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Abstract: With the rapid development of the shipping industry in recent years, the increasing volume
of ship traffic makes marine traffic much busier and more crowded, especially in the waterway off
the coast. This leads to the increment of the complexity level of marine traffic and poses more threats
to marine traffic safety. In order to study marine traffic safety under the conditions of increasing
complexity, this article proposed a marine traffic complexity model based on the method in molecular
dynamics. The model converted ship traffic to a particle system and identified the traffic complexity
by analyzing the radial distribution of dynamic and spatial parameters of ships in a Euclid plane.
The effectiveness of the proposed model had been validated by the case studies in the waters of Bohai
Strait with real AIS (Automatic Identification System) data and simulated data. The results show that
the proposed model can evaluate the marine traffic complexity more sufficiently and accurately. The
proposed model is helpful for marine surveillance operators to monitor and organize marine traffic
under complex situations so as to improve marine traffic safety.

Keywords: marine traffic; traffic complexity; radial distribution function; marine traffic safety;
marine surveillance

1. Introduction

With the rapid development of the shipping industry, the volume of ship traffic has
increased significantly in recent years [1]. The increasing volume of ship traffic makes
marine traffic much busier and more crowded, especially in the waterway off the coast,
where ship activity is more frequent. Although the increasing ship traffic volume can
contribute to the development of the economy, it will also pose more threats to marine
traffic safety. On the one hand, the increasing ship traffic volume will lead to an increase in
traffic density in the waterway, making the ship traffic more crowded and thus increasing
the possibility of collision accidents. On the other hand, the growth of ship traffic also
leads to the complexity of ship traffic. The complex ship traffic will make it more difficult
for ships to avoid collision [2]. It will also make it more difficult for marine surveillance
operators to monitor and organize the ship traffic in the waterway. In dealing with the
complex traffic situation, marine surveillance operators may face the cognization pressure
only by their subjective judgment. The efficiency of marine traffic supervision will be
damaged and further affect marine traffic safety. Therefore, how to identify the complexity
of marine traffic sufficiently and accurately under the increasingly complex traffic situation
is helpful to alleviate the risk of collision between ships and improve the efficiency and
effects of marine surveillance operators in monitoring and organizing the ship traffic in
the waterway.

The rapid growth of maritime traffic in the past decade has led to an increase in ma-
rine traffic complexity, which also facilitates the development of navigational equipment.
Automatic Identification System (AIS) is one of the advanced navigational equipment;
it is an advanced telecommunication and information system, which can broad-cast the
information of a ship to other surrounding ships and shore stations by VHF [3]. AIS data
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contains plenty of ship information related to real-time sailing. With the information, a lot
of information related to marine traffic situations can be extracted and analyzed. In recent
years, in order to study marine traffic safety under the conditions of increasing complexity,
scholars in the marine traffic field have proposed a lot of new models or methods with
plenty of data. Silveira et al. [4] utilize AIS data to analyze the marine traffic pattern in
a dense water area and determine the collision candidate ships by calculating the future
distance between ships so as to evaluate the ship collision risk. Wu et al. [5] depict the
global ship density and traffic density map with a bulk of AIS data in different resolutions,
which can represent the marine traffic safety level to some extent. Yu et al. [6] propose
a novel method to identify the near-miss collision risk when multiple ships encounter it.
The method is established based on ship motion behavior and can evaluate the multi-ship
near-miss collision risk from temporal, spatial, and geographical perspectives. The method
can also improve the level of risk assessment by identifying the different levels of near-miss
collision risk of different ships and also provide some reference and help to put forward
the measures to reduce the risk. Zhang et al. [7] propose a new method to identify col-
lision risk based on a convolutional neural network. The convolutional neural network
can analyze and recognize the image built by AIS data to rapidly identify the collision
risk under encounter. Bakdi et al. [8] propose an adaptive ship domain to identify the
collision risk and grounding risk under complex traffic situation. The model can also be
used to identify the marine traffic risk considering maneuvering limitations. The method
can improve the accuracy of real-time marine traffic risk identification under large-scale
monitoring. Wen et al. [9] propose a marine traffic complexity model according to air
traffic control. The model can assess the complexity level in the water area by evaluating
the density and the collision risk of ship traffic, respectively. The model is established
based on ship relative motion parameters and can assess the overall complexity level of
ship traffic by interpolation technique. Rong et al. [10] conduct spatial correlation analysis
of ship clusters based on the characteristics of marine traffic. The authors use AIS data
to describe the collision hotspots along the Portuguese coast and analyze the correlation
between the collision hotspot and the characteristics of marine traffic. The method can be
helpful in improving marine traffic safety and reducing the collision risk in the water area.
Zhang et al. [11] propose a two-stage black spot identification model, which can detect
more risk in the water area. The model has a higher detection rate for marine accidents.
The authors use the model to depict the black spot in the Jiangsu section of the Yangtze
River by historical data. The model is helpful in optimizing the search and rescue resources
and improving the safety management level. Liu et al. [12] propose a novel framework for
real-time regional collision risk prediction based on a recurrent neural network approach.
After identifying the regional collision risk, the optimized RNN method is used to predict
the regional collision risk of a specific water area in a short time. The model is useful for
collision risk prediction for the water area under complex traffic situations. Liu et al. [13]
propose an improved danger sector model to identify the collision risk of encountering
ships. The model considers the course alteration maneuver by taking ship maneuverability
limitation into consideration. The model is helpful for calculating the collision risk between
ships in complex traffic situations. Zhen et al. [14] propose a novel regional collision
risk assessment method, which considers aggregation density under multi-ship encounter
situations. The model can more intuitively and effectively quantify the temporal and
spatial distribution of regional collision risk under complex traffic situations and improve
the efficiency of traffic management. Yu et al. [15] propose an integrated multi-criteria
framework for assessing the ship collision risk under different scenarios dynamically.
The framework can identify collision parameters and candidates according to ship of-
fices’ experience, which is useful for analyzing the ship traffic under complex situations.
Merrick et al. [16] analyze the traffic density of the proposed ferry service expansion in San
Francisco Bay. They establish a simulation model to estimate the number of vessel interac-
tions and the increment caused by expansion plans. Utilizing the model, the geographic
profile of vessel interaction frequency is presented. Altan et al. [17] analyze the marine
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traffic in the Strait of Istanbul. The ship attributes are tracked by a grid-based analysis
method. Through the analysis, they summarize some conclusions about vessel distribution,
draught, speed exceed, and the influence on traffic patterns. Ramin et al. [18] use AIS
data to research the complex marine traffic in Port Klang and the Straits of Malacca. The
method applied was time-series models and associative models. Utilizing the methods, the
density of ships in Port Klang and the Straits of Malacca can be predicted and forecasted.
Kang et al. [19] use AIS data to estimate the ship traffic fundamental diagrams in the Strait
of Singapore, which plays a crucial role in international freight transportation. The ship
traffic fundamental diagrams investigate the ship traffic’s speed–density relationship and
can be used to estimate the theoretical strait capacity. van Westrenen et al. [20] utilize AIS
data to analyze the traffic on the North Sea. The near misses are detected by using ship-state
information. Through the research, they conclude that the near misses are not spread evenly
over the sea but are concentrated in a number of specific locations. Du et al. [21] propose a
new method to improve near-miss detection by analyzing behavior characteristics during
the encounter process in the Northern Baltic Sea. The ship attributes, perceived risk, traffic
complexity, and traffic rule are included in evaluating ship behaviors. Moreover, the risk
levels of detected near misses are quantified. Endrina et al. [22] conduct a risk analysis
for RoPax vessels in the Strait of Gibraltar. The first two steps of the IMO Formal Safety
Assessment are used to present the results with the accidents statistics covering 11 years.
In addition, a high-level model risk for collisions was built through an Event Tree, and the
individual and social risks were calculated.

