’s container-handling process can be fin-
ished faster, and the in-berth time is thus significantly
reduced. In addition to the assignment among vessels,
quay crane assignment determines details of the quay
crane operations, including the actual working bays
and container-handling sequence. These decisions track
quay crane movement precisely and instruct the detail
quay crane operations. The stowage plan should be
known in advance to provide the container-loading
positions and determine container-handling sequences.

In the daily planning problem for XHCT, the quay
crane assignment problem is divided into two parts,
and a two-step decision mode is formulated. The quay
crane assignment, which assigns quay cranes to differ-
ent vessels at different timesteps, is integrated as a part
of the berth planning and worked out first. The detailed
quay crane operation and scheduling decisions are
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then worked out after knowing the berth plan and
stowage plan. The purpose of the two-step mode is to
balance the requirements of reasonable berth planning
and a frequently changing stowage plan. The berth
plan should be implemented as soon as it is issued and
should avoid repeated changes because the berth plan
determines other operational plans of relevant organi-
zations, such as the port authority and shipping compa-
nies. An unexpected change of berth plan after issuing
would incur extra costs and disrupt other operational
plans. However, the stowage plan may be changed
many times until berthing because the list of export
containers to be loaded onto a vessel may change
because of late delivery, custom detention, or other
unexpected events. Changes in stowage plans affect the
handling volumes and the berthing times of vessels,
which can consequently change the optimal berth
plan along with the quay crane assignment. Although
embedding quay crane operation decisions into berth
planning may better improve berth utilization, the con-
sequent berth changes may make this impractical for
the terminal and other relevant organizations. There-
fore, the two-step decision mode of berth planning and
quay crane operation has been applied consistently. In
addition, XHCT requires the berthing safety to be the
most important and urgent consideration of the berth
planning system. If the detailed quay crane operation
decisions were included in the system, the whole berth
planning problem would become more complicated,
which could reduce decision-making efficiency and
prolong the system development process.

Some empirically based requirements describing
detailed quay crane operation characteristics are applied
in the daily berth planning of XHCT. The operating
range requirement determines whether a quay crane can
be assigned to a vessel with respect to the quay crane
operating range and the vessel’s berthing position. The
operating range of the quay crane should cover the ves-
sel to at least the minimum length required so that a
quay crane can handle several bays of containers for the
vessel (see Figure 2). The targeted hourly efficiency level
is also a main reference factor for quay crane assign-
ment. Long-term and midterm berth planning define
the preferred berthing positions and time windows of
specific routes in advance and set minimum targeted
hourly efficiency to ensure highly efficient operations
of these routes. The targeted hourly efficiency is the
implementation of long-term and midterm planning
requirements into daily berth planning and requires
enough quay cranes and other resources to be assigned
to specific vessels. The targeted hourly efficiency in daily
berth planning should not only satisfy the target and
berthing time windows defined in long-term and mid-
term planning but also fit into the specific situations on
the planning days.

Decisions Related to Berthing Safety. The decisions
related to berthing safety requirements include the deci-
sion of bollard assignment and the impact of fenders.
Bollards and fenders are fixed, immobile assets that are
part of the quay infrastructure. Both factors can influ-
ence the decision mechanism of berth allocation.

All in-berth vessels must be moored to the bollards at
the quay side to prevent any unexpected movement
caused by tide or wind changes. Two critical bollards,
namely the northernmost bollard and the southernmost
bollard, are determined in berth plans. The northern-
most and southernmost bollards are used to moor the
bow line and stern line, and bollards between these two
are used for the mooring of other lines, like breast lines
and spring lines. The upper-right section of Figure 2
shows an example of bollard assignment. The main con-
cern of bollard assignment is how to efficiently assign
mooring bollards to different vessels to meet the safety
requirements. According to the port safety regulations,
the bollards should be allocated according to the follow-
ing rules:

1. The northernmost and southernmost bollards
should be located within the space clearance between
two adjacent vessels or located at the exact position of
the bow or stern of the adjacent vessel. A bollard
assignment plan that leads to the mooring line over-
lapping the adjacent vessel must be prohibited to pre-
vent any friction between mooring lines and other
vessels.

2. To ensure mooring safety, the angles between
mooring lines and the shoreline should be controlled
within the appropriate range. Such requirements can
be interpreted as the minimum necessary distance
between the selected bollards and the bow or stern of
the vessel. The minimum necessary distance can be cal-
culated as a specific proportion of the vessel’s length,
according to the experience of XHCT’s daily operation.

3. To ensure the tightness of the mooring, a bollard
should be dedicated to a vessel’s head line or stern line.
Sometimes the available bollards may be insufficient,
and two adjacent vessels are allowed to share a bollard
if both of the two vessels are smaller than a specific
standard.

Most previous studies of berth allocation do not
consider the impact of bollard assignment on berth
planning. The berthing positions of vessels must be
adjusted to suit the bollard assignment requirement. It
seems to be easy to implement a fine berthing position
adjustment by a few meters to meet the requirement.
However, if many vessels are waiting for berthing, the
space clearance approaches the minimum limit with
insufficient available bollards between vessels. Adjust-
ing only one or two vessels’ berthing positions may
cause wide-ranging implications of insufficient space
clearance or available bollards for other vessels and
lead to the overall change of berth plan. Thus, bollard
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assignment is necessary to implement in berth planning
despite its complexity.

To adapt to the berthing needs of different vessels,
fenders with different sizes and functions are used in
different berths. The quay of XHCT equips two types
of fenders, namely large fenders and small fenders.
Large fenders are usually deployed at deep-water
berths to accommodate the berthing requirement of
large vessels. Small fenders can be used only for the
buffering of small vessels, so only berths of shallow
water depths can use this type of fender. The berth
planning should consider the performance and appli-
cability of fenders and assign vessels to berths with
suitable fenders. The berthing position of a vessel can
overlap different types of fenders in a continuous
berth allocation problem, which can lead to safety
issues about berth allocation. The relevant rules of fen-
ders are illustrated in Figure 2. If a vessel’s berthing
position is allocated mainly to the berths with small
fenders (Vessel 6), then the bow and the stern of the
vessel cannot be allocated to positions with large fen-
ders. If a vessel is allocated mainly to berths with large
fenders (Vessel 7), then it is allowed to be allocated to
a berthing position in which a short part of the vessel’s
hull is berthed at positions with small fenders. The
length of the part of the vessel’s hull berthed at posi-
tions with small fenders should then not exceed a spe-
cific proportion of the vessel’s length.

The Berth Planning System

XHCT used to make berth plans manually and encoun-
tered problems such as inefficiency and low berth utili-
zation. The development of the berth planning system
is a part of intelligent operations development to break
through bottlenecks and better cooperate with other
processes and systems. To develop the berth planning
system, we first analyze the process of manual berth
planning and data exchange between systems to find
the general functions and features that berth planning
should realize. The mathematical programming-driven
methodological framework constitutes the fundamental
component of the berth planning system, and the major
effort we put in for this method is in its development
and implementation.

The Manual Berth Planning Process

The manual planning process at XHCT involves vari-
ous considerations, settings, and procedures for berth
allocation, which is used as the basis for further system
development. According to the daily work procedure
of XHCT, the daily berth plan works out the schedule
for vessel berthing from the upcoming 12 p.m. on one
day until 12 p.m. the next day. The daily berth plan-
ning process starts at 8 a.m. every day to ensure that
the latest data are acquired and must be completed

and submitted for review and discussion by 10 a.m. to
ensure that the plan can be implemented before 12
p-m., the beginning of the upcoming planning hori-
zon. These tight time limits make planning a challeng-
ing task that relies on the knowledge, intelligence, and
hard work of three experienced planners. If a planner
is absent, the berth planning for the other two on-duty
planners is more difficult on that day. The general
manual berth planning procedures can be divided into
three parts: data collection, preliminary planning, and
detailed planning.

Data Collection. Data collection is the preparation
work that should be done before the preliminary berth
planning process, which starts at 8 a.m. every day.
There are three types of data that need to be collected,
namely the status of vessels, maintenance and tempo-
rary incidents, and vessels” arriving notices.

Vessel status includes the status of already berthed
vessels and the status of vessels waiting to berth. The
status of already berthed vessels collects mainly the
SDTs, berthing positions, and bollard assignments.
The status can be collected and updated by monitor-
ing the real-time loading/unloading progress. The
berthing positions of in-berth vessels are difficult to
shift to another position in practice, so the operations
of already berthed vessels should continue into the
upcoming planning period at the berths occupied pre-
viously. Therefore, the berth plan of arriving vessels
should accommodate the berth occupancy of already
berthed vessels.

