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ABSTRACT With the change in coal supply and demand, the dynamics of multiple transit nodes and the con-
nection between different transportation modes make the Coal Multimodal Transportation System (CMTS)
more complicated in the long-distance transportation of coal. Therefore, it is necessary to analyze the multi-
modal transportation nodes, build a coal multimodal transportation model, measure the network throughput
through simulation experiments, and identify system bottlenecks. The CMTS is a complex nonlinear dynamic
system with many participants with complex and uncertain links. Different transportation modes, operation
links, and connection processes will affect system performance, and modeling and simulation technology
effectively study complex dynamic systems. This paper takes the CMTS as the research object, uses
agent-based modeling methods and Witness simulation software to analyze the composition and operation
mechanism of CMTS, establishes the multiagent model of CMTS, and validates the model by a Witness
simulation experiment of northern coal shipped to south. The simulation results indicate the capacity of the
transport route and resource utilization of nodes in CMTS in case of different demand growth rates in the
future. Based on the multiagent model and Witness simulation results, this paper provides practical support
for constructing and applying the multimodal transport system model library and provides the basis for
decision-making for the CMTS plan.

INDEX TERMS Coal multimodal transport system, multiagent-based modeling, multiagent system, Witness

simulation software.

I. INTRODUCTION

At present, economic growth is slowing. Affected by factors
such as energy structure adjustment and environmental pro-
tection needs, the development of the coal industry is faced
with prominent contradictions such as excess capacity, the
imbalance between supply and demand, and increasing pres-
sure on environmental protection. The focus of this research is
how to balance supply and demand and achieve efficient coal
transportation. China’s coal supply is mainly in the north and
northwest of China, while consumption is in the south and
east of China, which requires a complex coal transportation
network covering a wide range. Primarily based on railways,
coal transportation requires the combined use of vehicles
of various transportation modes, such as roads and water-
ways, leading to complicated circulation links, low logistics
operation efficiency, and long transportation lines in coal
multimodal transportation. These problems have restricted
the rapid development of coal transportation to a large extent.
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The rational development and adequate coal multimodal
transportation facilities can bring extremely competitive eco-
nomic advantages. Scientific and meticulous planning of the
transportation system of coal, a bulk natural resource, can
also result in considerable benefits to the national economy.
Therefore, using agent-based modeling and simulation meth-
ods of a complex system, analyzing the Coal Multimodal
Transportation System (CMTS), building the CMTS model,
designing example simulation experiments, identifying sys-
tem bottlenecks based on the simulation results, and making
recommendations for the CMTS operations are necessary and
timely.

The CMTS is a dynamic complex nonlinear macro system
involving many links, participants, and autonomous behavior;
complex system modeling methods and simulation tools will
enable the system’s overall performance to be accurately
evaluated. Its innovative applications will provide strategies
for in-depth research within the system.

By combining the research literature on complex system
modeling methods and multimodal transportation, this paper
analyzes the hierarchical structure of the complex CMTS.
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We use the multiagent-based modeling method to construct
the multiagent model of the complex CMTS. Witness simula-
tion software can help us verify the rationality and applicabil-
ity of the multiagent-based modeling technique. By modeling
and simulating CMTS and analyzing the simulation output
results, the paper aims to identify the CMTS bottlenecks and
provide planning suggestions and resolutions for government
or operators, according to evaluation indicators.

II. LITERATURE REVIEW

We divide this section into two subsections. The first sub-
section reviews the literature on the modeling and simulation
of complex systems, and the second reviews the literature on
multimodal transport.

A. LITERATURE ON MODELING AND SIMULATION OF
COMPLEX SYSTEMS

In recent years, many scholars have applied various model-
ing methods to complex systems and proposed solutions to
problems.

As the scale of complex system problems under study
proliferates, the model complexity of the multi-input
components used to construct logical processes increases
significantly. To better use, the parallelism of the multi-input
component model, a vectorized component model frame-
work, and a two-level mixed parallel method can sup-
port complex system simulation applications composed of
multi-input component models [1]. However, existing mod-
eling methods rely on overly simplistic assumptions, making
it challenging to spot complexity in the system. A modeling
approach is used for industrial systems to model different
multiunit systems without restricting assumptions about the
number of units or their properties by accessing discrete event
simulations for modeling event queues [2].

As complex adaptive systems continue to grow in size and
complexity and the need for system adaptability continues
to increase, system modeling has become a significant prob-
lem. Parallel discrete event simulation became the logical
choice process, linking complex system modeling and high-
performance computing. Therefore, a hierarchical composite
modeling framework, a three-layer architecture designed, can
support the composition and integration of submodels [3].
The network agent-based modeling method can generate a
dynamic spatial network structure and collaborative network
and complex system theory to simulate forest space complex
systems [4]. Subsystems of complex systems in a unified
view, each with a set of input, output, and control variables,
are integrated to model and simulate the operation of complex
systems [5].

The graph-based modeling approach captures physical
connections in complex optimization models through alge-
braic graph abstraction, capturing communication connec-
tions in computing architectures through computational
graph abstraction [6]. To support the distributed sharing of
computationally intensive simulation models and select the
optimal service model to build for complex system simulation

65874

applications, scholars have proposed a service-oriented
model encapsulation and chosen method [7]. The process
encapsulates the model into a shared simulation service, sup-
ports the distributed scheduling of the model service in the
network, helps the user search the model, and customizes
the weight of the service quality indicator. The importance
of computational modeling and simulation is highlighted
by describing the application of computational modeling
to teamwork and crowd behavior in different transportation
hubs [8].