It can be found that most of the recent studies on complex marine traffic are based on
a large number of ship data. On the one hand, it benefits from the rapid development of
computer and information technology, which enables these data to be stored, analyzed,
and calculated. On the other hand, it benefits from the availability of a large number of AIS
data. The utilization of these large amounts of real AIS data can improve the accuracy of
the model, improve the accuracy of the results, and make the results obtained by the model
more realistic. The recent studies also make it possible to study complex marine traffic
from temporal and spatial perspectives. Previously, we proposed a ship density model
based on the radial distribution function [23]. The model can calculate the ship density
and traffic density in the specified water area and can evaluate the complexity of marine
traffic to some extent. The model can help marine surveillance better understand marine
traffic in complex situations and improve their monitoring efficiency. However, the model
only considers the ship positions and the distance between them and can only quantify
the complexity of marine traffic from a position perspective, which makes the accuracy
of the complexity results limited in some cases. Therefore, in this article, a new marine
traffic complexity model is supposed to be proposed in order to evaluate the complexity
level of marine traffic in a waterway. This model not only considers the spatial distribution
characteristic of ship traffic but also incorporates the ship motion parameters in it, which
can identify the complexity level more sufficiently and accurately in a waterway and assist
marine surveillance operators to better acknowledge, monitor, and organize the marine
traffic under complex situations. The reminders of the article are arranged as follows.
In Section 2, the marine traffic complexity model was established based on the radial
distribution function, which considers the complexity of ship motion and ship position,
respectively. In Section 3, the proposed model was validated by some experimental case
studies in Bohai Strait waters with simulated data and real AIS data. In Section 4, the
effectiveness of the proposed model was discussed, and the advantage of the proposed
model was analyzed compared with the previous model. Moreover, the limitations of the
proposed model were presented. In Section 5, the conclusion was drawn, and some future
studies about this model were presented.
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2. The Marine Traffic Complexity Model
2.1. Radial Distribution Function

In statistical mechanics and molecular dynamics, radial distribution function (RDF)
is used to examine the interaction and bonding state between particles. RDF is defined
to quantify the variation of density as a function of distance from a specified particle in
the system [24]. For example, in a molecule system, the RDF of the specified atom can
reveal the densities of the surrounding atoms at different distances in a three-dimension
space. As shown in Equation (1), gi(r), the radial distribution of the specified atom i, can be
expressed as the number of the surrounding atoms in a spherical shell with the thickness of
∆r at a distance of r [25].

gi(r) =
Ni(r, ∆r)
ρV(r, ∆r)

(1)

where N(r, ∆r) refers to the number of atoms in the spherical shell with the thickness of ∆r
at a distance of r from atom i. ∆r is usually obtained by dividing the radius of the spherical
space Rc by the set number of bins Ng, ρ refers to the density of atoms in the molecule; it
can be obtained by dividing the number of atoms in the molecule N by the volume of the
molecule space V. V(r, ∆r) = 4πr2∆r refers to the volume of the spherical shell with the
thickness of ∆r at a distance of r from atom i. An example radial distribution of a particle
system is shown in Figure 1.
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Apart from expressing the radial distribution surrounding a specified particle, RDF can
also quantify the distribution probability of all particles in a particle system by accumulating
all densities of all surrounding particles, as shown in Equation (2).

g(r) =
N

∑
i

Ni(r, ∆r)
NρV(r, ∆r)

(2)

where g(r) refers to the radial distribution of all particles at a distance of r, N refers to the
number of atoms in the molecule.

The RDF is capable of describing the distribution probabilities of all particles inside it
at different distances. In the graph of RDF, the height of peaks can express the distribution
probability positively, namely the local density at different distances. In addition, the
integral of the RDF curve can represent the overall distribution probability of the particles
in a system (L), as shown in Equation (3), which is called the coordination number in
molecular dynamics. It refers to the number of particles directly linked to the specified
particle in a particle system [26]. In other words, it can determine the overall density of the
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particle system. Take the metal atoms as an example; they are tightly stacked and result in
a relatively higher or even highest coordination number [27].

L =
∫ r

0
g(r) =

∫ r

0

N

∑
i

Ni(r, ∆r)
NρV(r, ∆r)

dr (3)

In addition, RDF can also be used to assess the complexity of particle distribution [28].
In the RDF graph, a sharp peak means the particles distribute concentratedly at a specified
distance, and a smooth curve means the particles may distribute at any distance. Therefore,
the complexity from the perspective of the position of particles can be assessed by observing
the shape of the RDF curve, more specifically, by quantifying the discreteness of the
RDF curve. Generally, the particles in gas distribute most disorderedly because of its
characteristics [27]; the RDF curve of gas-particle systems is always smooth, even close to a
straight line. However, the ideal crystal particle system exhibits many sharp peaks, which
indicates that the particles inside distribute at some fixed distances [29].