Maintenance and temporary incidents may block the
use of berths, equipment, and fairways. Such incidents
can be foreseen before berth planning and should
therefore be taken into account to minimize the influ-
ence on port operations.

Vessels” arriving notices are informed by shipping
agents. The agents send emails to the planners to pro-
vide the arriving vessels” information for berth plan-
ning, including voyages, EAT, draft, and loading/
unloading volumes. In manual planning, the planners
have to repeatedly confirm the information to ship-
ping agents and transform it into standardized data
for reference.

The Berth Planning Procedure. After acquiring the
necessary data and information, the berth planning
process begins. In traditional manual planning, the
plan is developed by the planners according to their
experience and calculations. In addition to the opera-
tional decisions such as berthing position and time
decisions, there are many complex strategic and tactical
problems to deal with, such as the berthing priority of
vessels, the relationship between daily berth planning
and midterm planning, and the influence of other inci-
dents. Manual berth planning is thus divided into the
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two steps of preliminary planning and detailed plan-
ning to reduce complexity.

The preliminary planning aims at solving the main
strategic and tactical problems. The planners deter-
mine which vessels are berthing in the planning period
according to the berthing priority. Then, they draw on
their experience to determine the approximate position
according to the estimation of the berthing capabilities
and the berthing time according to loading/unloading
volume. These decisions are expressed in terms of the
assignment of quay cranes and targeted hourly effi-
ciency, which serve as the link between different levels
of problems. Once the quay crane assignment is worked
out, the approximate berthing position can be deter-
mined by the operating range of the quay cranes. The
targeted hourly efficiency of vessels is correlated with
the number and efficiency of assigned quay cranes, and
the laytime of vessels can then be derived.

After the preliminary planning, the planners work on
the detailed planning, which is the most time-consuming
work of the process. Decisions regarding berthing posi-
tion, operation time, and bollard assignment should be
worked out in this stage according to the aforementioned
requirements. In manual planning, the berthing time is
typically delayed to avoid the influence of tide and tem-
porary closure. The planners create rules to allocate key
bollards to vessels. However, sometimes the delays and
rules cannot efficiently deal with the changeable berthing
requirements. To improve the berth utilization in the
detailed planning, the preliminary plans need to be chan-
ged repeatedly to try more plans and find the best one. In
general, if more than 25 vessels are waiting to berth, most
of the time and effort in the planning process is spent on
changing and reworking the preliminary plans.

By repeating this process many times, the planners
work out a complete berth plan to submit for revision.
The managers check whether the plan meets the opera-
tion and safety requirements and provide feedback for
correction. The revised plan is then discussed and

issued in the daily work meeting starting at 10 a.m.
every day. After issuing the plan, the planners monitor
the implementation of the berth plan and change it if
necessary. The monitoring process usually requires
less work than the planning, leaving some planners
idle. Manual planning is indeed time-consuming and
labor-intensive work. It is difficult for planners to try
more potential plans and revise them in the limited
time frame. The manual planning approach also
requires a high level of human resource allocation. It
usually takes one to two years of training and practice
for a planner to gain the basic qualifications.

Data Exchange Between Systems

XHCT and other terminals of the Port of Xiamen have
developed their own information and management sys-
tems to support the port’s operation. The terminal opera-
tions system (TOS) controls and monitors the operations
of XHCT and other terminals. The online business system
provides customer services to shippers, shipping agents,
shipping companies, and other logistics companies. These
two systems are directly linked to the berth planning sys-
tem with data and information exchange. We set up a
data docking mode for the two systems for data transmis-
sion and real-time data collection and exchange. Figure 5
illustrates the internal information exchange between
these two systems.

The TOS provides essential data on vessel status
and the operational progress to the berth planning
system, and the daily berth plan is one of the most
important inputs for the TOS. The online business sys-
tem collects the vessel arrival notices submitted by
shipping agents and releases the terminal’s operating
status, including berth plans, to customers. The infor-
mation exchange not only provides necessary input
data to the berth planning system but also exchanges
berth plans as the output to maintain the normal oper-
ation of other systems.

Figure 5. (Color online) The Information Exchange Between Systems
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Some of the data and specific settings need to be
defined by the planners. Therefore, we add an interface
to input special requirements before berth plans are
made. Planners can define the priority or sequence of
vessels waiting to berth so that vessels with a higher
priority can enter the berths earlier. Planners can also
specify the berth allocation decisions of vessels and
add incidents that could result in berth downtime.
These special requirements are then further considered
in the berth planning process.

The main challenge for data exchange is the intercon-
nections among the existing systems. Informatization is
executed in multiple stages, and the interface designs
of the different systems vary. The integration of proto-
cols of these systems is challenging and involves many
system developers. Data accuracy is also an important
consideration in data exchange. The speed of data
exchange between systems also influences the accuracy
of data and the operations of the terminal. The usability
of the interface is another important consideration be-
cause this interface enables interactions between plan-
ners and the system.

The Decision-Making Process and the Combina-
tional Interface

The decision problem of berth planning is highly com-
plicated because many factors must be considered. The
problem and related factors are outlined in Figure 6

Figure 6. (Color online) Data Structure of the System
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decision process and formulate an integrated berth plan-
ning problem with the objective of minimizing the total
delay time of SBT to improve berth utilization. The inte-
grated problem optimizes the plan for berth allocation,
quay crane assignment, traffic flow, and berthing safety
requirements. Based on the berth allocation problem, we
develop a mathematical programming-driven methodo-
logical framework for the decision-making process and
further system development. In the framework, we
develop a 0-1 integer linear programming model to char-
acterize the proposed problem, as shown in Appendix A.
The 0-1 integer linear programming model is used as the
basis for problem-solving and algorithm design, and the
basic setting of the algorithm is shown in the subsection
“Algorithm Design” and in Appendix B. By developing
such a solution methodological framework, the core of
the system'’s decision-making process is formulated.
After the completion of the process of berth plan-
ning, the planners and managers revise the output
plan. The system is designed with a combinational
interface to show the result and assist in manual revi-
sion. The combinational interface proposes berth plans
using data tables (see Figure 7) and graphical dynamic
berth plan charts (see Figure 8). The graphical dynamic
berth plan charts are based on the charts used for the
berth plan and allow visual revision. To change the berth
plan, the planners can input a specific value into the

q s e e e e
I | |
: Resource Status | : Vessels” Attributes : Output
| I
| | |
) A ;
: i I Vessels' Amiving Notice I Berthing plan
| | I
I : : Vessel's Name I Vessel's Name
| w: ressel's V. |
1 ater depth Height : : Vessel's Voyage | Vessel's Voyage
| |
| Status : : Agent | Berth
: [ _ } v
| Quay crane Posificn : I Line I Bow’s Position
i | N
]I Number Berth number | : R A Berth Planning Bollards' Number of
| I ) | System Head Line
I Operating range Time | i Unloading volume |
: | | : Bollards' Number of
i Expected hourly Status : | Inbound draft | Sten Line
fficiency |
| € ? | |
. | Outbound draft
]I Vessel Information Water depth : | : FeE
I | : EAT | SHT
I Vessel's name Fodesivpe | I I
| Il Vessels' Setting:
I essels’ Settings I SDT
Length | |
I = | |
I | : Vessel's Name | Target Hourly
]| Agent | I | Efficiency
i | | Vessel's Voyage |
| Tonnage Time | | I Quay Crane
I ! | Berthing priority | Assignment
Shi y U
1 pping company Position | | |
| | I NHT |
I Deck crane Status | | |
J



Downloaded from informs.org by [139.179.182.186] on 14 October 2025, at 11:38 . For personal use only, al rights reserved.

342

Zhen et al.: Mathematical Programming-Driven Berth Planning

INFORMS Journal on Applied Analytics, 2024, vol. 54, no. 4, pp. 329-356, © 2024 INFORMS

Figure 7. (Color online) Data Table of the System
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data table or drag or input a specific value into the
dynamic chart. The system checks the revised result
automatically and provides error messages using dia-
logue boxes. After the revision, the system creates the
berth plan chart and data spreadsheet for daily work
and for the issue of berth plans.

The main challenges in the decision-making process
are summarized as follows.