For human resource management complex systems,
an agent-based approach to model it as a complex system
in which alternative management strategies can be modeled
through agent interactions while observing organizational
performance [9]. Fuzzy mechanical modeling of complex
systems helps us analyze a mixture of quantitative and mutu-
ally controllable qualitative modules [10]. Emergence acts as
a critical feature of complex systems. Simulation is the only
way to study the emergence of properties (at the macro-level)
between groups of system components (at the micro-level).

Some scholars have used the port simulation software
MicroPort to construct an improved multi-agent system to
represent the interaction between various types of equipment
and the decision-making process [11]. Some scholars have
also proposed a distributed agent system for dynamic port
planning and scheduling. The system consists of four agents:
a port planning manager, a berth control agent, a shuttle agent
allocation, and a yard storage agent. These agents communi-
cate and cooperate to work out the berth allocation schedule
and shuttle requirements [12].

However, designing multi-agent-based models for the
operational management of complex dynamic systems is
often a laborious and tedious task, requiring the definition
of modeling methods to simplify the design process, for
example, by defining a top-down approach including Specifi-
cation, Concept, Implementation, and Validation - Validation
in several steps [13]. Managing complex systems such as con-
tainer terminals requires new ways of finding solutions. The
methods for modeling the entities in a container terminal are
presented, along with the simulation experiments conducted.
A multiagent-based simulation approach evaluates container
terminal management operations [14].

Then, scholars also proposed the modeling and simulation
method for emergent behavior-discrete event system speci-
fication. They are adding up/down communication channels
for modular and hierarchical modeling and simulating het-
erogeneous polyform systems [15]. The agent-based model
is a computational model, a simulation of the interactive
approach between the environment and the group of agents,
and bottom-up modeling. Neural networks are top-down
modeling preferred for relational learning and training sets
to avoid detailed behavior categorization down to the device
level. Both bottom-up agent-based and top-down neural net-
work models have advantages and disadvantages [16].

There are many modeling methods for complex systems,
such as Petri nets, system dynamics, neural networks, and
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agent-based modeling. Because agent-based modeling can
reflect the multifaceted characteristics of complex systems,
it has attracted researchers’ attention and wide application.
The literature on complex systems covers many areas, while
research on complex multimodal systems is limited.

B. LITERATURE ON MULTIMODAL TRANSPORT
Multimodal transport involves using multiple modes of trans-
port to carry goods from origin to destination. Traditional
logistics models minimize transportation costs by properly
defining service networks and transportation routes. Consid-
ering the multimodal transport problem of greenhouse gas
emissions, we realize the need to build a model for this
problem in a nonlinear integer programming formulation
and then linearize it [17]. Optimizing the performance of
a multimodal freight network involves fully balancing the
interplay between cost, volume, departure and arrival times,
and travel time. To study this interaction, an allocation model
can efficiently determine traffic and costs in multimodal net-
works [18]. A weighted colored edge graph helps us choose
the shortest path in a multimodal transport network, where
colors represent modes of transportation. The shortest paths
are selected using a partial order that compares the weights
of each color, resulting in a Pareto set of shortest paths [19].

A modal shift from road transport to an inland water-
way or rail transport can reduce greenhouse gas emissions.
Therefore, to combine trucks and inland waterway transport
instead of a single truck to transport household waste from a
collection center to a waste treatment [20]. Focusing on the
problem of multimodal cargo transportation under uncertain
conditions, a generalized interval fuzzy mixed integer pro-
gramming model helps us determine the optimal transporta-
tion mode and transportation through each route [21].Based
on the principles of system optimization, we need to con-
struct a multimodal evacuation model that considers multiple
traffic modes and their interactions and captures appropriate
traffic dynamics, including congestion effects, the cooper-
ative behavior of evacuees, and the transportation system’s
capacity [22].

Based on the virtual transportation network, considering
the influence of various factors in dynamic alliance and the
minimum cost and time as the basic optimization model,
scholars combined the impact of active associations on the
cost of multimodal transport to form a fuzzy cost model
[23]. Considering carbon emissions in the study of multi-
modal transport and establishing a multimodal transport route
selection model in a low-carbon environment has received
increasing attention [24].

A significant bottleneck in port regionalization through
multimodal transport chains is the expensive and time-
consuming inland transport. Therefore, considering shipper
preferences, proposing a pricing model to describe a compet-
itive market in seaports [25]. The Witness simulation soft-
ware proposes a dynamic calculation method of multimodal
transport line parameters. The multiobjective multimodal
transport efficiency evaluation framework is combined with
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relationship analysis and an entropy weight fuzzy analytic
hierarchy process to evaluate the route performance under
various multimodal transport schemes [26].

A simulation tool incorporating the model was developed
to study the impact of waterway disruptions on intercon-
nected multimodal transport systems [27]. To improve the
efficiency of multimodal transport and reduce the cost of
multimodal transport, some scholars studied the synergy
evaluation of multimodal container transport based on the
backpropagation neural network algorithm [28] and a new
integrated framework of a fuzzy risk assessment model, data
envelope analysis, and multicriteria decision methods for
route selection [29].

The above literature review shows that the research theme
focuses on the two significant aspects of multimodal transport
route selection and cost optimization, considering the short-
est route, carbon emissions, dynamic alliances, and many
other factors. The research methods mainly include nonlin-
ear integer programming and fuzzy mixed-integer program-
ming models, backpropagation neural network algorithms,
etc. Using the agent-based modeling method that reflects
the multiple characteristics of the multimodal transportation
system, there is limited literature on the overall modeling
of the complex multimodal transportation system, which can
analyze the system bottlenecks and the internal node transfer.