Utilizing the above-mentioned characteristics of RDF, the marine traffic complexity
model in this article was established in the following sections.

2.2. The Waterway Traffic Complexity Model

This article aimed to propose a model to identify the marine traffic complexity in a
waterway by RDF utilizing its characteristics. To achieve this, the ship traffic in a waterway
should be considered as a particle system at first, where the ships were converted to ship
particles, and the whole ship traffic was converted to a ship traffic particle system. The
converted ship particles and ship traffic particle system are shown in Figure 2. In order to
reflect the marine traffic complexity in a waterway sufficiently, the model was built in ship
motion perspective and ship position perspective, respectively.
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2.2.1. Traffic Complexity on Ship Motion

It is known that speed and course are two crucial dynamic parameters for a ship. In
an electronic chart or other similar displayed facilities, the speed and course of a ship are
shown together by a single line. It is because the line represents a velocity vector that
has both size and direction. Considering this characteristic, this article is to build speed
and course complexity together with a two-dimensional RDF model in a velocity plane.
The speed and course are two crucial ship motion parameters that have a great impact
on marine traffic complexity. If ships sailed at different velocities, the complex traffic
situation might be formed easier, and the action to be taken to avoid collision may be more
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difficult. In order to model marine traffic complexity by speed and course, the velocity
plane should be built first. As shown in Figure 3, the velocity plane is in a two-dimensional
coordinate axis.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 25 
 

 

course complexity together with a two-dimensional RDF model in a velocity plane. The 
speed and course are two crucial ship motion parameters that have a great impact on ma-
rine traffic complexity. If ships sailed at different velocities, the complex traffic situation 
might be formed easier, and the action to be taken to avoid collision may be more difficult. 
In order to model marine traffic complexity by speed and course, the velocity plane should 
be built first. As shown in Figure 3, the velocity plane is in a two-dimensional coordinate 
axis. 

 

 
Figure 3. The velocity plane of ship traffic particle system. 

It should be noticed that this velocity plane, although exhibited as a cartesian coor-
dinate system, was not used to represent the position of a ship in the waterway but the 
positions of ships on a phantom plane which is the quantification of velocity in longitude 
and latitude directions. In fact, if we arranged a ship in this velocity plane with its speed 
vector, the y-axis and x-axis refer to the projection of ship velocity in a latitude direction 
and longitude direction, respectively. In Figure 3, (푣 , 푣 ) and (푣 , 푣 ) refer to the 
coordinates of Ship A and Ship B in the velocity plane, 훼 and 훽 are the courses of Ship 
A and Ship B. 

In order to illustrate the velocity plane better, two ships are simulated in the plane, 
which is Ship A and Ship B, respectively, with velocity 푎⃑ and 푏⃑. Points A and B are the 
centers of the two ships, which are considered as the positions of the two ships in the 
velocity plane but not the positions in reality. The position of the ship in the velocity plane 
indicates its velocity in a cartesian coordinate form. Through the coordinates, we can ob-
tain the speed and course of a ship. Angle 훼 and 훽 are the courses of two ships, and they 
are represented by arrow lines with direction. In addition, the length of the arrow line 
represents the magnitude of speed, which are 푎 and 푏 for Ship A and Ship B, respec-
tively. According to the law of sines and cosines, the velocity 푎⃑ and 푏⃑ can be decom-
posed to (푣 , 푣 ) and (푣 , 푣 ) by using the speed and course parameters of Ship A and 
Ship B, as expressed by Equations (4)–(7). 

푣 = |푎⃑| × cos 훼 (4)

Figure 3. The velocity plane of ship traffic particle system.

It should be noticed that this velocity plane, although exhibited as a cartesian coor-
dinate system, was not used to represent the position of a ship in the waterway but the
positions of ships on a phantom plane which is the quantification of velocity in longitude
and latitude directions. In fact, if we arranged a ship in this velocity plane with its speed
vector, the y-axis and x-axis refer to the projection of ship velocity in a latitude direction and
longitude direction, respectively. In Figure 3, (vax, vay) and (vbx, vby) refer to the coordinates
of Ship A and Ship B in the velocity plane, α and β are the courses of Ship A and Ship B.

In order to illustrate the velocity plane better, two ships are simulated in the plane,

which is Ship A and Ship B, respectively, with velocity
⇀
a and

⇀
b . Points A and B are the

centers of the two ships, which are considered as the positions of the two ships in the
velocity plane but not the positions in reality. The position of the ship in the velocity plane
indicates its velocity in a cartesian coordinate form. Through the coordinates, we can
obtain the speed and course of a ship. Angle α and β are the courses of two ships, and
they are represented by arrow lines with direction. In addition, the length of the arrow line
represents the magnitude of speed, which are a and b for Ship A and Ship B, respectively.

According to the law of sines and cosines, the velocity
⇀
a and

⇀
b can be decomposed to

(vax, vay) and (vbx, vby) by using the speed and course parameters of Ship A and Ship B, as
expressed by Equations (4)–(7).

vay =
∣∣∣⇀a ∣∣∣× cos α (4)

vax =
∣∣∣⇀a ∣∣∣× sin α (5)

vby =

∣∣∣∣⇀b ∣∣∣∣× cos β (6)

vbx =

∣∣∣∣⇀b ∣∣∣∣× sin β (7)

where vax and vay refer to the speed of Ship A in longitude and latitude direction, vbx and
vby refer to the speed of Ship B in longitude and latitude directions, respectively.
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In Figure 3, apart from the parameters mentioned above, there is another crucial
parameter in the velocity plane, which is the connection line AB. The magnitude of line AB
dvAB refers to the distance between two ships in the velocity plane but not the distance in
reality. In other words, it can be considered as the quantification of the difference between
the velocities of Ship A and Ship B. In this article, the distance dvAB is named velocity
distance, and it can be calculated by Equation (8).

dvAB =

√(
vay − vby

)2
+ (vax − vbx)

2 (8)

As distance can represent the difference between objects on spatial distribution, the
distance dvAB in velocity plane calculated by Equation (8) can help us distinguish the
difference between two ships on speed and course and their ship motion in the velocity
plane. Through the velocity distance dvAB, RDF can be used to quantify the divergence of
ships on their dynamics motion parameters.

