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Abstract: With the rapid development of port construction and the shipping industry, port water
quality issues are of great concern. This is always a challenging task due to the frequent human
activities and dynamic processes involved. A parallel intelligent water quality monitoring system is
therefore proposed to ensure the effective monitoring and intelligent control of water pollutants. The
real monitoring system and the artificial monitoring system of port water quality are established by
applying artificial systems, computational experiments and parallel execution (ACP method). Both
systems interact with each other and execute in parallel. The artificial monitoring system simulates
complex scenarios, while the real monitoring system feeds the artificial monitoring system with
actual monitoring data. By means of data-driven and model-driven approaches, the two systems
can compute, observe and evaluate to control, manage and train models. Through the continuous
optimization between the two systems, the efficiency and accuracy of the water quality monitoring
system could be improved. Technical support can be further provided for the planning of water
quality monitoring sites, implementation of monitoring tasks, allocation of emergency resources, etc.
As in-situ monitoring data are obtained, computational experiments and parallel executions could be
conducted to achieve the ultimate goal of port water quality management.

Keywords: water quality; parallel system; ACP method; monitoring system; green port

1. Introduction

As a major hub for bulk cargo transportation, ports play an important role in the
comprehensive transportation network [1]. Under the background of the initiative of
“The Belt and Road”, the shipping industry in China has developed rapidly, while a
consensus has been reached on the significance of water quality monitoring in the port
waters. The goal of green ports is not only one of the key ways to build comprehensive
transportation networks and achieve carbon neutrality, but it is also a crucial measure to
ensure the sustainable development of ports [2].

Green Ports in Theory and Practice notes that ports play a greater role than simply han-
dling cargo at the quayside and that the port’s role in the transport chain has the potential to
shape the social and environmental performance of transport systems around the world [3].
Thus, increasing attention has been paid to the port’s environmental management. As early
as 2002, the U.S. EPA introduced the Surface Water Monitoring Strategy, which details the
monitoring objectives, monitoring categories, data requirements, etc., for the surface water
environment [4]. Real-time and effective monitoring of the water quality would reveal
both spatiotemporal patterns in a timely manner, and the judicious use of monitoring data
can provide great insights for optimizing the allocation of emergency resources, as well
as Green Port guidelines [5,6]. The port environmental monitoring and early warning
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are achieved through the construction of port environmental monitoring systems [7–9]
and most of these systems rely on large-scale distributed sensors. It is worth noting that the
traditional fixed-point sampling monitoring method has limitations in the global perception of
port water quality. The flexibility and customizability of the system are relatively poor [10].

The concept of a parallel system was initially proposed in 2004 [11–13] and has
been developed over the following decade. As an intelligent and digital application
framework, the parallel system has proven to be applicable in many scenarios and has been
further applied to solve complex system problems [14]. Ning et al. [15] and Zhu et al. [16]
applied the concept of a parallel system in the planning of a complex transportation system.
Liu et al. [17] extended the parallel system by adding an interactive optimization module
and successfully applied it to the research and development (R&D) of complex devices.
Parallel system theory has also been successfully applied to the lifecycle risk management
and process control of products by Cheng et al. [18]. There are many applications of parallel
systems in daily life scenarios, such as a parallel parking system [19], parallel medical
system [20], parallel environmental protection system [21], etc.

The intelligent monitoring system of water quality is noted as a typical complex
system that not only involves several engineering disciplines such as power electronics,
microcontrollers, control engineering and advanced testing techniques, but also has an
inseparable connection with social disciplines such as economy, climate and population.
Due to the complex nature of the system components, it is always challenging to simulate
the dynamic processes of water quality using traditional models. The parallel system theory
does not take a high degree of approximation to the real system as a measure for evaluating
the model; it only requires the consistency between the model and the actual system in
terms of system characteristics and data logic, which is consistent with the modelling
characteristics of complex systems. The core components of a parallel system generally
include artificial systems, computational experiments and parallel execution, referred to
as the ACP method [22], on the basis of which the parallel system can be constructed
and realized [23]. In the present study, the parallel system theory was introduced to
establish a parallel intelligent water quality monitoring system based on the ACP method.
An exploratory study of the system was also conducted for port waters. The practical
application of the system would facilitate port environmental management.