IIl. MULTIAGENT-BASED MODELING OF THE CMTS

We divided this section into six subsections. Based on agent-
based modeling, we analyzed mapping between the CMTS
and the multiagent system and proposed the multiagent mod-
eling process of the CMTS. Then, we constructed the CMTS
hierarchical model according to the process, agent classifica-
tion, and function definition. The communication mechanism
and interaction model between multiagents are established.

A. MAPPING BETWEEN MULTIAGENT SYSTEMS AND THE

CMTS

An agent is an independent entity with precise boundaries
and specific goals, autonomous behavior, and perception
and communication capabilities [30]. Both agent-based and
multiagent system simulations can be viewed as evolutions
of cellular automata. This means that the model consists of
interacting agents in a simulated environment so that agents
may correspond to cities, vehicles, sensors, traffic signals,
etc. One of the reasons for the popularity of agents and
multiagent systems is the advancement of computers, which
are more distributed, open, large, and heterogeneous. Manag-
ing interactions between autonomous entities with increasing
interdependencies has been one of the most significant drivers
of multiagent systems [31]. Most authors generally agree that
a multiagent system consists of agents that communicate and
collaborate [32].

The CMTS is complex, and it is theoretically feasible to
introduce the multiagent modeling method into the simula-
tion and optimization research of multimodal coal transport.
Analyze the mapping relationship between the CMTS and
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TABLE 1. Correspondence between the CMTS and multiagent system.

Coal Multimodal Transportation
System

Multiagent System

It Consists of multiple entities
with different functions.

It consists of multiple agents with
different roles.

Each entity has its own goals and
tasks.

Each agent has its own goals, re-
sources, and tasks.

Coal transport tasks can be subdi-
vided into individual or collabora-
tive tasks.

Agents can assign tasks or coordi-
nate with other agents to complete
complex tasks.

The intermodal transportation sys-
tem needs to coordinate logistics,
information, and capital.

Agents coordinate through com-
munication and interaction in the
system.

Each entity in the system has au-
tonomy, and the entities negotiate
to complete the decision.

Agents are autonomous, can react
to the environment, and take ac-
tive actions to interact with other
agents.

Diversity of transportation struc-
ture, which can combine various

Flexible system with different
control and connection structures

transportation modes.

the multiagent system to see if there is an internal connec-
tion between the two, which is helpful in building a multia-
gent model of the CMTS. The corresponding relationship is
explained in Tablel.

B. MULTIAGENT MODELING PROCESS

After discussing the adaptability of multiagent modeling
above, according to the characteristics of the CMTS, the
multiagent model framework of the CMTS is designed to
realize the independence of functions and the practicability
of the system. Using multiagent modeling and simulation
technology to study CMTS, it is necessary to standardize the
modeling process first to facilitate model development and
reuse.

The system needs to be divided into layers from the
top-down when designing the process. The divided layers can
meet the system requirements and, at the same time, reflect
the system’s operation mode to a clear and precise target.
To reduce the complexity of simulation modeling and realize
the purpose of rapid construction of the agent model. The
specific process of multiagent modeling is shown in figurel.

Multiagent-based modeling flowchart for a coal multimodal transportation system

| Coal multimodal transportation syslcm|

| Divide the system hierachy |
Internal state AN
Behavior and rules |
f 40 2 < Multi-agent structure analysis
Information interface & 4 between agents

Building multi-agent model Verify the correctness
of the model

FIGURE 1. Multiagent-based modeling flowchart for a coal multimodal
transportation system.

Establish interaction

between agents

Agent classification | >

Establish
communication

C. HIERARCHICAL MODEL OF THE CMTS

Based on the actual operation of the coal multimodal trans-
port system, combined with system science and agent-based
modeling methods, the CMTS is deeply analyzed. The trans-
portation process of coal from the source of the supply to
the consumption place involves the management and oper-
ation of coal mining enterprises, transportation departments,
port companies, and consumers. The participating entities are
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FIGURE 2. A hierarchical model of CMTS.

independent of each other and have substantial autonomy.
Based on the understanding and analysis of the above activi-
ties, starting from the top layer of the CMTS, the composition
elements of the system are gradually refined and analyzed.

The established CMTS hierarchical model is shown in
figure2. The hierarchical model determines the system prob-
lem study level. The division of system levels is helpful to
realize the division of system entities and the definition of
agent functions.

D. TYPES AND FUNCTIONS OF AGENTS IN THE CMTS
According to the coal multimodal transport hierarchy and
operation mechanism, the CMTS is decomposed into a mul-
tiagent system composed of planning-decision-making and
business execution layers. All kinds of agents are divided
according to levels in the design, undertake different tasks,
and realize various functions in the system.

The planning and decision-making layers are responsible
for issuing instructions to guide the system activities. The
modules of the execution layer are related to each other to
complete the internal organizational activities of the system.
Therefore, according to different task processes, the func-
tional agents of the CMTS are divided, and the results are
shown in Table?2.

E. MULTIAGENT COMMUNICATION MECHANISM

Agent communication language is a vital component in a
multiagent system to enable agents to communicate and
exchange messages and knowledge. However, no uni-
versally agreed-upon agent communication language is
widely adopted. Knowledge query and manipulation lan-
guage (KQML) is the most commonly used agent commu-
nication language [33].

KQML is typical for multiagent communication. Its com-
munications can be divided into the content, message, and
communication layers. Taking the transportation scheduling
agent and the terminal node agent as examples, KQML
describes the message form of the transportation scheduling
agent inquiring about the available unloading berths to the
terminal node agent. The specific content is as follows:

{ask-one

:sender: Transportation Agent//message sender

:receiver: Port Agent//receiver of the message

:language: KIF//language of the content layer

:ontology: NYSE-TICKS//vocabulary comparison table

:content(Number unloadberth?number) //content of the
message

}
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TABLE 2. Classification of Agents in the CMTS.