RDF can represent the spatial distribution probability around the given central particle.
By accumulating all radial distribution of the particles in the system, the overall spatial
distribution probability, namely the occurrence probabilities of the particles at different
locations, can be obtained. Utilizing this characteristic, the radial distribution function
can be used to calculate the radial distribution of all ship molecules in the velocity plane
so as to the occurrence possibilities of ship molecules on different magnitudes of velocity
distance. Equation (6) was used to express the radial distribution of all ship molecules in
the ship traffic particle system in the velocity plane. The ship traffic system can be arranged
in a waterway or a specified water area.

g(r) = ∑N
i=1

Ni(dv, ∆dv)
λNρS(dv, ∆dv)

(9)

where Ni(dv, ∆dv) refers to the number of ship particles in the circular ring with the width
of ∆dv at a distance of r from ship particle i, ∆dv can be obtained by dividing the radius of
the circular space Rdv by the set number of bins Ng, ρ refers to the density of the ship traffic
particle system in the velocity plane, which can be obtained by dividing the number of ship
particles in the ship traffic particle system N by the area of the particle space S, S(dv, ∆dv)
refers to the area of a circular ring with the width of ∆dv at the distance of dv in the velocity
plane, and λ is an adjustment coefficient.

Ni(dv, ∆dv) can be obtained by the Algorithm 1.

Algorithm 1: Calculating Ni(dv, ∆dv)

Input: vix, vjx, viy, vjy, Ng, Rdv
Output: Ni(dv, ∆dv)
1: ∆dv = Rdv/Ng
2: FOR each ship particle j DO

3: RVij =

√(
vjx − vix

)2
+
(

vjy − viy

)2

4: IF RVij < Rdv THEN

5: Index = Ceil
(

RVij/∆dv
)

6: Ni(Index, ∆dv) = Ni(Index, ∆dv) + 1
7: ELSE
8: CONTINUE next ship particle
9: Ni(dv, ∆dv) = ∑ Ni(Index, ∆dv)

∆dv can be obtained by dividing the radius of the studied area Rdv by the number
of bins Ng, indicating that the Rdv will be separated into Ng bins. For each ship particle,
the velocity distance between it and another ship particle RVij can be calculated by the
coordinates of the two ships in the velocity plane, and the ship particles within the scope of
the area should be reserved. For each ship particle reserved, the bin index can be obtained
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by dividing exactly the velocity distance RVij by ∆dv, and then the ship particle can be
accumulated in the corresponding bin. After dealing with all ship particles, Ni(dv, ∆dv)
can be obtained by accumulating the ship particles in all bins.

According to Equation (9), the radial distribution graph of the ship traffic particle
system can be depicted. An example radial distribution graph of ship velocity is shown in
Figure 4. Similar to other radial distribution graphs, it can reveal the distribution proba-
bilities of ship particles in the velocity space, which can indicate the difference between
ships on motion patterns. In order to quantify the overall difference between ships on
motion pattern, the characteristic of RDF mentioned in Section 2.1 was used, which can
be used to assess the complexity of particle distribution. For a radial distribution graph,
the complexity of particle distribution can be assessed by observing the shape of the RDF
curve, more specifically, by quantifying the discreteness of the RDF curve. However, it
should be noticed that the complexity of particle distribution in the velocity plane does
not indicate the complexity of ship position distribution but indicate the complexity of
ship velocity distribution. If a radial distribution curve is smooth, it means the difference
between ship motions may distribute at any velocity distance. In such a situation, the
traffic complexity on ship motion is high. If the curve exhibited plenty of sharp peaks,
it means the difference between ship motions appears at several fixed velocity distances.
Under this situation, the traffic complexity on ship motion is low. Therefore, in order
to quantify the traffic complexity on ship motion by RDF curve, a phantom straight line
was assumed in the radial distribution graph, as shown in Figure 4, which represents the
most complex situation, because the difference between velocities may be any values. It
is a special radial distribution graph, which is parallel to the x-axis, with the expression
g(r) = p. We can use it to represent the complexity level of any other radial distribution
graph. The phantom straight line can be calculated by averaging all values of velocity
distance. Then, the variation between the RDF curve with this phantom line was calcu-
lated so as to represent the traffic complexity on ship motion. The expression is shown
in Equation (10).

VD =
1
N ∑ ∑N

i=1 (
2Ni(dv, ∆dv)

λNρS(dv, ∆dv)
− p)

2
(10)

where VD can express the magnitude of velocity difference, p refers to the value of the
phantom line, which is parallel to x axis, and it can be calculated by the mean value of the
velocity distance distribution.
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After obtaining VD, the negative exponential function applied in [30] was used to map
the relationship between it and the traffic complexity on ship motion Csm. The negative
exponential function was expressed as Equation (11).

Csm = −asmebsm×VD (11)

In order to identify the traffic complexity on ship motion by Equation (11), the param-
eters asm and bsm should be determined at first. For determining the two parameters, two
extreme scenarios were assumed. One of the extreme scenarios is that the magnitude of
velocity difference is extremely low and corresponds to an extremely small value for the
traffic complexity on ship motion between 0 and 1, which is assumed as 0.05 in this article.
Under such a situation, ships in the waterway sail with the same course and speed. The
value of VD of such a situation can be calculated when the waterway is up to its traffic
capacity and all ships sailed with the same speed and course, which can be obtained from
historical statistical data. Another extreme scenario is that the magnitude of the velocity
difference is extremely high, and the RDF curve coincides exactly with the phantom straight
line. Under this situation, the value of VD is 0, and the corresponding Csm is 1. Utilizing
the variables in the above-mentioned two scenarios, the parameters asm and bsm can be
calculated, and the complexity of ship motion can be computed. The complexity of ship
motion is a value between 0 and 1 and can identify the complexity level of ship speed and
course and indicate the disorder of ship dynamic attributes.

2.2.2. The Complexity on Ship Position

Apart from considering traffic complexity on ship motion, the traffic complexity on
ship position should also be considered when identifying marine traffic complexity in a
waterway. As modeled in [23], RDF can be used to assess the ship traffic density.