2. Parallel Intelligent Monitoring System of Water Quality

The water quality monitoring system of green ports is recognized as a complex nonlin-
ear system. Large deviations might appear when classic analysis methods are applied to
explore the dynamic processes involved. Meanwhile, it is always difficult to reveal the non-
linear characteristics, which directly affect the simulation effectiveness and efficiency [24].
The concept of an artificial system thereby provides a novel alternative to the modelling
of complex systems. It starts from the underlying mechanism of behaviour generation,
on the basis of which the artificial objects are constructed. Both artificial and real objects
form a parallel system with real and imaginary reflections, equivalence and parallelism.
Subsequently, the ACP method is utilized to achieve the modelling and analysis of complex
systems in a fundamental way [25,26].

The water quality monitoring system can be functionally divided into the following
subsystems: sensor subsystem, data acquisition subsystem, data transmission subsystem, data
processing subsystem, ship scheduling subsystem, ship AIS (Automatic Identification System)
data subsystem, meteorological subsystem and personnel subsystem (as shown in Figure 1).
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2.1. Architecture of the Monitoring System

Based on the parallel system architecture theory [27], the parallel intelligent monitoring sys-
tem of port water quality generally consists of a demand layer, infrastructure layer, data layer, al-
gorithm layer and output layer. The architecture diagram of the system is depicted in Figure 2.
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Figure 2. Architecture diagram of parallel intelligent monitoring system of port water quality.

In the parallel intelligent monitoring system of water quality, the demand layer il-
lustrates the system objectives. In the present study, the objective is summarized as the
comprehensive monitoring and early warning of pollutants in the port waters. Thus, the
infrastructure layer defines the instruments and equipment required for water quality
monitoring, transmission, etc. The data layer includes data acquisition, pre-processing and
storage. The data sources generally include fixed point monitoring data (e.g., wave buoy
sensors and fixed-point sampling), mobile monitoring data (e.g., shipboard sensors) and
model inversion data. Both water quality and geographic data are stored for pre-processing
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(i.e., data cleaning and sorting). The algorithm layer provides all necessary algorithms to
build a parallel intelligent monitoring system, which is a core component of the whole
system. The output layer provides a guideline for the optimal allocation of port monitoring
resources and intelligent control of pollutants in port waters.

2.2. Components of the Parallel System

The parallel intelligent monitoring system of port water quality is established by the
parallel theory and ACP method. An interaction between the real monitoring system and
the artificial monitoring system is achieved. The framework of the parallel intelligent
monitoring system based on the ACP method is demonstrated in Figure 3.
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The whole system mainly includes the real monitoring and the artificial monitoring
systems of port water quality. These two systems are constantly calculated, inspected and
evaluated through data-driven and model-driven models to achieve model controlling,
management and training [28]. Both systems interact with each other and run in parallel.
Two systems compare and analyse, learn and evaluate their behaviour, and adjust their
respective management and control methods to optimize the water quality monitoring
system in ports. The main processes are further described as follows:

(1) Learning and training

In the process of learning and training, the artificial water quality monitoring system
in port waters is the core of the whole complex system, which realizes the management and
control of the whole process. By combining the real monitoring system with the artificial
monitoring system, the operating status of the system can be dynamically predicted and
appropriate measures can be taken. The operation of the artificial monitoring system could
improve the reliability and practicality of the real system. In the case of an unexpected
pollution event in the port waters, the artificial system could provide potential optimal
solutions to relieve the relevant impact.

(2) Experiment and evaluation

At the stage of experiment and evaluation, the artificial system analyses the responses
and evaluates the relevant impacts under different scenarios. The evaluation results could
provide supports for system management, especially for the pollution control strategies in
port waters.
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(3) Control and management

At the stage of control and management, the main function of the artificial system is to
provide reliable predictions. By analysing the characteristics of the real monitoring and the
artificial monitoring systems, the most effective solution to water pollutant evolution can be
obtained by following certain rules (e.g., trial and error method, etc.). Thus, the intelligent
management of a water quality monitoring system in port waters can be accomplished
remotely through parallel executions.