Layers Types Functions
Decision- | Plan and | Manage the overall system situation and undertake

making | schedule |three functions of collaboration management, task
layer agent management, and resource management
planning | Order Place an order based on the node’s stock status.
layer man-
agement
agent
Operation| The operation plan guides the supply, transfer, and
plan consumer node’s loading and unloading operations
agent according to the order demand and inventory situa-

tion.

Transport | Determine the transportation plan according to the
schedule | task requirements and road conditions, and negotiate
agent and communicate with other agents.

Executive| Supply | Supply coal and cache it in the storage center of
layer node the module, load the coal into trucks according to
agent demand, and then transport it to each node through
the road network.

Transit | Extract the destination information of the train, make

node judgments and intelligently select the route.

agent

Coal Describe the logistics transshipment capacity of ter-
terminal | minal nodes with yard capacity, shore or land load-
agent ing and unloading average productivity or statistical

distribution, responsible for coal transshipment and
storage activities.
Consumer| Judging inventory and choosing whether to issue or-

node ders to source points, unload trains coming in from
agent the upstream road network, and consume coal at a
specific rate.
Ship Allocate the ships to the corresponding ports accord-
man- ing to the needs; the starting port will load the coal to
agement | the destination port; the destination port will unload
agent the boat and return the ship to the anchorage at the
starting port.
Train Allocate the trains to the corresponding source points
man- according to the demand. The source points will load
agement | the coal to the destination. After the coal is unloaded,
agent the train will return to the source point and wait for

the next loading.

The meaning of this message is that the sender of the
message, the transport scheduling agent, asks the message
receiver, the terminal node agent, the number of available
unloading berths, and the terminal node agent needs to
answer, where ask is a predicate.

F. MULTIAGENT INTERACTION MODEL OF THE CMTS

The interaction model between coal multimodal transport
agents is constructed based on completing agent task decom-
position and scheduling and establishing a communication
mechanism between multiple agents. The interaction model
between coal multimodal transport agents is built, as shown
in figure3.

The related cooperative behavior of planning and schedul-
ing agents in figure3 is an example to explain the interaction
between interactive agents. The agent is responsible for the
formulation and adjustment, coordination, and control of the
comprehensive information plan, formulates corresponding
plans according to the order information, decomposes them
into various subtasks, including operation plans, transporta-
tion scheduling plans, and order plans, and configures mul-
tiple facilities and equipment. Each agent responds to the
assignment and task arrangement and reports the job status to
the planning and scheduling agent. The data statistics agent is
displayed visually, and the statistical data are fed back in real
time so that the planning and scheduling agent can monitor
and manage the system.
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FIGURE 3. The multiagent interaction model of the CMTS.

IV. THE REALIZATION OF THE SIMULATION MODEL OF
THE CMTS

The agent has constructed the hierarchical model of CMTS,
the overall structure model of the multiagent, and the multi-
agent interaction model and analyzed the functions of each
agent and the interactive communication mechanism. This
section will implement the multilayer model of the CMTS
based on Witness simulation software.

A. WITNESS SIMULATION PLATFORM

In this paper, Witness simulation software is used as the
development platform of the multiagent. Witness simulation
software primarily simulates discrete event systems, dealing
with most logistics problems such as transportation, dock
planning, and automatic production lines. It adopts the pro-
gramming method of object-oriented modeling and can han-
dle the interaction of large and complex networks, so it has
strong achievability.

Witness software supports modeling based on multiple
agents, describes the attributes of each agent through a pie
chart, histogram, line chart, and output parameters, and real-
izes the interaction between the agents through the commu-
nication interface.

B. THE OVERALL STRUCTURE OF THE MULTIAGENT
MODEL OF THE CMTS

Based on Witness, the realization form of the multiagent
model of CMTS is divided into the agent development model
and the realization of the human-computer interaction inter-
face. The human-computer interaction interface is realized by
using visual basics for applications to write the console pro-
gram. According to different functions, different elements,
variables, and parts are used to learn the development of
agents and the encapsulation of modules. The overall struc-
ture of the multiagent model of CMTS based on Witness is
shown in figure4.

Most of the current agent-oriented modeling languages
were developed by people with primarily academic back-
grounds. On the one hand, this fact generally assures the
creation of theoretically sound solutions. On the other hand,
it results in insufficient testing and a lack of proof of their
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FIGURE 4. The overall structure of the multiagent model of CMTS based
on Witness.

applicability in real-world modeling problems [34]. This
paper realizes the application of the multiagent system mod-
eling method in the real-world system: China’s large-scale
and long-distance CMTS, coal shipped from the North to the
South, which solves practical problems.

C. THE SIMULATION OF THE EXAMPLE OF NORTHERN
COAL SHIPPED TO THE SOUTH MULTIMODAL TRANSPORT
SYSTEM

The multimodal transportation systems for coal from north-
ern China to southern China (in brief, northern coal shipped
to the south) are mainly composed of the primary source of
coal (with cities as the nodes), the main coal consumption
sites (main cities), the transit sites (main ports and rail-
way stations), and the transportation routes (roads, railways,
waterways).

The structure of the multiagent model for CMTS is gener-
ated through the connection between each node agent put into
the Witness platform. The specific method is to judge the link
relationship through the information of the output interface
of the node agent and then automatically connect to generate
the road network structure to realize the development of the
CMTS’s design.

The simulation of the northern coal shipped to the southern
transportation network system is shown in figure5.