The Solution Complexity of Berth Planning. Berth
planning is a complex integrated optimization prob-
lem with many real-world factors that must be consid-
ered. Few studies have considered complex berthing
safety requirements along with the basic decision
problem of berth allocation. Finding a highly efficient
solution method to solve this problem is the greatest
challenge in this process.

The Development of the Combinational Interface. The
combinational interface adopts the tables and charts
that have been adopted in manual berth planning; in
addition, more embedded functions support tables and
charts to form novel human-computer interaction inter-
faces in berth planning. This interface connects with the
database for berth planning so that the system can func-
tion seamlessly. The graphical dynamic berth planning
chart is the main innovation of the system that helps
planners and managers revise and change berth plans
more easily. To the best of our knowledge, no such sys-
tem has been developed yet.

Algorithm Design

In view of the problem complexity raised by the multi-
factor decision problem and safety requirements, we
develop a two-phase decomposition heuristic algo-
rithm that combines the common characteristics of the
berth planning problem, the specifics of XHCT, and the
experience and intelligence involved in manual berth
planning. The first phase of the decomposition heuristic
solves a preliminary berth planning problem based on
the activity-based classification method. The second
phase is to work out a detailed berth plan. The develop-
ment of the algorithm follows the basic principles
implied by the mathematical programming model of
the berth planning problem. The detailed procedure of
the algorithm is given in Appendix B.

In the first phase of the decomposition algorithm, the
berths are discretized into several segments according to
the definition of the operational practices. The shoreline
is partitioned into several berths according to water
depth, quay crane working range, boundary, and other
factors related to the berth operation. The berths are
numbered sequentially and are used to express the
approximate position of vessels. The activity-based clas-
sification method classifies berths into large, medium,
and small types according to berthing capability factors
such as water depth and quay crane efficiency. Based on
the classification, we can calculate the berthing needs of
different types of vessels and flexibly define the type of
each berth by using several predefined berth templates.
These templates provide instructions for classifying and
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Figure 8. (Color online) Graphic Dynamic Berth Plan Chart of the System
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Other task

defining berths’ functions, utilizing berthing capabilities,
and allocating vessels to different berths. In the opera-
tion of XHCT, different types of vessels need to berth
every day. The classification criteria of vessels depend
mainly on the length. Corresponding to the berth classi-
fication standards, vessels can also be divided into three
types: large, medium, and small. The classification of
berths and vessels enables the design of the heuristic
algorithm and reduces the complexity of the problem
based on operational practice. To improve the solution
quality and maximize berth utilization, various detailed
features describing the capability of berths need to be
clarified, including the maximum vessel length, maxi-
mum draft, and different berth allocation methods. The
preliminary berth allocation is worked out by assigning
vessels to different berths according to the correspond-
ing relationship of vessel and berth types. The output
result of the first phase is the preliminary vessel alloca-
tion to discretized berths, which is used in the second
phase.

The second phase of the decomposition algorithm
works out the detailed berth plan based on the prelimi-
nary berth plan. The main decision in this step is the
berthing sequence of all berths, and then the detailed
berth allocation decisions can be made, including the
berthing position, SBT, SDT, and bollard assignment.

Planner
Reviewer

Time

The order of berth allocation is based on the priority
order of each berth in the berth template. The berths
with higher priorities are allocated first. For the vessels
preliminarily allocated to each berth, their berthing
sequence is allocated according to the priority. The
SBT, SDT, berthing position, quay crane assignment,
and bollard assignment are calculated with the consid-
eration of fairway traffic flow control and the berthing
safety requirements.

Development and Implementation of the
Mathematical Programming-Driven Method

The berth planning system embedded with the 0-1 inte-
ger programming model and the two-phase decompo-
sition heuristic algorithm was developed and went
through the trial and adjustment procedure. According
to the requirements of XHCT, the results obtained by
the berth planning system should be better than those
worked out manually because the total waiting time
and the number of vessels unable to berth should be
significantly reduced. The computation time of the sys-
tem should be no more than 10 seconds to ensure com-
putational efficiency. These requirements challenged
our model and algorithm development, for which
transforming the theory into practice takes much effort.
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In the test and improvement stage, we apply a theo-
retical research-based approach to validate the effec-
tiveness and efficiency of the model and algorithm.
We conduct comparative experiments using CPLEX
and the proposed algorithm based on the setting of
XHCT. The results obtained by CPLEX are used as the
benchmark for the evaluation and improvement of the
proposed decomposition algorithm. This is a common
method in optimization research for testing the algo-
rithm’s performance. The difference in the objective
values obtained by the two methods is measured by
GAP, in which the objective value obtained by CPLEX
is used as the benchmark. The details of the experi-
ment are given in the “Algorithm Performance Experi-
ments” of Appendix C. Through continuous testing
and improvement, the decomposition algorithm main-
tains relatively high efficiency, which indicates that
the algorithm can be used for developing the system.

After the algorithm was tested and improved, the trial
version of the system was developed and deployed at
the terminal. During the trial, the berth plans worked out
by the system were compared with the results of manual
planning to evaluate the practicability of the system. The
comparison used the weighted total waiting time as the
main indicator for operational efficiency and berth utili-
zation. The number of vessels unable to berth was used
as another indicator. The weights were determined by
port operators, in which higher weights were given to
large vessels with higher handling volume. In addition,
some subjective factors like the operators’ judgments,
requirements of the government and maritime authori-
ties, and emergency needs could also affect the weights.
The trials in real operation helped us find the bugs in the
system, and the final version of the system was devel-
oped and released after further improvements. Real
instances of representative days were selected according
to three representative types: days with maintenance
works and some resources unavailable, normal days,
and busy days with more vessels waiting to berth. The
results of selected instances are listed in the comparisons
between the berth planning system and manual planning
in Appendix C to illustrate the improvements of the sys-
tem. Compared with the results of manual berth plan-
ning, the proposed berth planning system is efficient in
different scenarios and can help XHCT reduce weighted
waiting times by 15.54%. The system can thus signifi-
cantly reduce vessel waiting times and improve berth
utilization.

Berth planning over periods of more than one day is
applied in some container terminals, which can enhance
the berth planning efficiency by preventing unreason-
able solutions at the end of the planning period. A multi-
day plan is beyond the capabilities of manual planning.
The high computational efficiency of a berth planning
system makes it possible to effectively extend the plan-
ning periods, and we designed experiments to test the

capability and possibility of extending planning periods.
We extended the periods to two days, three days, and
four days, and each planning period group had nine
randomly generated instances. The number of vessels
arriving each day and the loading and unloading vol-
ume of each vessel during the planned period were
roughly consistent with the one-day planning period
situation. The results for the experiments with extended
planning periods show the capability of the algorithm
in handling different planning periods under different
situations, which can be found in Appendix C. Note
that uncertainty factors are not characterized in the
embedded model and algorithm, which may make the
plans of the next few days impractical and need further
changes. In the proposed system, the 24-hour planning
period setting is adopted according to the planning
process of XHCT. Adding the consideration of uncer-
tainty could be more meaningful and practical for
extending the planning period for future planning pro-
cess reengineering.

Implementation Challenges

During the development and trial, our team members
worked to improve the system and encountered difficul-
ties in transforming theory into practice. The challenges
and the experience of how to overcome difficulties are
summarized in the following points.

Various decisions and requirements should be incor-
porated, which adds complexity to the problem. The dif-
ficulty of bollard assignment can be summarized as
how the space clearance can be reduced while keeping
sufficient bollards between vessels. The tide and channel
restrictions influence the decisions of vessels entering,
leaving, and handling. The fenders limit the use and
function of the berths. Based on mathematical program-
ming theory, the requirements of all of the aforemen-
tioned decision problems are reflected and explained in
the model in a generalized form, which provides a refer-
ence for the algorithm development.

The development and improvement of the algorithm
takes much effort. Computation time is one concern for
XHCT. We decompose the berth planning problem and
design a two-phase decomposition algorithm. The two-
phase setting of the algorithm simplifies the decision
process of the problem and reduces the computational
complexity. The decomposition algorithm introduces a
level of customized design into preliminary berth alloca-
tion. The customized design should involve an in-depth
analysis of activity-based classifications of berth func-
tions and vessel types, and the effectiveness of classifica-
tions depends on the mining of historical data. Through
continuous adjustments, reasonable classifications are
added into the algorithm, and the algorithm achieves
satisfactory results in experiments and tests.