2.3. Model Construction

A parallel system can be implemented by using an agent-based modelling approach.
The concept of the agent was initially proposed by Minsky in 1984 and it has been rapidly
developed and widely applied [29].

The agent-based modelling method does not require the artificial system and the
real system to be highly realistic. Both systems only need to be “equivalent” in terms of
functionality and behavioural logic [30].

The parallel water quality monitoring system consists of seven modules, named the
port equipment module, vessel traffic module, personnel module, environment module,
scheduling strategy module, event module and database rules. The relationship between
these modules is further illustrated in Figure 4.
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(1) Port equipment module

The port equipment module mainly includes port infrastructure, port operation equip-
ment and a monitoring instrument. The construction of the port equipment module is
beneficial for the operation, control, maintenance and management of the equipment. The
basic information (e.g., location, type, size, function and status) of each port equipment is
necessary for the construction of the port equipment module.

(2) Scheduling strategy module

In the port waters, there are always different types of vessels, such as transportation
vessels (e.g., oil tanker, bulk carrier, container ship, etc.), pilot vessels and port management
enforcement vessels, whose operations and management requirements are totally distinct.
Therefore, the scheduling strategy plays an important role in the normal operation of port
vessels. The scheduling strategy module needs to be adjusted according to the dynamic
features of the system, for example, adjusting the number of pilot vessels, vessel routes,
port equipment maintenance according to the number of inbound and outbound vessels,
and loading and unloading requirements.

(3) Vessel traffic module

Both inbound and outbound vessels need joint support of the scheduling strategy
module, port equipment module, personnel module, etc. The formulation of entry and
exit routes has a great impact on the efficiency of port operation and water quality
monitoring [31]. The detailed vessel traffic flow information (including vessel static and
dynamic information) can be obtained through the AIS data.

(4) Environment module

The environmental module generally consists of two parts: the external factors and in-
ternal factors. The external factors describe various natural conditions of the port, including
hydrology, meteorology, etc. The internal factors include various water quality indicators
of concern. The environment module interacts with vessels, personnel and equipment to
form a dynamic library of the environment in the port area.

(5) Event module

All system-correlated events are integrated and abstracted to build an event module
through big data analysis. Thus, the occurrence, coordinate, type and impact extent of
various events could be revealed. Meanwhile, the event module should interact and
feedback with the personnel, environment and equipment modules.

(6) Personnel module

Personnel is an essential factor in the parallel intelligent monitoring system of port
water quality and it mainly includes three types of personnel: port operators, ship atten-
dants and port administration staff. Since the personnel status, job details and attributes are
different, separate modelling is required for the personnel mentioned above. In addition,
the self-learning ability should be emphasized and considered in the process of building
the personnel module.

(7) Database rules

The relevant historical data, operation rules and expert experience of the aforemen-
tioned six parts are uniformly stored as the database rules.

In the parallel intelligent monitoring system of port water quality, modules interact to
form the whole monitoring system. The interaction between the modules mainly includes
the following aspects: Firstly, the changes in the external environment will alter the spatial
layout and operational status of the port infrastructure; therefore, the port equipment and
the internal environment modules will interact and feedback with each other. Secondly, the
port equipment, spatial layout and operational status will determine the general patterns
of vessel traffic flow and personnel in the port waters. Meanwhile, the vessel traffic flow
and personnel characteristics will also alter the operational status of the facility. Thirdly,
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the behaviour of personnel and vessel traffic flow is affected by the occurrence of events
and scheduling strategies in the port and vice versa (as shown in Figure 4).