The left side of the figure5 is the element tree of the
simulation model, and the right side is the coal transportation
network in China. The background of the picture is a map
of some provinces in China. A blue curve meandering from
west to east in figure5 represents the Yangtze River, and the
blue areas are the East China Sea and the South China Sea,
respectively. Eight red and twelve green nodes can be seen on
the land, representing coal supply and consumption places.
Eight orange nodes represent the transshipment places. Five
dark blue nodes represent the coal terminals of the main
export ports in the north of China, and the five blue nodes
represent the coal terminals of the main input ports in the
south of China, a total of ten coal terminals. Small squares
in figure 5 represent yards, and black represents coal.

As shown in figure5, the statistics of the constituent nodes
of the northern coal shipped to the southern transportation
network are shown in Table3.

Therefore, based on Table3 and the analysis of multiagent
modeling above, the types and quantities of agents included
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TABLE 3. Kinds and quantity of agent in the case.

Kinds of node agents | Name of node agents

Supply nodes Baotou, Datong, Shuozhou, Yulin, Taiyuan,
Jiaozuo, Yanzhou, Huaibei

Hefei, Hangzhou, Ningbo, Xiamen, Fuzhou,
Guangzhou, Chongqing, Nanchang
Qinhuangdao, Tangshan, Huanghua, Tianjin,
Lianyungang, Shanghai, Nanjing, Ningbo,
Fuzhou, Guangzhou

Zhuhai, Changsha, Wuhan, Jinan, Rizhao,
Xuzhou, Zhengzhou, Cangzhou, Shijiazhuang,
Xian, Beijing, Qianan

Transit nodes

Coal terminals

Consumer nodes

TABLE 4. Kind and quantity of agents for the northern coal shipped to
the southern system.

Kinds of agent

Plan and schedule agent
Order management agent
Operation plan agent
Transport schedule agent
Supply node agent
Transit node agent

Coal terminal agent
Consumer node agent
Ship management agent
Train management agent
Statistical agent

Number of agents

| O

e s R e e

in the multiagent model of the north coal shipped to the south
multimodal transportation system are shown in Table4.

D. DESCRIPTION OF ATTRIBUTION AND

BEHAVIOR (ACTIONS) OF AGENTS IN A SIMULATION
EXPERIMENT

Each agent has behaviors (actions). This paper selects four
types of agents, namely, coal supply and consumption nodes,
railway-waterway multimodal transport routes, and transit
nodes, as examples to explain the behavior codes of agents,
as shown in figure6.

The upper left of figure6 is the action code of the coal
supply node (Baotou) agent, the upper right is the action code
of the railway line agent, the lower left is the action code of
the transshipment terminal agent, and the lower right is the
action code of the transshipment city node (Hangzhou) agent.

There is a large amount of data describing the attributes
of each agent. We take the facilities and production of coal
supply points as an example, as shown in Table5.

E. MAIN STATISTICAL INDICATORS OF THE CMTS
PERFORMANCE ANALYSIS AND EVALUATION
The overall efficiency of the coal intermodal transportation
system is determined by the performance indicators of sys-
tem nodes and transportation routes, and these indicators are
related to each other and reflect the system bottleneck. The
significant indicators selected in this paper are ship waiting
time, the average utilization rate of berths, port throughput,
the throughput of major coal transportation routes, the daily
average occupancy rate of the yard, etc. The leading statistical
indicators of the simulation test output are shown in figure7.
Figure7 is a screenshot of the real-time display of statis-
tical indicators during a coal multimodal transport instance
simulation experiment on the Witness platform. The left side
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FIGURE 5. The simulation interface of north coal shipped to the south transportation network system.

of the figure is the element tree of the simulation experiment
index statistics, and the right side of the figure is the real-time
change and statistical display of the four key indicators in the
coal intermodal transportation system. During the simulation
experiment, the real-time changes in the ship waiting time,
berth utilization, throughput, and outward transportation vol-
ume of coal source in the port are displayed in pie charts, bar
charts, and statistical tables.

F. VERIFICATION OF THE MULTIAGENT MODEL OF THE
CMTS BY EXAMPLE SIMULATION TEST

To check whether the output data are consistent with the
actual value, the statistical parameters of the port throughput
are selected to verify the model. The simulation time of the
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design model is 7,920 h, and the comparison between the
simulated value and the actual value of the port throughput
is shown in Table6.

From Table6, the positive and negative errors of the statis-
tical parameters are not more than 5%, and the results verify
the applicability and correctness of the model. Therefore,
it is practical and sound to conduct simulation experiments
of different scenarios with this model.

V. DISCUSSION

This section consists of 5 subsections. We discuss the char-
acteristics and applications of the CMTS multi-agent model.
At the same time, according to the output indicators of the
example simulation experiment, we analyzed the influence
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TABLE 5. Comparison of simulation value and actual value of coal
allocation at nodes.

Supply | Annual Planned | Maximum Number | Loading
nodes production storage | stockpile | of effi-
of coal (10,000 | time (10,000 |loading | ciency
tons) (days) tons) lines (T/h)
Baotou | 35000 5 800 15 3000
Yulin 20000 3 600 10 3000
Datong | 10000 3 500 8 3000
Shuozhou| 5000 5 200 5 3000
Taiyuan | 3500 3 200 5 3000
Huaibei | 1000 3 80 3 3000
Jiaozuo | 2000 3 80 5 3000
Yanzhou | 1000 3 80 3 3000

of different demand growth rates in the CMTS on resource
utilization and drew the simulation conclusion of the case of
coal transportation from the north to the south.

A. CHARACTERISTICS OF THE MULTIAGENT MODEL OF
THE CMTS

1) THE ADJUSTABILITY OF THE MULTIMODAL NODE AGENT
IN THE MODEL

With the development of coal resources and the country’s
expansion plan for railways, the coal multimodal transport
network is undergoing dynamic changes. The model can add
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or subtract model agents (consumption, terminal, and supply
nodes) to study current and future coal transportation.