The design of the system interfaces and data struc-
tures not only requires support of the decision-making
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process but also incorporates the various demands and
requirements. XHCT has put forward valuable sugges-
tions for the design of the system interfaces and data
structures, which drive us to develop more practical
functions. The decision-making interfaces follow the
usual practice of traditional manual planning and cre-
ate a visual interface with more embedded functions.

These experiences are all integrated and imple-
mented in the aforementioned system along with the
embedded mathematical programming-driven meth-
odological framework. After adjustments and tests, the
system can realize XHCT’s requirements. The berth
plan worked out by the system has proven to be practi-
cal, accurate, and efficient through numerical experi-
ments and tests, so the system has finally been accepted
and put into use.

Impact and Benefits

The proposed system was put into operation for
XHCT’s berth planning in late 2021. It creates extra
value for XHCT by improving terminal operations and
reengineering the berth planning process. By integrat-
ing the safety concerns into general berth planning
decisions, the system fills the gap between research
and practice by considering berthing safety and creates
a practical approach for XHCT to improve berth utili-
zation. The benefits of the system implementation can
be reflected in the data of port operations, whereas the
benefits of reshaping the berth planning process are
also significant.

Benefits in Terminal Operational Data

The year 2022 was a year of rapid development for the
Port of Xiamen and for XHCT. The Port of Xiamen
planned to open more new routes to Regional Compre-
hensive Economic Partnership countries and to improve
the service frequency of cross-strait routes and shuttle
shipping services. These actions significantly increased
berthing needs and challenged the berth planning pro-
cess. With the help of the berth planning system, these
increased needs were confidently handled by XHCT’s
operators. An analysis of the operational data for 2022
can illustrate the contribution of the system.

XHCT completed a container throughput of 2.74
million TEUs in 2022, with a year-on-year increase of
approximately 4.18%. The increase was due mainly to
the opening of new routes and, more importantly, was
inseparable from improvements on the use of the
berth planning system. XHCT’s increase in container
throughput is the most prominent among all terminals
at the Port of Xiamen, for which the average increase
in throughput was 3.22% during the same period. All
terminals at the port faced similar effects of market
change, so the main point that made XHCT outper-
form the average level was that XHCT was the only

terminal using the berth planning system. Compared
with the designed throughput, the average utilization
of XHCT in 2022 was approximately 79%, which is sig-
nificantly higher than the average resource utilization
rate of less than 75% in 2021. In January, July, and
August 2022, the terminal’s average monthly utiliza-
tion rate exceeded 85%.

Shipping service improvements are major contribut-
ing factors in the increase of throughput. XHCT opened
15 new routes and increased the service frequency of
cross-strait routes and shuttle shipping services during
2022. These service improvements led to an increase in
the number of berthing needs by nearly 20%, with the
average daily berthing needs in July and August 2022
increasing to more than 26 vessels. This increase requires
more available berths for different vessels. With the help
of the berth planning system, the potential of the berths
can be expanded. More berthing needs can be allocated
with reasonable berth plans, which stands in stark con-
trast to the manual planning’s extreme and resource
strain in the same period of 2021. The efficient use of
berth resources meant that the weighted total waiting
time for all vessels remained at a relatively stable level
compared with the same period in 2021, and the average
waiting time for all vessels was reduced by 15% to
approximately 2.9hours. The waiting time for more
than 75% of vessels was less than six hours. These mea-
sures mean that more vessels” berthing needs can be
handled in time.

Benefits of Reshaping the Berth

Planning Process

In addition to the operational benefits, the berth planning
system has reshaped the planning process. Manual berth
planning has been replaced by the efficient berth plan-
ning system. The results of the reshaping on the berth
planning process are reflected mainly in human resources
and intelligent operations development.

Human Resource Restructuring

Manual berth planning requires at least three experi-
enced planners working together. After the comple-
tion of the daily berth plan, one planner monitors the
implementation, whereas the other two are idle. The
implementation of the proposed system reduces the
time spent on planning from at least two hours to
approximately 15 minutes, and human resources can
then be allocated more efficiently. With the proposed
system, only one part-time planner is required for the
berth planning process for checking and monitoring,
which can dramatically reduce labor costs by 600,000
Chinese Yuan (about 83700 US dollars, which can
be calculated by 200,000 Chinese Yuan/planner per
year X 3 planners =600,000 Chinese Yuan). The sav-
ings of qualified planners can be utilized in other
positions.
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Intangible Improvements in Port Intelligent
Operations Development

The proposed berth planning system will further pro-
mote the intelligent operations development process
already underway at the Port of Xiamen. The Port has
established a framework of management systems to
cover aspects such as terminal planning, operations,
and customer service. The berth planning system
attempts to achieve intelligent operations development
in XHCT, where the decision-making process is chan-
ged to a more efficient method. Moreover, the informa-
tization of port operations has also been realized. The
berth plan and other relevant data can be exchanged
among the berth planning system, TOS, and other
decision-making systems, thus improving the effi-
ciency of daily operations. The information exchange
between the berth planning system and the business
system creates new service modes to shippers and ship-
ping companies.

Future Research and Development

The success of the proposed daily berth planning sys-
tem will be a step forward for the Port of Xiamen and
for the authors’ team. The system has been approved
by XHCT, and its usability and efficiency have been
confirmed by practice. The Port of Xiamen has planned
to extend intelligent berth planning to other terminals
soon. In late 2021, the Port of Xiamen began the aggre-
gate planning of the Songyu and Haicang Port Areas.
The construction of the automated terminal in the Liu-
wudian Port Area is also steadily progressing. The
scope and functions of these port areas are different
from those of XHCT. The Songyu and Haicang Port
Areas are the main ports for berthing deep-sea mega
vessels bound for Europe and America. In addition,
numerous inbound and outbound feeders transfer con-
tainers between the two port areas and other container
terminals. The aggregate planning merges the opera-
tions and resource allocation of adjacent terminals in
the two port areas to improve resource utilization. The
aggregate planning increases the scale of decision mak-
ing, which requires more efficient and intelligent berth
planning methods. Based on the experience of the XHCT
berth planning system, several future challenges in the
berth planning of the two port areas need to be solved as
follows.

Robust Daily Berth Planning

Uncertainties in port operations, such as vessel arrival
time, quay crane operating efficiency, container load
and unload quantity, and container transshipments,
influence berth planning. The proposed berth planning
system takes the daily berth planning as a static prob-
lem, achieves higher computational efficiency, and
overcomes the issues of berthing safety. Uncertainties

have not been taken into account in the proposed sys-
tem, so some settings in human planning are employed
to reduce the influence of uncertainties like the 24-hour
planning period and empirical-based requirements. In
the future, the Port of Xiamen expects that the berth
planning system will be embedded with operational
uncertainties to provide a more flexible and robust
berth plan. The dynamics in operations, especially the
quay crane scheduling, are suggested to be considered
to incorporate realistic operational factors. The effec-
tiveness of robust daily berth planning makes it possi-
ble to extend the planning period to several days,
which can improve the overall performance of berth
scheduling and avoid any unreasonable decisions at
the end of planning period.

Collaborative Scheduling and Berth Allocation for
the Shuttle Shipping Service

The shuttle shipping service is a key aspect of the
Port of Xiamen's future development. Transshipment
between vessels is not considered in the proposed berth
planning system, and the connection between different
routes and vessels is considered only in midterm plan-
ning. A detailed collaborative scheduling for shuttle
shipping services could not only improve the perfor-
mance of XHCT but also support the further develop-
ment of the shipping network for the Port of Xiamen.
The schedule and berthing time windows of the shuttle
shipping service should be connected and coordinated
with those of key routes. The berthing position of fee-
ders should be allocated efficiently to minimize trans-
shipment distance and reduce interference with the
berthing of ocean vessels.

Intelligent Decision Making for Midterm and
Long-Term Berth Planning

The Port of Xiamen needs to make decisions on mid-
term and long-term operations management issues,
such as extensions of the shipping network for the Mar-
itime Silk Road, berth planning improvement for speci-
fic routes, and the strategic planning on functional
division and coordination of terminals. Daily berth
planning should be conducted in conjunction with
midterm and long-term berth planning.

The implementation of the proposed berth planning
system in other container terminals of the Port of Xia-
men is estimated to contribute more than 10 million
Chinese Yuan (about 1.4 million US dollars) per year in
economic benefits. We believe that the development of
the berth planning system will be challenging but bene-
ficial for the Port of Xiamen and for the authors’ team.