In the parallel intelligent monitoring system of port water quality based on the ACP
method, data-driven, parallel computing, and other scientific and technical methods pro-
vide technical support for artificial system modelling and the execution of this complex
system. The feature extraction of modelling objects via agent-based modelling is further
utilized to construct a model of complex system behaviour characteristics that is consistent
in terms of scale, behaviour mode and system characteristics [22]. Once the modelling
is achieved, the credibility of the model would be verified (as shown in Figure 5). The
model should not only satisfy the individual consistency, but also the local consistency
of the subsystems and the overall consistency of the whole system, which guarantees the
effectiveness of computational experiments and parallel executions.
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2.4. Computational Experiments

After the credibility verification, the parallel intelligent monitoring system of port wa-
ter quality can be applied to various hypothetical scenarios. Through repeated experiments,
the validation and evaluation of each scenario can be completed with low cost and high
efficiency. The process of the computational experiment is depicted in Figure 6.
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According to the characteristics of the monitoring system, the computational exper-
iment scenario of the parallel monitoring system in ports may include four aspects: the
formulation of general monitoring tasks, layout of monitoring sites, emergency response of
equipment failures and the contingency planning of pollution events.

(1) Formulation of general monitoring tasks

Daily water quality monitoring tasks in ports include typical indicator monitoring and
early warning of overflows. The monitoring system detects and collects information from
water quality monitoring equipment within the port area and provides online processing,
cloud storage and early warning eventually.

(2) Layout of monitoring sites

According to the scheduling strategy and ship information, the water pollution risk
map can be subsequently generated. To minimize the monitoring cost, the layout of the
water quality monitoring sites could be optimized following the pollution risk calculation
and the cluster analysis.

(3) Emergency response of equipment failures

Green port equipment mainly includes port infrastructure, port operation equipment
and monitoring system equipment. Once the port equipment failure occurs, the port
operation and vessel scheduling are affected. Troubleshooting procedures will take up
certain port resources and affect the normal operation of the entire surveillance system.

(4) Contingency planning of pollution events

Human factors, environmental factors or other force majeure factors may contribute
to the water pollution events in ports. Once a pollution incident occurs, contingency plans
and countermeasures should be initiated immediately.

Considering the efficiency of computational experiments, the artificial port water qual-
ity monitoring system serves as a repeatable experimental platform, and the experimental
scheme, results and parameters should be stored in the corresponding database to provide
a fundamental support for subsequent parallel execution.

2.5. Parallel Execution

Parallel execution can be divided into three categories: total parallel execution, partial
parallel execution and mixed parallel execution [32]. In the operation of the parallel
intelligent monitoring system of port water quality, both the artificial monitoring system
and the real monitoring system are equivalent. The development and optimization of the
monitoring scheme of the real monitoring system (green textboxes in Figure 7) are based
on the evaluation results of the artificial monitoring system (blue textboxes), which would
support the decision-making process and comparative analysis of stakeholders. Meanwhile,
the data of the real monitoring system could be adopted as the input of the artificial system,
providing a theoretical reference for the structure optimization, parameter determination
and model calibration of the artificial monitoring system. The processing diagram of the
parallel execution in the system is demonstrated in Figure 7.

The parallel system based on the ACP method is a complex system of parallel inter-
actions between the real and artificial systems, both of which support each other, as well
as the roll optimization and virtuous cycle. The artificial monitoring system of port water
quality is an important part of the whole monitoring system and a complete evaluation
guide should be designed to ensure that the goal of parallel implementation is success-
fully achieved. The evaluation process is mainly conducted through three dimensions of
economy, sociality and sustainability (as shown in Figure 8).

The artificial monitoring system of port water quality sets up problems, and analy-
ses, evaluates and obtains results through parallel executions. It subsequently performs
weighted calculation, result evaluation and program optimization through the evaluation
system. Thus, the control schemes and management plans of the real monitoring system
can be finalized.
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3. Exploration of Application Scenarios

In early 2013, the Ministry of Transport, P.R. China, issued the “Guidance on Accel-
erating Green, Circular and Low-Carbon Transport Development”, which proposed to
accelerate the construction of a resource-saving and environmentally friendly transporta-
tion industry and achieve green, circular and low-carbon transportation development [33].
Environmental monitoring is crucial for the environmental protection of the transporta-
tion industry, which needs to be comprehensively and systematically enhanced. After
years of development, great progress has been made in terms of upgrading the monitor-
ing equipment, optimizing the monitoring system and informatizing the environmental
monitoring system. Meanwhile, massive monitoring data have laid a solid foundation for
environmental protection research.