2) FLEXIBLE ALLOCATION OF TRANSPORT AGENTS IN THE
MODEL

The model can configure agents of different means of trans-
port to intermodal node cities. For example, the demand of
a consumer city node mainly relies on water transportation.
Nevertheless, railway transportation can be adopted when the
water transportation capacity is insufficient or an emergency
demand (such as a sudden increase in orders). The parameters
that can be changed mainly include the number and size of
ships issued by the port terminal and the number of trains to
the city.

3) INTELLIGENT SELECTION OF MULTIMODAL TRANSPORT
ROUTES

Given the problem that the capacity of some coal transporta-
tion lines is approaching saturation, the model sets the starting
point and endpoint of the train and analyzes each railway
station node. A route with a shorter distance is preferentially
selected, and other methods are chosen when the capacity of

VOLUME 10, 2022



Y. Yang et al.: Multiagent-Based Modeling and Simulation of Coal Multimodal Transport System I E E EACCGSS

/| Witness (Roamed License Expires On 14-may-2022) (CMTS
luA File Edit View Model Elements Reports Run Window Help
Element Tree v ax S .
= OB Resurel = Stat!st|c§ Qf kgy parameters of coal terminal
& 0@ port 1.Ship waiting time
- @ stal Qinhuangdao Port  Tianjin Port Tangshan Port Huanghua Port Lianyungang Port
= Dﬁ sta2 e
[ FZ_capacity:1
[ GZ_capacity:1 E . :
6@ HH_capacity:1 T DT T VI VT
L@ LY_capacity:1
D& NB_capacity1 Shanghai Port Ningbo Port Fuzhou Port Guangzhou Port

L@@ NJ_capacity:1 e

] QHD_capacity:1 ; I
6@ SH_capacity:1 | |
[ TJ_capacity:1 T T i i NI} AR

RLRERRR
1@ TS_capacity:1

O@ main_road 2.Berth utilization

@ Boat_time
& D@ outport Qinghuangdao Port Tangshan Port Tianjin Port Huanghua Port Lianyungang

[l HH_boattime:1 .
Clud LY _boattime:1 ’
Clud QHD_boattime:1

Ol TJ_boattime:1

&

[Olad TS_boattime:1 Free time 20% 15% 14% 84% 83%
& O inport I Shipping time 72% l 80% I 75% ‘I 32% l 15%
E . 4% 2%

E‘ Dﬁ utilization Preparation time 8% 6% 12%

‘TA L@ inport Shanghai Port Nanjing Port Ningbo Port Fuzhou Port Guangzhou Port
= O outport

1@ QHD_utilization:1 ‘

1@ TS_utilization:1

@ TJ_utilization:1

1@ HH_utilization:1 Fres fime 38% 37% 5% 7% 28%

@ LY_utilization:1 l UnLoading time 51% I 55% I 88% I 25% I 85%

& O coalmine Preparation time 11% 3% 7% 3% 8%

= U@ tongiit 3.Port throughput

1@ Baotou_transportvolume:1

[ Datong_transportvolume:1 Qinhuangdao Port Tangshan Port | Tianjin Port Huanghua Port Lianyungang

L& Yulin_transportvolume:1 22631.71 11406.53 11257.78 9941.09 2142.10

1@ Shuozhou_transportvolume:1

L& Taiyuan_transportvolume:1 Shanghai Port Ningbo Port Fuzhou Port | Guangzhou Port Nanjing Port

L] Jianzuo_transportvolume:t 7061.48 12536.71 2994.06 10248.11 26125.26

1@ ‘Yanzhou_transportvolume:1

L@ Huaibei_transportvolume:1 4 Statistics of outward transportation volume of coal source
- @@ tongji2 -

0% Result_WriteDAT Baotou Datong Shuozhou yulin Taiyuan Yanzhou Jiaozuo Huaibei
& U@ Output Module 3479197 | 10400.48 468255 10422.10 4031.10 135413 323118 1646.50
16 ModuleName_MT:10 - ) ) - - - 3 i}
16 ModuleName_HY:8 e
Cm vocuieneme s | Rem e

@ ResultHead:1 ) > =
@ ResultNamelListl:5 Kid @@ > vnb Eﬂ?QZO * & > g 4 ‘J Time: 7920.000 < > Warmup: 0.00

FIGURE 7. Main Statistical Indicators of Simulation Test Output Results.

the priority route is saturated. The model reduces the waiting TﬁBLEt'G- Ctt)mp:rison of the simulation value and actual value of coal
time of the train and optimizes the transportation route. allocation at nodes.

Ports The simulation value | The actual | Relative error
(10 kilo-tons) V:_;llue (10
4) EFFICIENCY OF MODELING AND SIMULATION a7 ‘;‘31‘1’;’“) 7
nhuangdao -1.5%
EXPERIMENTS Tangshan 11314 11241 0.6%
According to different actual needs and the research objec- Tianjin 11242 11394 -13%
. . . . . . . Huanghua 10006 9739 2.7%
tives, we can model quickly and efficiently, design simulation Lianyungang | 2116 2157 1.9%
experiments, and analyze the output results to solve practical Nanjing 26299 25267 4.1%
bl Shanghai 6908 6970 -0.9%
problems. Ningbo 12555 12875 2.5%
Based on the characteristics of the model, we can conclude Fuzhou 2979 2982 0.1%
the practical application value of the multiagent model of Guangzhou | 10319 10015 3.0%
CMTS. problems through simulation tests in different scenarios.
Specifically, the research can be carried out from the follow-
B. APPLICATION OF THE MULTIAGENT MODEL OF THE ing aspects.
CMTS

The suitability and practicability of multiagent modeling are 1) DEALING WITH THE PROBLEM THAT THERE IS NO
verified based on the Witness CMTS simulation experiment CHANGE INSIDE THE CMTS AND THERE ARE CHANGES
of northern coal shipped to the southern system. OUTSIDE THE SYSTEM

The adaptability of the simulation model based on Under the condition that the CMTS’s composition and struc-
multiagent-based modeling can reflect various system ture remain unchanged, by changing the environmental input
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of the system, the limit passing ability that each agent of
CMTS can achieve is evaluated, and the internal resource uti-
lization and bottleneck problems of the system are analyzed.