Appendix A. Mathematical Model
We formulate a mixed-integer linear programming model to
describe the problem in a precise way.
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Notations
Indices and Sets

B

S5 G

I

bay

©

VI

VN

<>

<

set of berth segments, which are generated by discre-
tizing the shoreline in short and equal length and
indexed by b. B={0,1,2,...,|B—1|}. The segment
index b =0 refers to the segment at one end of the
shoreline, and all segments are numbered in a certain
direction. B’ = B — {0}. For the case of XHCT, the berth
segments are discretized in meters, and all berth seg-
ments are numbered from south to north. The segment
index b =0 of XHCT refers to the southernmost berth
segment. B = (b|min{B} + x < b < max{B} —y}.
set of berth segments with bollards.

set of berth sections that quay crane g’s operating
range covers.

set of timesteps in the planning horizon, which is
indexed by h. H={0,1,2,.. Jh—1,h,.. ., b4} where
h represents the maximum timestep of the planning
period. The timesteps should be a fixed duration of
time according to the terminal’s requirement. Addi-
tional timesteps are included in this set for the plan-
ning of vessels whose SDT is later than the end of
the planning period. i represents the maximum
timestep. H' =H — {0}. H*Y = {h]|x < h < h"d —y}.
For the case of XHCT, h =47, i =191, and the
duration of a timestep in the planning horizon is
half an hour.

set of timesteps before the planning horizon. The opera-
tions during the timesteps involved in this set will influ-
ence the berth planning in the planning period. H =
HUH. H =H —{0}. For the case of XHCT, H =
(~4, -3, -2, ~1}. H™ = (h|min{H} +x < h < b
-y}

set of timesteps influenced by the fairway temporary
closure of the same direction.

set of timesteps influenced by the fairway temporary
closure of the opposite direction.

set of quay cranes, which are indexed by 4.
Q2=1{0,1,2,...,|Q —1[}. The quay crane index 4=0
refers to the southernmost quay crane. The index
increases as we move from south to north along the
quay.

set of all vessels, which are indexed by .

set of vessels waiting to enter the berth in the plan-
ning horizon.

set of in-berth vessels at the beginning of the planning
horizon.

set of vessels that require fairway temporary closure
of the same direction when sailing in the fairway. Ves-
sels in this set can be in-berth vessels at the beginning
of the planning horizon or vessels waiting to enter the
planning horizon.

vessels that require fairway temporary closure of the
opposite direction when sailing in the fairway. Ves-
sels in this set can be in-berth vessels at the beginning
of the planning horizon or vessels waiting to be
berthed in the planning horizon.

Parameters

Ayp

pf
p¥

Tob

set to 1 if the already berthed vessel v’s southernmost
position is located in the north of berth segment b, 0
otherwise.

set to 1 if the already berthed vessel v’s northernmost posi-
tion is located in the north of berth segment b, 0 otherwise.
set to 1 if the SBT of already berthed vessel v is not
earlier than timestep /1, 0 otherwise.

set to 1 if the SDT of already berthed vessel v is not
earlier than timestep /1, 0 otherwise.

set to 1 if the container handling of already-berthed
vessel v is not earlier than timestep /, 0 otherwise.
minimum fairway sailing time for an inbound vessel
traveling from the anchorage to the berth.

minimum space clearance requirement between two
vessels berthing at the same time.

minimum space clearance requirement between ves-
sels v; and v, if the two vessels berth at the same time.
Cizwz = maX{CSp/pSP . ZUUPSP 'lvz}~

minimum time clearance between two vessels allo-
cated to the same berth segment.

set to 1 if the berth segment b satisfies the berthing
requirement of vessel v at timestep /1, 0 otherwise. The
berthing requirement includes water depth, size of
fenders, and other related factors.

set to 1 if a vessel enters the berth at timestep /1, and
the vessel should maneuver a 180-degree turn before
entering the berth, 0 otherwise.

set to 1 if vessel v enters the berth at timestep /1, and

the fairway depth satisfies the vessel’s water depth
requirement during the vessel’s whole inbound fair-
way sailing process, 0 otherwise.

set to 1 if vessel v leaves the berth at timestep /1, and

the fairway depth satisfies the vessel’s water depth
requirement during the vessel’s whole outbound fair-
way sailing process, 0 otherwise.

vessel v’s ENT.

vessel v's EAT.

working efficiency of quay crane g per timestep.

set to 1 if berth segment b is equipped with a large-
size fender, 0 otherwise.

target working efficiency of vessel v per timestep.
vessel v’s length.

minimum covering range requirement of a quay crane
assigned to a vessel.

set to 1 if berth segment b is available for vessel berth-
ing during the planning horizon, 0 otherwise.
minimum proportion of the vessels’ length to be kept
as the distance between vessels’ bow (stern) and the
selected bollard.

minimum proportion of the vessels’ length to berth
alongside large fenders.

minimum proportion of the vessels” length to be kept
as the space clearance.

set to 1 if the already-berthed vessel v’s southernmost
bollard is located in the north of berth segment b, 0
otherwise.
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7! set to 1 if the already-berthed vessel v’s northernmost ,
o bollard is located in the north of berth segment b, 0 Zﬁ on 2 ¢ + EAT, Voey (A.6)

otherwise. hEIH ,

Spm,  Settolif vessel v; and v, can share a bollard, 0 Qg — Qob < My YoeV,beB (A7)
otherwise. U, = Z dii’e(ﬁvr i1 — Pon) YoeV (A.8)

vol, vessel v’s total load and unload volume. heH’

w, weight of vessel v’s berthing delay, which is used to

express the priority of vessels. Vessels with higher
priority will have higher weights.

zgn  setto 1if quay crane g was assigned to the already-
berthed vessel v’s during timestep /1, 0 otherwise

Decision Variables

Ay binary, set to 1 if vessel v’s southernmost position is
located in the north of segment b, 0 otherwise.

al, binary, set to 1 if vessel v’s northernmost position is
located in the south of segment b, 0 otherwise.

Bon binary, set to 1 if vessel v’s SBT is later than timestep
h, 0 otherwise.

Bl binary, set to 1 if vessel v’s SDT is later than timestep
h, 0 otherwise.

B, binary, set to 1 if vessel v’s container-handling opera-

tions starts later than timestep #, 0 otherwise.

Yob binary, set to 1 if vessel v’s southernmost bollard is
located in the north of segment b, 0 otherwise.

Vo binary, set to 1 if vessel v’s northernmost bollard is
located in the north of segment b, 0 otherwise.

Cgon binary, set to 1if quay crane g is assigned to handle
vessel v’s container at timestep /, 0 otherwise.

Moo, binary, set to 1 if vessel v; berths in the south of v,, and
the two vessels work at the same time, 0 otherwise.

Oup binary, set to 1 if vessel v berths at segment b, and seg-
ment b is covered by large fenders, 0 otherwise.

o, binary, set to 1 if vessel v berths in the area with large

fenders, 0 otherwise
Ko,  binary, set to 1 if vessel v berths after v, left, and the
two vessels berth at the same segment, 0 otherwise.
i, binary, set to 1 if vessel v should maneuver a 180-
degree turn before entering the berth, 0 otherwise.