As mentioned in Section 2.1, RDF is defined to quantify the variation of density as
a function of distance from a specified particle in the system. By RDF, we can assess the
local density at a different distance from the specified particle, namely the distribution
probabilities of particles at different distances. In addition, RDF can also express the
distribution probability of all particles in a particle system by accumulating all densities of
all surrounding particles. In order to quantify the particle density, either local or global, the
RDF can be integrated with a certain distance because the integral of RDF can represent
the overall distribution probability of the particles in a system, namely the coordination
number in molecular dynamics. Therefore, in order to assess the ship traffic density, ship
particles should be arranged in a real water plane. For a specified ship particle, we can
obtain the distribution probabilities of its surrounding ship particles by RDF and assess the
ship density by integrating the RDF curve as expressed by Equations (12) and (13).

gsp(d) =
∫ R

0
∑N

i=1
Ni(d, ∆d)

λNρS(d, ∆d)
(12)

SD =
∫ R

0
∑N

i=1
Ni(d, ∆d)

λNρS(d, ∆d)
(13)

The value of SD can represent the ship traffic density in a waterway.
The Algorithm 2 gives the computing process of Ni(d, ∆d).
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Algorithm 2 Calculating Ni(d, ∆d)

Input: longi, longj, lati, latj, Ng, Rd
Output: Ni(d, ∆d)
1: ∆d = Rd/Ng
2: FOR each ship particle j DO

3: Rij =

√(
longj − longi

)2
+
(

latj − lati

)2

4: IF Rij < Rd THEN

5: Index = Ceil
(

Rij/∆d
)

6: Ni(Index, ∆d) = Ni(Index, ∆d) + 1
7: ELSE
8: CONTINUE next ship particle
9: Ni(d, ∆d) = ∑ Ni(Index, ∆d)

The principle of Algorithm 2 is the same as Algorithm 1 in calculating Ni(dv, ∆dv).
The only difference is that the variable in Algorithm 2 corresponds to the real water plane,
which is a Euclid plane based on the ship’s real position.

The negative exponential function applied in [30] was used to convert the value of
SD to the traffic complexity on ship position. The expression of the negative exponential
function is shown as Equation (14).

Csp = −aspebsp×SD (14)

In order to map the relationship between the value of SD and the traffic complexity
on ship position by Equation (14), the parameters asp and bsp should be determined at first.
For determining the two parameters, two extreme scenarios were assumed. One extreme
scenario is that the waterway is full of ships, and the value of SD under such a situation
corresponds to a very large traffic complexity value between 0 and 1, which is assumed
as 0.95 in this article. This situation can be determined by calculating traffic capacity in
the waterway according to [31]. Another extreme scenario is that the waterway is empty,
and the value of SD under such a situation corresponds to zero. Utilizing the variables in
the above-mentioned two scenarios, the parameters asp and bsp can be calculated, and the
complexity on ship position can be computed. The complexity on ship position is a value
between 0 and 1 and can identify the complexity level on ship position distribution and
can indicate the busyness, congestion, and compactness of ships in the waterway.

After obtaining the complexity on ship motion and ship position, the final marine
traffic complexity can be calculated by synthesizing these two complexity indexes. The
method and expression for calculating collision risk, which is also an index in eval-
uating marine traffic, was applied for this synthesizing process [32–34], as expressed
in Equation (15).

comp =
√

ωsmCsm2 + ωspCsp2 (15)

where ωsm and ωsp are the weight coefficients for the two complexities. The sum of ωsm
and ωsp is 1 and can be preset by the traffic situation and water type.

The overall flow chart of the proposed model of marine traffic complexity is shown
in Figure 5. The synthesized marine traffic complexity is also a value between 0 and 1,
which can represent the complexity level of the ship traffic and can assist marine surveil-
lance operators to better acknowledge, monitor, and organize the marine traffic under
complex situations.
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3. Case Studies

Some experimental case studies were carried out to validate the proposed marine
traffic complexity model. AIS data in Bohai Strait was utilized. Bohai Strait is located
between the Bohai Sea and the Northern Yellow Sea in China. The traffic conditions for
Bohai Strait provide the model validation with prerequisites. This is because the marine
traffic in Bohai Strait is busy and crowded [35], and the traffic volume and traffic density
are relatively big, which meansship encounters form much more easily and thus increase
the complexity level.

In order to use AIS data for experiments, the AIS source data was first decoded and
stored in a database by time sequence. After cleaning and sorting the data, the required
information is extracted from the database by Structured Query Languages. In addition, to
ensure the information extracted from AIS data can represent the instantaneous scenario
accurately, the interpolation process is also conducted.

3.1. Case Studies with Simulated Data

Firstly, some simulated data were used to validate the proposed model. In this case
study, the data was simulated on the position, motion, and size parameters of ships. The
ships were arranged in the water area where the center is 38.6◦ N, 120.85◦ E with a radius
of 6 nmile, and this is the location where Laotieshan Precautionary Area locates in reality.

Utilizing the simulated data, three scenarios were formed. The ships in each of these
three scenarios were sailing at different velocities, namely, different speeds and courses,
but their positions were exactly the same. The three scenarios are shown in Figure 6.
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Then, the simulated data of ships was inputted into the proposed model to identify
the traffic complexity level of each scenario with related algorithms. The results obtained
are shown in Table 1, together with Figure 7.
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Table 1. The results of the first simulated case study.

Scenario Scenario 1 Scenario 2 Scenario 3

Complexity on ship motion 0.1397 0.3037 0.4639
Complexity on ship position 0.2431 0.2431 0.2431
Marine traffic complexity 0.1983 0.2751 0.3703

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 13 of 25 
 

 

Then, the simulated data of ships was inputted into the proposed model to identify 
the traffic complexity level of each scenario with related algorithms. The results obtained 
are shown in Table 1, together with Figure 7. 

Table 1. The results of the first simulated case study. 

Scenario Scenario 1 Scenario 2 Scenario 3 
Complexity on ship motion  0.1397 0.3037 0.4639 
Complexity on ship position  0.2431 0.2431 0.2431 
Marine traffic complexity 0.1983 0.2751 0.3703 

 
Figure 7. The results of the first simulated case study. 

The results show that the complexity on ship position for each scenario is the same, 
which is 0.2431, but the complexity on ship motion increases gradually from 0.1397 to 
0.4639. The increasing complexity on ship motion makes each scenario's final marine traf-
fic complexity different, which also increases gradually, from 0.1983 to 0.3703.  