2) DEALING WITH THE PROBLEM THAT THERE IS NO
CHANGE OUTSIDE THE CMTS AND THERE ARE CHANGES
INSIDE THE SYSTEM

Under the condition that the external conditions remain
unchanged, we change the composition of the CMTS to study
the agent’s influence on the CMTS and the improvement plan.

3) DEALING WITH THE PROBLEM THAT THERE ARE
CHANGES OUTSIDE AND INSIDE THE CMTS

By changing the uncertain and complex factors inside and
outside the CMTS, the influence mechanism of the single
or combined changes of the elements on the efficiency of
the CMTS system is studied, and the planning and design
reference and decision-making basis are proposed.

C. ANALYSIS OF THE INFLUENCE OF THE COAL DEMAND
GROWTH RATE ON THE NODE TRANSSHIPMENT AND
LINE CAPACITY IN THE CMTS

Coal demand growth is 0%, 5%, 10%, 15%, 20%, and 25%
as variable factors, and simulation experiments are carried
out. The length of the simulation test is 330 days, that is,
7,920 hours, considering the influence of weather conditions
and holidays. Each group of experiments was performed ten
times, the results of the experiments were averaged, and the
statistical parameters were counted.

There are many influencing factors of the coal multimodal
transportation network. In the case of further growth in coal
demand, we mainly analyze the outbound shipments of the
supply nodes, the central railways’ passing capacity, and the
coal terminal’s transfer capacity.

1) OUTBOUND SHIPMENTS OF THE SUPPLY POINTS
Figure8 shows the changing trend of the coal shipment vol-
ume from the supply points of the simulation test.

As shown in figure8, the coal transport volume from
the source points generally increases with the increase in
demand. Among the many supply sources, the two supply
points, Baotou and Yanzhou, have experienced rapid growth
in transportation volume. However, for the rest of the supply
nodes, when the demand increases to a certain extent, the
growth rate of coal shipments tends to be flat.

The Witness simulation results, the statistical analysis of
the outgoing volume of coal supply points, and the forecast
of future changes in coal outbound shipments according to
the growing trend of coal demand provide a reference for
adjusting the production plan at the supply point.

2) THE COAL TRANSPORT VOLUME OF THE MAIN RAILWAYS
Figure9 shows the changing trend of the coal transport vol-
ume of the main railways of the simulation test.

As shown in figure9, when the increase in demand is 15%,
the coal throughput of the Shi-Tai railway line increases
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FIGURE 8. Line chart of outbound shipment of coal supply points under
different demand growth rates.

to approximately 50 million tons and remains unchanged,
indicating that the throughput limit of the Shi-Tai line has
been reached. Therefore, the Shi-Tai railway line becomes
the system bottleneck. With the increase in demand, the
throughput of the other four railway lines has also increased
steadily, especially the Da-Qin line, which has excellent
potential.

3) THE TRANSFER CAPACITY OF THE COAL TERMINAL IN
PORTS

As the demand growth rate changes, the throughput of the
coal terminal also changes accordingly, and its predicted
value is shown in figurel0.

Figurel0 shows that under increasing coal demand, the
throughput of Nanjing and Qinhuangdao has always main-
tained a rapid upward trend, indicating that Nanjing and
Qinhuangdao have strong transshipment capacity. When the
demand growth rate is 0%-20%, the throughput of Tangshan
Port changes relatively smoothly, and the growth trend is
faster when it is 20%-25%. After the demand growth rate
reached 15%, the port throughput change trend of Guangzhou
and Ningbo Port slowed down.

D. DISCUSSION ON THE INFLUENCE OF DIFFERENT
DEMAND GROWTH RATES ON RESOURCE UTILIZATION IN
THE CMTS

1) AVERAGE DAILY OCCUPANCY RATE OF THE COAL YARD
In the case of different coal demand growth rates, the
simulation output values of the average daily occu-
pancy rate of each coal terminal’s yard are shown in
figurel1.

Figurell shows that with the change in the growth rate
of coal demand, the average daily occupancy rate of storage
yards in Nanjing and Shanghai is between 40% and 55%,
which is capable of handling a larger amount of coal transfer.
However, the occupancy rate of Ningbo and Guangzhou ports
began to decline after the growth rate reached 10%, indicating
that the ports cannot meet the needs of consumer cities, and
it is necessary to increase the unloading capacity and add
unloading berths.
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2) BERTH UTILIZATION OF COAL TERMINALS

In the case of different coal demand growth rates, the simu-
lation output values of the berth utilization rate of each coal
terminal are shown in figurel2.