Mathematical Model
Objective Function

minimize Z Wy (Z B, — EAT, — cSl> (A1)

veV’ heH

Constraints
Basic Berth Allocation
Qyb < Ay, b—1

’ ’
avb < av,b—l

YoeV,beB (A2a)
YoeV,beB (A2b)

ﬁvh < ﬁv h-1 YveV, he H (A.3a)

ﬁ;h = ﬁv h— YoeV', he H (A.3b)
;/h = ﬁv h— YoeV, he H (A.3¢c)

> (a, - o) = VoeV (A4)

beB

> (B —Bu) = ENT, YoeV (A5)

heH

Time and Space Clearance

Bon = Boun  Bog = Boyn — 1

< Mooy + Mooy <1
Y, v €V, 01 # Uz,l’l S ﬁ (A9)

Qo ey, 2 Aoy — (L= 10y,,) V01,02 €V, 01 # 03, be B %]
(A.10)

’ ’
Oy — Xorb +0(va — Qypp — 1< (Kvlvz + szm) <1

VU],UQEV,U1 + 0o, beB (All)

ﬁvz hctl = ﬁvlh (1 Kvlvz) Vo1, 02 €V, 01 # Z)Zrh € H[O'CH]
(A.12)

Fenders

Ou = folaryy, — aup)

<Y O

eB

Pl -0, <Y 0y < 16,

beB

YoeV,beB (A.13)
VoeV,beB (A.14)
voeV (A.15)

Quay Crane Assignment

Ml < > (@l — atp) Vge QueV, heH (A.l6)

beB,

Coon < Boyy — Boge Vge QueV, heH (A17)
> Coonfa = &o(Bly — B, YoeV, heH (A.18)
q€Q

DD Conefy 2 vol, VoeV (A.19)
qeQ heH

> o <1 VgeQheM (A.20)
veY

quvlh <2- ngvgh - T]z;lvz VULUZ € V/ q1,92 € Qr

q1>q,heH (A.21)
Bollards Assignment
Yoo < Vop1 VYoeV,beB (A.22a)
Vb < Vo1 YoeV,beB (A.22b)
Yob = Voo 1 YoeV,beB —B (A23a)
Yob = Vo1 YoeV,beB —B (A23b)
> (aw =y 2" L YoeV (A.24a)
beB
D0 —ay) zp L, Voey (A.24b)

beB
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Vosb = Qo + M0y — 1 Yo, v €V, 01 £ 0y, bEB

(A.25a)
y;lb < @y — 1Ny, +1 Yo, €V, 01 £ 02, bEB
(A.25b)
Yoro-1 — Voo + Voro-1 — Voo S 24 Svj0, = Ty,
Yo, v €V, 01 £ 105, bEB
(A.26)

Fairway Traffic Control
1- (ﬂ;l,lz ﬁvlh) ﬁ@ h—1+k 187)2 h+k
Yo, eV, v €V, 01 #05, k€K, heH
(A.27a)

711k

L= By i1 = Bow) Z By i1k — Py ik
VU]EV UzGV U1 # Uy, kEIC hEH
(A.27b)

[1+k,0]

L= By i1 = Poun) Z Boy ik — P sk
Yo, €V, 0 €V, 01 £y, kK, hEHlK]
(A.28a)
L= By i1 = Porn) Z Py ik — Pon sk
Yo, €V, 0 €V, 01 £ 0y, k€K, heH
(A.28b)

[1+k,0]

Water Depth and Tide
‘Bv,h—l - leh = d%m

I
Bon1 — B < dop”

’ ’ berth
avb_avb-’_ﬁvh ﬁvh < d +1

YoeV, heH (A29)
YoeV,heH (A29)

YVbeBoveV heH

(A.30)
Berth Occupancy for Already Berthed Vessels
Qyp = Ayp YoeV’',beB (A.31a)
Ay, = gy, YoeV’,beB (A.31b)
Bon = bon VoeV' heH (A.32a)
Bon = by, VoeV’,heH (A.32b)
Bon = Yo Yoe V', he™ (A.32¢)
Vob = Tob YoeV’,beB (A.33a)
Voo = Top YoeV’,beB (A.33b)
Coon = Zgun Vge QueV’ heH (A34)

Definition of Decision Variables

ap, any, €{0,1} YveV,beB (A.35)
Bows Bl By € {0, 1} VoeV, heH, orveV' heH

(A.36)
Vo Ve € 10,1} YoeV,beB (A.37)
Coon €{0,1} Vge QueV,heH (A.38)
My,0y7 Korvs € {0,1} Yvy,0, €V (A.39)
O € {0,1} YoeV,beB (A.40)
0, €{0,1} Yoey (A41)

Objective (A.1) minimizes the total weighted berthing delay
of all vessels. Constraints group (A.2) ensures that variables

@y,p, ;,, are nonincreasing in b, and constraints group (3)
ensures 8, ‘3; W ‘8;’ , are nonincreasing in h. Constraint (A.4)
defines that vessel v occupies berthing space with the vessel’s
length [,. Constraint (A.5) defines that the difference between
SHT and SBT of vessel v should be no less than the ENT of the
vessel. This constraint ensures that there is enough time for
non-handling activities that must be done before container
handling. Constraint (A.6) defines that the difference of SBT
and EAT should satisfy the minimum sailing time of inbound
vessels. Constraint (A.7) prevents vessels berthing at the seg-
ment that cannot be occupied, that is, the corner segments,
boundary of different sections, and berth segment under
maintenance. Constraint (A.8) defines if a vessel needs to
maneuver a 180-degree turn before entering the berth. Con-
straint (A.9) clarifies that the relationship of berthing space
occupancy should exist between vessels berthing at the same
time. Constraint (A.10) ensures the space clearance between
vessels berthing at the same time. Constraint (A.11) clarifies
the relationship of time that should exist between vessels
occupying the same berth segment. Constraint (A.12) guaran-
tees that the time clearance between vessels occupies the
same berth segment. Constraints (A.13)—(A.15) describe the
berth allocation rules affected by the different sizes of fenders.
Constraints (A.13) and (A.14) determine whether vessel v
berths at berth segments with large fenders. Constraint (A.15)
states that if a vessel berth at the segments with large fenders,
then the length between the boundary of the fenders and the
bow (stern) in the berth with small fenders should meet the
minimum proportion requirement of the vessels’ length to
berth alongside the large fenders. Constraints (A.16)—(A.21)
describe the quay crane allocation problem. Constraint (A.16)
makes sure that a quay crane can be assigned to a vessel only
when the operating range of quay cranes should meet the
requirement of minimum covering length of a vessel. Con-
straint (A.17) states that a quay crane can be assigned to a ves-
sel during the vessel’s in-berth time. Constraint (A.18) makes
sure that the hourly efficiency of quay cranes assigned to a
vessel meets the requirement of the targeted hourly effi-
ciency. Constraint (A.19) makes sure that the quay cranes can
handle all loading/unloading containers during the assigned
time. Constraint (A.20) makes sure that a quay crane can be
assigned to only one vessel in a timestep. Constraint (A.21)
ensures that quay cranes should be assigned in accordance
with the position relationships of quay cranes and in-berth
vessels. This constraint also makes sure that the quay cranes
cannot pass each other and have a fixed sequence along the
quay. Constraints (A.22)—(A.26) state the rules of bollards
assignment. Constraint groups (A.22) and (A.23) guarantee
the nonincreasing feature of variables v, , and y;, ;. In addi-
tion, the bollards should be selected among segments with
bollards. Constraint group (A.24) defines the minimum space
between vessels and bollards; that is, the distance between
vessels” bow (stern) and selected bollard should be greater
than the minimum length requirement that can be calculated
by a proportion of vessel’s length. Constraint group (A.25)
makes sure the position of the selected bollard is not occupied
by other vessels during the in-berth time. Constraint (A.26)
ensures that a bollard should be assigned to only one vessel if
the two vessels do not satisfy the requirement of sharing the
same bollard. Constraint groups (A.27) and (A.28) apply the
rules of fairway temporary closure. The temporary closure
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for vessels sailing in the opposite direction of oversize vessels
is implied by constraint group (A.27), and the temporary clo-
sure for vessels sailing in the same direction when oversize
vessels occupy the fairway is implied by constraint group
(A.28). Constraints (A.29) and (A.30) state the water depth
requirement. Constraint group (A.29) applies the fairway
depth requirement for entering and leaving the berth. Con-
straint (A.30) ensures that the berth segment b satisfies the
berthing requirement of vessel v during the berthing process.
Constraints (A.31)—(A.34) state the berth occupancy for
already berthed vessels. Constraints (A.35)—(A.41) define the
decision variables.

Appendix B. The Two-Step Decomposition
Algorithm

In view of the classification of vessels, we can conclude and

classify the following berth types:

a. Berths for large vessels should be reserved for the berth-
ing of large vessels and vessels with higher water depth
requirement. The berthing of these vessels usually follows
strict requirements, for example, higher targeted quay crane
efficiency or deeper water depth requirement. To satisfy the
berthing needs, more quay cranes are assigned to vessels.
Berths for large vessels can also be occupied by two smaller
vessels at the same time.

b. General berths are berths with normal berth capabili-
ties, that is, berths with average water depth and quay crane
allocation. These berths are suitable for the berthing of most
vessels, except for large vessels with strict berthing require-
ments. The assignment of quay cranes should be determined
according to the loading/unloading quantity and overall
resource allocation of the terminal.

c. Berths for small vessels are the berths with more berthing
restrictions, including shallow water depth, shorter shoreline
length, and lower quay crane working efficiency. These berths
are suitable only for smaller vessels with lower loading/
unloading volume and shallower draft. The handling of small
vessels usually requires only one to two quay cranes because
the loading/unloading volume of these vessels is usually less,
and the water depth requirement is usually not the limiting
factor. For the berthing of some larger vessels, two or more
continuous berths may be occupied at the same time. Some
small vessels often share a berth with another vessel. For these
situations, some berths can be attached with attributes to pro-
vide references of more diversified berth plans. To summarize

Table B.1. Detailed Settings in Berth Templates

the classifications, we can conclude some combinations of
berth classifications and functions in berth templates based on
the status of the terminal. The berth templates can provide
necessary input and instructions of the two-phase algorithm.
The detailed settings of berth templates are listed in Table B.1.