The US Congressional Research Service also issues relevant laws on water quality in
detail [34], which plays an important role in water environment management and pollution
control in ports. With the increasing concerns regarding green ports, it is imperative to
conduct water quality monitoring, although challenges still exist in the real-time monitoring
of relevant indicators [35]. The systematic analysis and overall design of water quality
monitoring in port waters are meaningful.

Port water quality monitoring is recognized as a complex task due to frequent hu-
man activities and dynamic marine meteorological processes. The parallel intelligent
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monitoring system of water quality based on the ACP method could contribute to resolv-
ing these problems technically. The artificial system is constructed through the agent-
based modelling theory, while both real and artificial systems give feedback to each other.
Through the computational experiments and parallel executions, the management and
computational evaluation of port water quality under complex conditions could be real-
ized, which would eventually provide a guideline for the establishment of a port water
quality monitoring system.

3.1. Planning of Port Monitoring Sites

The layout of port water quality monitoring sites has a major impact on the timeli-
ness and reliability of water quality monitoring data. The traditional method of selecting
monitoring sites generally considers the convenience of implementation. Factors such as
pollutant migration and dispersion mechanisms may not be seriously considered. Some sci-
entists use the grid format to select monitoring sites uniformly or randomly. The monitoring
data are not instantaneous and the monitoring accuracy depends on manual operation and
equipment accuracy, which provide little reference for real-time water quality monitoring
and management [36]. To solve these problems, the layout of water quality monitoring
sites has been studied and optimized. The layout optimization models have been explored
through different methods, e.g., principal component analysis [37], artificial potential field
method [38], multivariate statistical method [39], dynamic proximity method [40] and arti-
ficial neural network [41,42]. However, massive field observation data are always required
to establish such a layout optimization model. The application of an artificial monitoring
system could greatly reduce the time cost and economic cost in the layout planning of
monitoring sites. Meanwhile, feasible alternatives can be evaluated in advance to avoid
wasting resources due to duplicate implementation (as shown in Figure 9).
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3.2. Formulation of Port Monitoring Task Plan

The dynamic monitoring and intelligent control of port water quality face great chal-
lenges due to the differences in the port’s general layout and the limitations of existing
sampling and monitoring methods. The parallel system could provide guidelines for the
planning and implementation of monitoring tasks prior to port construction. The flow
chart of the water quality monitoring task planning is further demonstrated in Figure 10.
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3.3. Response to Port Water Pollution Emergency

The operational status of each subsystem will have an impact on the overall water
quality monitoring system in port waters [43]. Pollution events mainly include ship spills,
oil spills caused by ship collisions and improper sewage discharges in port areas. Once
a pollution event occurs, a contingency plan must be provided in the shortest possible
time with the goal of minimizing the overall damage. In the parallel system, reasonable
influencing factors can be defined; thus, computational experiments and optimal solution
evaluation can be readily performed. The optimal allocation of port emergency resources
can be achieved following the contingency plan and can provide a technical reference for
handling water pollution incidents. The response procedure of the port water pollution
incident is explained in Figure 11.
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4. Discussion

Water quality monitoring in port waters plays a crucial role in ensuring environmental
safety and ecological health. Numerous countries worldwide have officially issued regula-
tory standards for port water quality management. Moreover, several port groups have
established water quality monitoring programs and collaborated with local environmental
authorities to ensure the compliance with water quality standards. Port water quality
indicators typically include dissolved oxygen (DO), turbidity and chemical oxygen demand
(COD), etc. These indicators might originate from various sources, such as ship ballast
water discharges, industrial operations within the port areas and urban runoff associated
with port activities. It is obvious that the only real monitoring system of water quality
cannot cope with problems of pollutant source tracing [44] and the optimal allocation of
emergency resources [45]. However, the parallel intelligent monitoring system of port
water quality based on the ACP method can solve the above problems well.