In actuality, it can be observed from Figure 6 that the spatial distribution of ship po-
sition is exactly the same for each scenario. However, the velocities of ships are not the 
same. In the first scenario, the velocities for each ship are close, with speeds close to 10 kn, 
and the courses are close to 300°. However, in the second and third scenarios, the veloci-
ties vary obviously, especially in the third scenario. Therefore, the complexity on ship mo-
tion, which considers ship speed and course in this article, of these three scenarios should 
increase gradually, and the complexity on ship position was supposed to be the same, 
which is confirmed by the results obtained above. 

Furtherly, three other scenarios were formed. The ships in each of these three scenar-
ios were sailing at the same velocity, namely the different speeds and courses, but their 
positions were different. The three scenarios are shown in Figure 8. 

Figure 7. The results of the first simulated case study.

The results show that the complexity on ship position for each scenario is the same,
which is 0.2431, but the complexity on ship motion increases gradually from 0.1397 to
0.4639. The increasing complexity on ship motion makes each scenario’s final marine traffic
complexity different, which also increases gradually, from 0.1983 to 0.3703.

In actuality, it can be observed from Figure 6 that the spatial distribution of ship
position is exactly the same for each scenario. However, the velocities of ships are not
the same. In the first scenario, the velocities for each ship are close, with speeds close to
10 kn, and the courses are close to 300◦. However, in the second and third scenarios, the
velocities vary obviously, especially in the third scenario. Therefore, the complexity on
ship motion, which considers ship speed and course in this article, of these three scenarios
should increase gradually, and the complexity on ship position was supposed to be the
same, which is confirmed by the results obtained above.

Furtherly, three other scenarios were formed. The ships in each of these three scenar-
ios were sailing at the same velocity, namely the different speeds and courses, but their
positions were different. The three scenarios are shown in Figure 8.

Then, the simulated data of ships was inputted the proposed model to calculate the
traffic complexity level of each scenario. The results obtained are shown in Table 2, together
with Figure 9.
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Table 2. The results of the second simulated case study.

Scenario Scenario 1 Scenario 2 Scenario 3

Complexity on ship motion 0.1397 0.1397 0.1397
Complexity on ship position 0.1496 0.2431 0.5091
Marine traffic complexity 0.1447 0.1983 0.3733
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It can be found that the complexity on ship motion for each scenario is the same, which
is 0.1397, but the complexity on ship position increases gradually from 0.1496 to 0.5091.
The increasing complexity on ship position makes the final marine traffic complexity for
each scenario different, which also increases gradually, from 0.1447 to 0.3732.

Actually, it can be observed from Figure 8 that the spatial distribution of ship position
is different for each scenario. In the first scenario, the spatial distribution is relatively sparse.
In the second and third scenarios, the spatial distribution becomes compact, especially in
the third scenario. However, the velocities of ships are exactly the same for each scenario.
Therefore, the complexity on ship position, which considers ship position in this article, of
these three scenarios should increase gradually, and the complexity on ship motion was
supposed to be the same, which is also confirmed by the results obtained above.

3.2. Case Studies with Real AIS Data

In order to further validate the proposed model, real AIS data was used to carry out
some other case studies. The used AIS data was from the ships sailed in the Bohai Strait
area. The first case study with real AIS data was to validate the proposed model from a
temporal perspective. This case study was carried out in the Laotieshan Precautionary
Area (Laotieshan PA), located at the northwest entrance and exit of the Laotieshan Traffic
Separation Scheme (Laotieshan TSS). The reason why Laotieshan PA was chosen is the
obvious difference between the speed and course, as well as position, of the ships that
sailed within it. The traffic in Precautionary Area consists of some different traffic flows, as
shown in Figure 10, which makes marine traffic relatively complex in it.
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the second situation, there are more different traffic flows considering in the first situation, 
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level. Therefore, it is proved that the proposed model can identify the marine traffic com-
plexity on ship motion effectively. 

Figure 10. The location of Laotieshan PA and its main traffic flows.

From Figure 10, it can be observed that there are six main traffic flows in Laotieshan
PA. Two of them are extended from the direction of Laotieshan TSS. Of the rest four traffic
flows, two of them are in the north–south direction, and the other two flows are close to the
west–east direction. For this studied area, we divided the traffic into two situations. The
first situation is that all traffic flows in PA were considered, which were exhibited as red
and blue lines in Figure 10. The second situation is that only the traffic flow which nearly
extends the direction of TSS was considered, which is exhibited as red lines in Figure 10.

For the two situations, the complexity on ship motion was calculated based on the
proposed model. The calculation was conducted for a one-time node for each hour through
a day in sequence. The results are shown in Figure 11.
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Figure 11. The comparison between the complexity on ship motion for the two situations.

The results show that the complexity on ship motion in the second situation is less than
that of the first situation, where the average values are 0.4451 and 0.4169, respectively. The
results are consistent with the actual situation. This is because compared with the second
situation, there are more different traffic flows considering in the first situation, which
makes the speed and course more varied and leads to the increase of complexity level.
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Therefore, it is proved that the proposed model can identify the marine traffic complexity
on ship motion effectively.

In addition, the complexity on ship position for the studied PA was also calculated
based on the proposed model. The calculation was conducted for a one-time node for each
hour throughout the day. The results are shown in Table 3.

Table 3. The complexity on ship position for the studied PA.

Time Csp

0–1 0.1855
1–2 0.0973
2–3 0.0932
3–4 0.0926
4–5 0.0585
5–6 0.0656
6–7 0.0748
7–8 0.0608
8–9 0.1106
9–10 0.1190

10–11 0.1174
11–12 0.1053
12–13 0.1589
13–14 0.1282
14–15 0.2052
15–16 0.1630
16–17 0.0943
17–18 0.1375
18–19 0.1277
19–20 0.0965
20–21 0.1382
21–22 0.1339
22–23 0.1498
23–24 0.1143

In order to validate that the results are effective in identifying the complexity on
ship position. A traditional index was used to make a comparison, which is ship density.
According to [5], ship density in a region at time t is the number of ships per unit area in
this region at this time, which can be calculated by Equation (16).

SD =
N

Time × SArea
(16)

where SD refers to ship density, N refers to the number of ships, Time refers to the time
interval and SArea refers to the area of the studied water. For the time nodes in Table 3, ship
densities (SD) were calculated, and the results are shown in Table 4.