Phase 1: Preliminary Berth Allocation
Input: vessels’ attributes, vessels” berthing priority vPr,
berth type and vessel type set 7, set of discretized berths
BD, set of type t berths 37, estimated earliest available time
of berths bETpsp, average quay crane expected efficiency
e, expected minimum efficiency for different vessels efi,,
total load/unload volume of a vessel vol,, and expected
non-handling time ENT,.
Output: vessels’ preliminary berth allocation pre,,.

1. Set the set of vessels’ types V7, =0, t € T, estimated

working time of different types of vessels VTM; = 0, ves-

sel v’s preliminary berth allocation of pre, = —1

2. Forve Vdo

3. Ifl, > I, then

4, VI, =VT U {v}, EHT,=% VTM; = VIM; +

T offi’
EHT, + ENT, + c"
5. Elseif dr'™ > dc;, or dr" > dey, then
6. VI, =VT U{v}, EHT,= ;};{L VTM, = VTM; +
EHT, + ENT, + c"
7. Elseifl, < Ilcs then
8. VIs=VTsU{v}, EHT,=%: VTMs=VTMs +

m/
EHT, + ENT, +c'
9. Else VTy =VT U {v}, EHT, = gﬁg—g, VTMuy = VIMy
+ vol, //vessels classification
10. EndIf
11. End For

12. Select the appropriate berthing template according to

VTM; and max{l,}, and

13. Sort the vessels according to pr, to get the sorted ves-

sels sequence in different typessVT;

14. For tfrom L to S, do

15.  Forifrom1to |V7;|,do

16. Set pendV = sVT;.indexof (i)

17. Sort BT; according to earliest available time bl to
get the sorted sequence in different types sBT;

18. Set bAlte = 0, bDiff = max{bLen,}

19. For j from 1 to | B7;|, do

Notation Meaning

BD Set of discretized berths, indexed by k

T Set of berth and vessel types, indexed by t. T ={L,M, S}

sDeci Sorted sequence of berths according to the decision sequence

VT Set of type t vessels

BT; Set of type t berths

bLeny Maximum available length of discretized berth k

bDep, Maximum allowed draft of discretized berth k

bEffi, Minimum efficiency of discretized berth k

rPosiy , Set of alternative berth position of vessel v if this vessel is allocated to

discretized berth k The alternative berth positions define all possible south
positions of the vessel and are listed in sequence of priority.
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20. Set pendB = sBT;.indexo(f) 30. Forvin V do
21. If 0 < bLenpenap — lpenav < DDIiff, do 31.  Forb from nPosi, + p* -1, to |B|, do
22. bAlte = pendB, bDiff = bLenenas 32. If bollPosi, = 1, do
23. End If 33. nBoll, = bolINumy,
24. End For 34. End If
25. Prepenay = bAlte, 35. If 3h from SBT,, to SDT,, occuy, jy =1

BETae = PETpane + EHT gy + ENT ey + " 36. Break
26.  End For 37. Endlf

38.  End For

27. End For

28. For kin BD do

29.  Sort the vessels according to pr, to get the sorted
vessel sequence allocated to discretized berth k sVesy

30. End For

Phase 2: Vessel Berth Allocation Decisions
Input: vessels” preliminary berth allocation pre,,, sorted sequence
of vessels allocated to discretized berth k sVes;, estimated earliest
available time of berths discretized in meters bET}, parameters
listed in Appendix A.
Output: detailed berth allocation, including sPosi, for the
south position, nPosi, for the north position, SBT, for SBT,
SDT, for SDT, sBoll, for the south bollard, nBoll, for the
north bollard, and ¢, ., for the assignment of quay cranes to
vessels.
1. Set the occupancy status of berth b in time  occuy,j, to
zero, set the status of fairway temporary closure fln, =0,
fOut, =0
2. For k in sDeci, do

3.  ForuvinsVes, do
4. For b in rPosi, ,, do
5. For h from 1 to |H|, do
6. If berthAvai(v, b, h) = true, do
7. Set the possible SDT pSDT =h+EHT +
ENT
8. While fOutpSDTv =0
9. pSDT = pSDT +1
10. End While
11. I3 <V < b+, i opr =0
12. Continue
13. End If
14. IfveVy,orveVy,
15. Set fln and fOut according to fairway
temporary closure rule
16. End If
17. Set sPosi, = b, nPosi, =b +1,, SBT, = h, and
SDT, = pSDT
18. For v’ from b to b+vlen,, ' from h to
pSDT, do
19. occuy iy =1
20. End For
21. For {b’, 1"} € cleRng, do
22. occuy =2
23. End For
24. Go to Line 2
25. End If
26. End For
27. End For
28.  End For
29. End For

39.  For b from sPosi, —p¥ - I, to 1, do
40. If bollPosi, = 1, do

41. sBoll, = bolINumy,

42, End If

43. If 3k from SBT, to SDT, occuy, jy =1
44, Break

45. End If

46. End For

47. End For

48. For h from 1 to h.

49. List all in-berth vessels inVessel),.
50. For v € inVessel),.

51. Select appropriate quay cranes to assign to ves-

sel v as the set of gcAssn, according to vEffi,, rel-
ative position of vessels in inVessel,, and the
availability of quay cranes.

52. For q € gcAssn. do
53. Cq,v,h =1
54. End for
55. End For
56. End For
Notes

1. berthAvai(v,b,h) checks the possibility that the vessel
berths with the south position b and SBT / by the following
criteria:

(@) Vh <h <h+EHT+ENT, b <V < b+vLen,, occuy

=0,and di}h =1

(b) Vh <l < h+EHT+ENT, b—space(v,v') <V’ < b, or

b+ovLlen, < b’ < b+ vLen, + space(v,v"), occuyy jy = 0 or 2

(0) di",f:y =1, fClos, =0

2. cleRng, is the set occupied by clearance space or time of
vessel v and includes the following positions at these times:

(@) V' frombtob+1I,, I from pSDT to pSDT + 3

(b) V' from b — max{c¥,p¥ -1I,} to b, W’ from h to pSDT

(c) V' fromb to b+ max{c?,p*¥ -1I,}, ' from h to pSDT

3. The minimum space clearance of space(vq, v;) is deter-
mined by the following rule:

(@) The space should be greater than the minimum space

clearance requirement max{c”,p% - I,,,p* - I, }

(b) The space clearance between two vessels should ensure

that there are enough bollards between the two vessels.

Appendix C. Numerical Experimental Results

Appendix C lists the numerical experimental results of the pro-
posed algorithm embedded in the berth planning system. Dur-
ing the test and improvement process, we conduct extensive
tests to verify and improve the proposed algorithm. The results
of comparative experiments performed by CPLEX and the pro-
posed algorithm are listed first. Then, the comparison between
the results of the berth planning system and manual planning
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are conducted to evaluate the performance of the berth plan-
ning system under different real instances. Furthermore, a set of
large-scale experiments with extended planning horizons were
conducted to test the efficiency.

Algorithm Performance Experiments

Table C.1 shows the results of small-scale instances. From
the table, we can see that the decomposition algorithm can
always obtain results with better or the same objective
values. In terms of computation time, the algorithm spends
a much shorter time than CPLEX for all of the instances
with more vessels. The CPLEX can find the optimal solution
for only four or six vessels within 3,600 seconds. When the
number of vessels increases to eight, for some instances,
CPLEX can obtain only feasible solutions that are not better
than the solutions obtained by the decomposition algo-
rithm. From the results of large-scale instances shown in
Table C.2, CPLEX cannot obtain results in 3,600 seconds and
is not competent to solve real-scale problems. The results
show that the algorithm can realize the efficient planning of
a large number of vessels and meet XHCT’s computation
time requirement.