As shown in figure12, with the growth of coal demand, the
berth utilization rate of Tangshan and Huanghua terminals is
between 30% and 50%, and there is space for further devel-
opment. Combined with figure 10, although Tianjin Port has
maintained a rapid growth trend in throughput, it has little
potential for future development due to the high utilization
rate of berths. In contrast, the throughput of Tangshan and

VOLUME 10, 2022

40%
35% «=@==Fuzhou
30% ﬁ
25%
20%
15%

100% === Ningbo

95%

20% ==@==Guangzhou
c 85%
2 80% Tianjn
®  75%
= 70"2 Shanghai
S 65% )
£ 60% «=@==Qinhuangdao
g % «=@==Nanjing
Q 50%
& 45% «=@==Tangshan
o
o
>
<

«=@==Huanghua

P ==@== | ianyungang

0% 5% 10% 15% 20% 25%

Coaldemand growth rates

FIGURE 12. Line chart of the berth utilization rate of each coal terminal.

Huanghua ports is not large, and the occupancy rate of their
storage yards is analyzed. Indicators all show that the two
terminals can handle larger-scale coal demand. In the future
development of CMTS, Tangshan and Huanghua Port have
excellent growth potential.

E. THE CONCLUSION OF THE WITNESS SIMULATION TEST
OF THE CASE OF THE NORTH COAL SHIPPED TO THE
SOUTH

1) THE SHI-TAI RAILWAY TRANSPORTATION LINE IS THE
MAIN CMTS BOTTLENECK

The Shi-Tai railway transportation line is often in a tight
transportation capacity, and its limited transportation capacity
is the main CMTS bottleneck. This result recommends carry-
ing out coal railway construction and transportation planning.
The Da-qin and Shuo-Huang railway lines have great poten-
tial for coal transportation. The transportation capacity of the
railway line or transfer nodes connected to them should be
increased to give full play to the coal transportation advan-
tages of these two railway lines.

2) TANGSHAN PORT HAS EXCELLENT POTENTIAL FOR THE
CMTS

The railway-water multimodal transportation of northern coal
should be transported to Tangshan Port as much as possible.
This result suggests strengthening the construction of the
railway line connecting with Tangshan Port and giving full
play to the coal transfer capacity of Tangshan Port.

3) BUILDING NEW COAL TERMINALS OR TRANSFERRING
SOME COAL ADJACENT TO NINGBO AND GUANGZHOU
PORTS

The berth utilization rate of Ningbo and Guangzhou coal
terminals is relatively high, and the loading and unloading
capacity is close to saturation. The two regions (Zhejiang
and Guangdong Province) where Ningbo and Guangzhou are
located account for a large proportion of coal demand. With
the further growth of coal demand in the future, consideration
should be given to building new coal terminals or transferring
some coal to adjacent ports for loading and unloading to
alleviate the current terminal pressure.
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VI. CONCLUSION

A. CONCLUSIONS ON CMTS MODELING AND
SIMULATION

We draw the following conclusions based on the CMTS mul-
tiagent model constructed in this paper and the example simu-
lation test of north coal shipped to the south transportation on
the Witness platform, combined with section V (Discussion).

Firstly, the agent-based modeling method is suitable for
CMTS modeling. The constructed CMTS multiagent model
is sound through the example simulation test on the Witness
platform.

Secondly, the model can realize multiagent adjustment
and configuration and automatically select the multimodal
transportation route.

Thirdly, based on different research goals and the needs
of solving problems, a multiagent model of the multimodal
transport system can be efficiently built. The model has a
wide range of application scenarios.

B. THE MAJOR CONTRIBUTIONS OF THIS PAPER

As the environment changes (such as increasing demand),
many problems need to be solved urgently in the operation of
CMTS, such as the identification of system bottlenecks and
utilization and development of resources (such as the transfer
capacity of nodes and lines in the transportation). This paper
conducts research around these issues, and the study’s main
contributions are stated as follows.

First, by analyzing the mapping relationship between
CMTS and multiagent systems, we confirm the applicability
of multiagent modeling in CMTS and use the agent-based
modeling method to propose a CMTS multiagent modeling
process.

Second, by constructing the hierarchical model of CMTS,
multiagent classification and function definition are realized.
The communication mechanism between agents is created to
complete the interaction model of CMTS multiagents.

Next, Witness software is used to simulate the case model
of northern coal shipped to the south, and the test results
verify the rationality and versatility of the CMTS multiagent
model.

Finally, based on discussing the characteristics and appli-
cations of the multiagent model, we design a simulation
experiment and analyze the transfer capacity of the multi-
modal node and the passage of the railway line by changing
the growth rate of coal demand and according to the output
results and statistical indicators of the simulation experiment.
The system’s bottleneck is identified, and suggestions for
route planning and node development in CMTS operation are
put forward.

C. THE INNOVATION OF THE THESIS

In this paper, based on analyzing the structure, characteristics,
and links of CMTS, we use the multiagent theory to abstract
the nodes participating in intermodal transportation into
multiple interrelated agents with autonomous capabilities.
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The process of multimodal transport is realized through inter-
action between them, and then a multiagent-based coal mul-
timodal transport model is constructed.

The innovations of this paper are as follows.

First, a method of applying multiagent theory to CMTS for
modeling is proposed, the development process of the multia-
gent model of CMTS is designed, the function encapsulation
of the agent is realized, and a multiagent-based model is
constructed.

Second, an example simulation test on the Witness sim-
ulation software platform is designed. Based on the simu-
lation output results, the transportation network throughput
capacity is analyzed, the system bottleneck is identified, and
suggestions are put forward to improve CMTS operational
performance.

Third, we built a module library comprising multiagent
models for multimodal transport systems to be portable.

The simulation model combining multiagent theory and
CMTS provides a new research method for multimodal coal
transport. When analyzing system problems at different lev-
els, it is possible to quickly build a coal multimodal transport
model by changing the combination of agents to achieve
a quantitative system performance analysis. This work has
important practical significance for analyzing the network
structure and action mechanism of coal multimodal transport
and provides specific theoretical meaning and engineering
value.
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