Then, a Pearson correlation analysis was carried out. The analysis result is shown
in Table 5.

It can be found that the p-value was less than 0.01 with a correlation coefficient of 0.692,
which indicates that the complexity on ship position and ship density are significantly
correlated for all time nodes. As ship density is an index that can reflect the busyness and
congestion of marine traffic, we have reason to believe the proposed model can identify the
complexity related to a ship position distribution effectively.

Furthermore, another case study was carried out to validate the proposed model with
real AIS data, which was to validate the proposed model from a spatial perspective. In this
case study, ten different water areas of the same size were selected. The locations of these
ten water areas are shown in Figure 12.
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Table 4. The ship density for the studied PA.

Time SD

0–1 0.0796
1–2 0.0707
2–3 0.0707
3–4 0.0619
4–5 0.0442
5–6 0.0619
6–7 0.0442
7–8 0.0442
8–9 0.0707
9–10 0.0973

10–11 0.0796
11–12 0.0619
12–13 0.0973
13–14 0.0707
14–15 0.1326
15–16 0.0707
16–17 0.0973
17–18 0.0707
18–19 0.0707
19–20 0.0796
20–21 0.0884
21–22 0.0619
22–23 0.0796
23–24 0.0884

Unit of SD: pcs/
(
s × nmile2)

Table 5. Pearson correlation analysis between Csp and SD for 24 time nodes.

p Value Correlation Coefficient

<0.01 0.692
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Figure 12. The locations of these ten water areas.

It can be found that the ten water areas are along with the direction of the main
traffic flows in Bohai Strait. Firstly, to validate the proposed model can effectively identify
the complexity level on ship motion, we also divided the traffic in these areas into two
situations. The first situation is that all ships were considered, which is exhibited as the red
and green line in Figure 12. The second situation is that only ships sailed to the northwest
were considered, exhibited as a red line in Figure 12. For the two situations, the complexity
on ship motion was calculated based on the proposed model. The results are shown
in Figure 13.
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Figure 13. The complexity on ship motion for the spatial case study.

The results show that the complexity on ship motion in the second situation is less than
that of the first situation, where the average values are 0.4266 and 0.3725, respectively. The
results are consistent with the actual situation because compared with the first situation,
only ships heading west were considered, which makes the speed and course less varied
and leads to the decrease of complexity level. Therefore, it is proved that the proposed
model can identify the marine traffic complexity on ship motion effectively again.

For the complexity on ship position, we also use the index of ship density to evaluate
it. The complexity and ship density were calculated, respectively, for the ten studied water
areas, and the results are shown in Tables 6 and 7.

Table 6. The complexity on ship position for the ten studied water areas.

Area Csp

1 0.0855
2 0.1051
3 0.1897
4 0.0927
5 0.1054
6 0.1247
7 0.0902
8 0.0563
9 0.0769
10 0.1310

A Pearson correlation analysis was carried out again to examine the correlation be-
tween the two sets of values. The analysis result is shown in Table 8.
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Table 7. The ship density for the ten studied water areas.

Area SD

1 0.0354
2 0.0884
3 0.1238
4 0.0973
5 0.0442
6 0.1149
7 0.0973
8 0.0531
9 0.0531
10 0.0973

Table 8. Pearson correlation analysis between Csp and SD for the ten studied water areas.

p-Value Correlation Coefficient

<0.05 0.705

Unit of SD: pcs/
(
s × nmile2)

It can be found that the p-value was less than 0.05 with a correlation coefficient of
0.705, which indicates that the complexity on ship position and ship density are strongly
correlated for the ten studied water areas. As mentioned above, since ship density is
an index that can reflect the busyness and congestion of marine traffic, we also have a
reason to believe the proposed model can identify the complexity related to ship position
distribution effectively.

4. Discussion

In this article, a model which can identify the marine traffic complexity was proposed.
The proposed model was built with radial distribution function in molecular dynamics.
The proposed model consists of two parts, which are the complexity on ship motion and
the complexity on ship position, respectively. In identifying the complexity on ship motion,
the speed and course of the ship were considered by constructing a two-dimension velocity
plane. The velocity distance in the velocity plane was treated as the distance in the radial
distribution function model. In identifying the complexity on ship position, the position of
the ship was considered by constructing a traditional two-dimensional Euclidean plane.
The final marine traffic complexity can be obtained by merging these two complexities.
The proposed model can evaluate marine traffic complexity from an objective perspective
utilizing the ship attributes extracted from AIS data. It can assist maritime surveillance
operators in acknowledging the marine traffic situation in the jurisdiction water area in
a more objective way, especially under complex traffic scenarios, where they may face a
cognization difficult only by their subjective judgment. It can also facilitate their services
for ships and traffic and thus contribute to the enhancement of marine traffic safety.

For validating the proposed model, a series of experimental case studies were carried
out. At first, in Section 3.1, two simulated case studies were conducted. As the proposed
model consists of two parts, which are the complexity on ship motion and ship position, we
validate the two complexities, respectively, by controlling the variables in each simulated
case study. In the first simulated case study, we made the ship positions fixed and changed
the ship velocities gradually by changing the ship speeds and courses from an ordered
state to a disordered state. The complexity on ship motion part in the proposed model
can effectively react to this change. In the Second simulated case study, we fixed the ship
velocities but changed the ship position gradually to make them more and more compact.
The complexity on ship position part in the proposed model can effectively react to this
change. The results can prove the effectiveness of the proposed model to some extent.
Furthermore, in Section 3.2, two case studies with real AIS data were carried out to validate
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the proposed model. The proposed model was proved in temporal and spatial perspectives,
respectively. For the validation from a temporal perspective, Laotieshan PA was chosen
as the studied water area. Two situations of marine traffic in Laotieshan PA were divided,
one considers all traffic and the other only considers limited traffic flows. For the two
situations, 24 time nodes were selected from each hour through the day, and we calculated
the complexity on ship motion for these time nodes. The results show that the complexity of
the situation of limited traffic is less than that of the situation of all traffic, which conforms
to reality. For the complexity on ship position, we also calculated the results for all time
nodes. To evaluate its effectiveness, the ship density index, which can reflect the busyness
and congestion of the ship was adopted. A Pearson correlation analysis between the ship
density index and the complexity on ship position was conducted. The result shows a
significant correlation between them, thus verifying the effectiveness of the results to some
extent. In addition, to validate the effectiveness of the proposed model more sufficiently,
a case study from a spatial perspective was carried out. Ten water areas were treated as
studied areas. For the traffic in the studied area, we also divided it into two situations;
one considers all traffic, and the other only considers nearly one-way traffic. Then, the
complexity on ship motion was calculated. The results obtained by the proposed model can
still react to the change in the situation, which can exhibit that the value of a limited traffic
situation is less than that of a full traffic situation. Moreover, we identified the complexity
on ship position for the ten studied areas and used ship density as an evaluating index
again. The Pearson correlation analysis result shows that there exists a strong correlation
between them, thus proving the effectiveness of the results again.