Comparisons Between the Berth Planning System and

Manual Planning

In the previous comparative experiments, CPLEX cannot obtain
a solution within a reasonable time, which makes it hard to
evaluate the algorithm performance of large-scale instances.
Meanwhile, the test and improvement of the proposed system
require more experiments in practical application. Experiments
based on real operational data were conducted, and the manual
planning was selected as the benchmark to evaluate the perfor-
mance of the algorithm.

Several representative days with different scenarios are
selected and listed in Table C.3 to present the improvement of
the system. Instances in Group 1 represent the days with main-
tenance works when some berth resources are unavailable.
Instances in Group 2 represent normal days with most of the
berthing resources available. Instances in Group 3 represent
busy days when more berthing needs to be handled. Com-
pared with the results of manual berth planning, the proposed
berth planning system is efficient in different scenarios and can
help XHCT reduce weighted waiting times by 15.54%. The
number of vessels unable to berth has also been reduced. These
results indicate that the system can significantly reduce vessel
waiting times and improve berth utilization.

Table C.1. Algorithm Performance for Small-Scale Instances

Instances CPLEX Algorithm

No. of vessels 1D Ze t Za t GAP

4 1 0 12 0 3 0.00%
2 4.5 18 45 3 0.00%
3 0 20 0 2 0.00%
4 0 15 0 4 0.00%
5 3 17 3 3 0.00%
6 55 18 5.5 3 0.00%
7 6.5 17 6.5 2 0.00%
8 0 19 0 5 0.00%
9 0 10 0 3 0.00%

6 1 0 466 0 3 0.00%
2 12 620 12 3 0.00%
3 6.5 756 6.5 5 0.00%
4 10 447 10 4 0.00%
5 13 698 13 3 0.00%
6 4.5 949 5 6 -11.11%
7 16 203 16 4 0.00%
8 0 847 0 3 0.00%
9 55 106 6 5 —9.09%

8 1 35 1,628 3.5 3 0.00%
2 18 >3,600 16 4 11.11%
3 15.5 >3,600 15 4 3.23%
4 13 >3,600 13 3 0.00%
5 16.5 2,512 16.5 5 0.00%
6 12 3,104 12.5 6 —4.17%
7 14 >3,600 11 5 21.43%
8 19.5 >3,600 19 4 2.56%
9 8 1,209 8 5 0.00%

Notes. (1) Z, represents the objective value of optimal solution obtained by CPLEX in 3,600seconds. If CPLEX
cannot obtain the optimal solution within 3,600 seconds, then Z, represents the objective value of feasible solution
obtained by CPLEX at 3,600seconds. Z, represents the solution obtained by the decomposition algorithm. (2) t.
and t, represent the computation time of CPLEX and the algorithm in seconds. (3) GAP = (Z. — Z,)/ Z..
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Table C.2. Algorithm Performance for Large-Scale Instances Under the

Planning Environment of XHCT

Instances: no. of vessels

S

Zq

Z

~
y

20

30

35

OO UITH WNF OONONU R WNRFROONOU W -

40
65.5
25
58
72
16
34
22
33.5
27
61
40
48
52.5
107.5
128.5
134
162.5
52
78
140
138.5
152.5
207.5
158.25
164
192.5

ISR N el e e el elel e e e loNo oo NeoNoBeoNeo e o No Nl

N 00 WO 0O N0 NN WOWOONNNOWNNOUINg oo oyl oy

Notes. (1) Z, represents the solution obtained by the decomposition algorithm. (2) N,
represents the no. of vessels unable to berth during the planning period. (3) t, represents
the computation time of decomposition algorithm in seconds.

Experiments with Extended Planning Periods

The experiments with extended planning periods were con-
ducted to test the computational performance of the proposed
decomposition algorithm with planning periods extended and
number of vessels increased accordingly. The planning periods

were extended to two days, three days, and four days, and
each planning period group has nine randomly generated
instances. The experiment results in Table C.4 indicate that the
computational efficiency of the decomposition algorithm is
competent for extended planning periods.

Table C.3. Berth Plan Comparison Between the Berth Planning System and Manual

Planning of XHCT

Berth planning system

Manual planning

Group Instances No. of vessels Za N, Zm N, GAP*
1 1 14 73 0 75.5 0 3.31%
2 15 62 0 68.5 0 9.49%
3 16 89 0 95 0 6.32%
4 12 43.5 0 57 0 23.68%
5 17 395 0 46.5 1 15.05%
6 13 48 0 52 0 7.69%
7 18 61.5 1 67 2 8.21%
8 19 51 0 54.5 2 6.42%
9 12 29 0 34 0 14.71%
2 1 22 96 0 112.5 1 14.67%
2 23 105 0 118.5 0 11.39%
3 20 78 0 102.5 1 23.90%
4 25 106.7 1 125 1 14.64%
5 19 75 0 101.5 0 26.11%
6 20 91.5 1 112 2 18.30%
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Table C.3. (Continued)

Berth planning system Manual planning
Group Instances No. of vessels Za N, Zm N, GAP?
7 22 95 0 120 0 20.83%
8 24 82 0 108.5 1 24.42%
9 21 85.5 0 103 0 16.99%
3 1 31 107 0 129.5 2 17.37%
2 30 162.5 0 216 5 24.77%
3 30 128.5 0 154 3 16.56%
4 34 156.5 2 198 2 20.96%
5 31 124 0 168.5 1 26.41%
6 36 168 4 184.5 6 8.94%
7 32 105 1 119 1 11.76%
8 30 134 0 149.5 0 10.37%
9 31 121.5 0 145 2 16.21%

Notes. (1) Z, represents the solution obtained by the decomposition algorithm. Z,, represents the
solution obtained by manual planning. (2) N, represents the no. of vessels unable to berth during the
planning period obtained by the algorithm. N,, represents the no. of vessels unable to berth during the
planning period obtained by manual planning. (3) GAP* represents the waiting time reduction rate
between the algorithm and manual planning. GAP* = (Z,, — Z,)/Z.

Table C.4. Algorithm Performance for Large-Scale Instances with Extended Planning

Periods
Instances

Planning horizon No. of vessels Za N, t,

96 42 65 0 15
48 77.25 0 19
42 74 0 18
45 48.5 0 12
60 87.25 0 23
65 90.5 1 22
61 95.75 0 21
67 123 2 29
68 101 1 31

144 64 98.5 0 40
69 136 0 42
70 935 0 38
71 117.25 0 46
82 195 5 61
71 149.25 0 55
75 167.5 1 57
79 209.75 3 62
74 159 0 61

192 81 202 0 85
85 198.25 0 89
78 249.5 0 76
72 260.25 0 81
125 297.5 2 105
130 312.5 6 116
119 286 0 110
117 290.25 0 119
123 337.5 4 113

Notes. (1) Z, represents the solution obtained by the decomposition algorithm. (2) N, represents the no.
of vessels unable to berth during the planning period. (3) f, represents the computation time of
decomposition algorithm in seconds.
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Verification Letter

Pei Ye, Head of Information System Department, Hai-Tian
Branch, Xiamen Container Terminal Group, No. 8, Xiangyu
Rd., Huli District, Xiamen, Fujian, China 361006, writes:

“I hereby certify as the Head of Information System
Department, Hai-Tian Branch, Xiamen Container Terminal
Group, that the berth planning system, developed by the
team headed by Prof. Lu Zhen of Shanghai University, has
been used successfully at the Xiamen Hai-Tian Container Ter-
minal (XHCT) in daily berth planning since 2021.

“The berth planning system has significantly helped
improve XHCT’s operation since its introduction. During the
year 2022, XHCT’s container throughput reached 2.74 million
TEUs, a year-on-year increase of approximately 4.18%. The
year-on-year growth rate was the highest among all terminals
in the Port of Xiamen and exceeded the average growth rate
of 3.22%. With the addition of 15 new routes opened in 2022
and the increased frequency of other routes, the average
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weekly berthing requirements has significantly increased by
about 20%. These berthing requirements are satisfied by the
system, with a waiting time of more than 75% vessels’ berth-
ing requirements less than six hours. Besides the contribution
reflected by the terminal operational data, the berth planning
process of XHCT has been reshaped with higher efficiency
and quality.

“The system is a successful enterprise-university coopera-
tion practice for the intelligentization of the Port of Xiamen.
In the future, we are willing to promote the system to other
terminals at the Port of Xiamen and continue the cooperation
with Shanghai University to realize more values.”
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