A representative case of an environmental management system has been established
at Huanghua Port, which is one of the largest coal transportation ports in North China.
It is well known for its remarkable achievements in green port practices [46] and has
gained impressive recognition as a leading international trade port. Novel environmental
protection technologies (e.g., dust pollution treatment, air pollution treatment and sewage
treatment) have been developed and adopted in practice. Data interaction is realized
between the dust depression system and ecological water system to promote port sustain-
ability. However, the monitoring of classical water quality indicators in port waters has
not yet been accomplished. Moreover, the current strategy of the dust depression system
could be classified as a one-way measure. The impacts of environmental factors (e.g., wind
speed and direction, humidity, etc.) are not considered. The monitoring accuracy and
management effectiveness could degrade due to the limited sensors deployed within the
port area. For a better understanding of green port practices, it is important to establish a
parallel intelligent monitoring system of port water quality.

The practical application of an intelligent monitoring system of port water quality is
challenging. Firstly, the general layout of a port is always case-dependent; thus, it is unreal-
istic to put forward a general monitoring strategy for all ports. Secondly, the major water
pollutants are closely related to the cargo types, seasons, hydrological and meteorological
conditions. Therefore, appropriate monitoring techniques should be adopted for different
pollutants within different ports. Thirdly, factors such as physical and chemical processes,
wind and wave currents make the migration and diffusion mechanism of water pollution
more complicated. The conversion efficiency and digestion rate of specific pollutants would
also be affected by temperature, pH, light and other factors. Finally, the ultimate goal of an
intelligent monitoring system of port water quality is to promote a dynamic and optimized
balance between environmental protection and port production operations, rather than sac-
rificing the port’s status as an important node in the integrated transportation system. A
parallel intelligent monitoring system based on the ACP method is expected to be a powerful
method that provides useful insights into port water quality monitoring and management.

As demonstrated in Section 2, the parallel intelligent monitoring system of port water
quality is distinct with traditional monitoring systems. The “equivalence” between two
water quality monitoring systems (i.e., a real port water quality monitoring system and
an artificial port water quality monitoring system) needs be established in the dimensions
of physical and virtual space. Both systems are implemented in parallel to realize the
interaction and feedback, which ultimately make the planning and implementation of
the port water quality monitoring system simple, scientific and efficient. Considering
the complex and dynamic processes involved in the port operations, a large number of
interdisciplinary generalized models need to be built step by step for subsystems, as
introduced in Section 2. So far, successful applications of the parallel system theory in other
fields [22,47–49] have provided an exemplary basis for the intelligent parallel port water
quality monitoring system proposed in the present study. The framework and application
exploration of the parallel monitoring system of port water quality are beneficial to the
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sustainable development of ports. It should be emphasized that the application of smart
technologies (e.g., Internet of Things, 5G, remote sensing, etc.) will effectively promote port
environmental monitoring and sustainable development.

5. Conclusions

With the development of the global maritime industry, water quality monitoring and
intelligent control have been highlighted as being important for a sustainable waterborne
transportation system. Advanced water quality monitoring technology could improve
the port’s capabilities in monitoring, scheduling and in the emergency response. In the
present study, the theory of a parallel system based on the ACP method has been adopted
for water quality monitoring in the port area. By introducing the system architecture and
demonstrating the agent-based modelling method, an artificial monitoring system, which
is equivalent to the real water quality monitoring system, is established. The scenes are
set up according to the characteristics of the system. The computational experiments and
parallel execution are further explained. Both real and artificial water quality monitoring
systems interact and feedback with each other, forming a bottom–up parallel intelligent
water quality monitoring system in port waters. The evaluation, comparison and analysis
of these two systems will provide the experimental environment and theoretical basis
for planning port water quality monitoring sites, implementing monitoring tasks and
optimizing emergency resource allocation.

The artificial monitoring system is replicable and flexible. The development and appli-
cation of intelligent technologies would promote in situ data collection, while the process of
computational experimentation and parallel execution can provide reasonable and feasible
control solutions for different monitoring scenarios and ports. By evaluating and analysing
the economy, reliability and feasibility of the parallel monitoring system and methods
involved, the effectiveness of the parallel intelligent water quality monitoring system based
on the ACP method will be further verified. The parallel intelligent monitoring system
will eventually improve the environmental monitoring and protection capabilities, thus
facilitating the development of green ports worldwide.
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