RDF was used to model the ship density and traffic density in [23]. As mentioned
in that article, the model can reveal the traffic complexity to some extent. However, the
RDF model in [23] can only evaluate the complexity from a spatial distribution perspective;
the ship position is the only considered factor. However, ship motion is also important for
determining traffic complexity. If the ship speeds and courses were varied and disordered,
the encounter between ships may form easier, and thus increase the difficulties for collision
avoidance. Under such complex traffic situations, collision accidents are more likely
to happen. Therefore, in order to sufficiently reflect the traffic complexity level, only
considering ship positions is not enough. In order to prove this, we carried out two sets of
case studies in Section 3.1. It can be observed from Figures 6, 7 and Table 1 that when ship
positions were fixed, only evaluating the complexity on ship position cannot distinguish the
difference between the three scenarios. For distinguishing the complexity levels between
them, the complexity on ship motion is supposed to be calculated at the same time. In order
to prove the advantage of the proposed model compared to the previous model further,
the case study in Section 3.1 was expanded here. The compactness of the ships in Figure 6
is moderate. Here, we changed the ship position distribution to a more compact state, as
shown in Figure 14. The complexity results calculated based on the proposed model are
shown in Table 9.

Table 9. The results of the expanded case study.

Scenario Scenario 1 Scenario 2 Scenario 3

Complexity on ship motion 0.1397 0.3037 0.4639
Complexity on ship position 0.5091 0.5091 0.5091
Marine traffic complexity 0.3733 0.4192 0.4870
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It can be found that the complexity on ship position in Table 9 can react to the change
of compactness, which becomes higher compared to the results in Table 2. However, for
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the three scenarios in Figure 14, it can be observed that the ship motions are obviously
different. However, the complexity on ship position cannot distinguish them, which can
only be performed by calculating the complexity on ship motion in the proposed model
at the same time. Therefore, the results illustrate the advantage of the proposed model in
fully evaluating marine traffic complexity again compared to the previous model.

In addition, the ship density index was used to evaluate the complexity on ship
position in Section 3.2, but it should be noted that the ship density is not able to fully reflect
the complexity too. Take the scenarios (a) in Figures 6 and 14 as an example, it can be
found that the ships become more compact, but their density remains the same, which
is both 9/

(
π × 6 nmile2) for 1 s time period. However, the proposed model can react to

this change in ship compactness, increasing from 0.2431 to 0.5091. Therefore, the proposed
model also has the advantage of identifying complexity compared with the traditional ship
density index.

However, there are also some limitations to the proposed model in this article. Firstly,
in modeling dynamic traffic complexity, the speed and course are considered because they
are the most important dynamic parameters for ships. However, apart from speed and
course, there are some other parameters that may influence traffic complexity, such as rate
of turn, encountering angle, encountering type, and changing rate of speed. For example,
encountering type includes head-on, crossing, and overtaking; different encountering
type may cause different traffic complexity according to a different type of waterway.
The relationship between traffic complexity and the factors mentioned above needs to be
studied further in the future. Additionally, the proposed model calculates marine traffic
complexity by using AIS data. Although AIS is mandatory on most of the ships, there are
still some small ships that do not fit AIS, such as fishing ships. Therefore, for the waterway
off the coast, where fishing ships may appear, as AIS data is not capable of covering such
ships, the results may not be accurate enough to represent the actual traffic complexity in
the waterway. To solve this problem, some other data should be used in modeling marine
traffic complexity, such as Radar data or traffic observation data. Moreover, the newest
AIS data was needed to further validate the model under the current traffic situation. In
addition, in synthesizing the two complexities in a final marine traffic complexity, the
expression and method in [32–34] were adopted. Considering that the studied area is
relatively open, the two coefficients are taken as the same value in case studies. However,
for different kinds of water, the two coefficients may be changed, or maritime surveillance
can determine the coefficient according to their own purpose. The relationship between the
coefficients and the kinds of water is supposed to be studied in the future.

5. Conclusions

Herein, a marine traffic complexity model considering the motion and density of the
ship was proposed, which can identify the complexity level of marine traffic in a waterway.
To establish the proposed model, the radial distribution function in molecular dynamics
was used. Firstly, ship traffic was converted to a ship particle system where ships were
converted to ship particles. Then, the complexity on ship motion and ship position were
modeled, respectively, by analyzing the radial distribution of ships’ dynamic and spatial
parameters in a Euclid plane. Finally, the two complexities were merged to obtain the
marine traffic complexity by an analytical method. In order to validate the proposed
model, some experimental case studies were conducted in Bohai Strait waters with real
AIS data and simulated data. The results show that the proposed model can effectively
and accurately identify the marine traffic complexity in a waterway, react to the change
of variable, and has the advantage compared with the previous model and the traditional
density index in identifying complexity level. In addition, by utilizing the proposed model,
marine surveillance operators can better acknowledge, monitor, and organize the traffic
under complex situations, so as to improve marine traffic safety.

The proposed model also has some limitations which should be improved in future
research. Firstly, apart from speed and course, some other dynamic parameters which may
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influence the traffic complexity, such as rate of turn, encountering angle, encountering
type, and changing rate of speed, were not considered. The relationship between traffic
complexity and the factors mentioned above needs to be studied further in the future.
Secondly, as AIS data is not available for some small ships, such as fishing ships, the results
may not be accurate enough to represent the traffic complexity, including such ships in
the waterway. Therefore, some other types of data should be used in modeling marine
traffic complexity. Thirdly, the merging of the two complexities in this article is under
simple consideration; the relationship between the coefficients and the water types should
be explored further in future research.
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