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in wide inland waterways equipped with traffic separation systems. We propose a
novel navigation decision-making method based on time-sequence rolling
calculations, integrating a digital traffic environment model, collision risk model, and
course and speed control techniques. Initially, we innovatively incorporated navigation
rules into the quantitative analysis of collision risk based on the behavioral
characteristics of ships in the study area. This approach led to the development of a

decision-making method capable of adapting to system residual errors and random
movements of target ships. Subsequently, a multi-ship navigation decision-making
experiment was conducted using available Automatic Identification System (AIS) data
for the study area. The results indicate that our method effectively controls ship traffic
and ensures timely route tracking in a multi-ship environment within wide inland
waters equipped with traffic separation systems, significantly enhancing safety and
efficiency.

1. Introduction

With the increasing global demand for transportation, maritime shipping is experiencing notable
developments [1]. The density of shipping traffic has increased significantly, making ship safety a paramount
concern in the industry [2]. In China, inland water transportation has grown rapidly. As of 2021, the navigable
length of inland waterways reached 128,000 km, with a cargo throughput of 4.189 billion tons [3]. However,
the increase in transportation volume has also led to a rise in ship collision accidents, making navigation safety
a focal issue. Statistical data show that ship collisions account for the largest proportion of inland
transportation accidents, with human error being the primary cause [4, 5]. The complex environment and
varying ship conditions in inland waters make autonomous navigation without manual intervention
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challenging [6]. However, in waterways such as the Yangtze River section in Jiangsu Province, where
channels are wide, water flow is calm, and navigation rules are well-established, the feasibility of navigation
assistance and autonomous decision-making methods is high. These technologies are effective in enhancing
safety by reducing human error and improving operational automation.

Over the past few decades, collision avoidance methods have evolved significantly. Traditional path
generation methods relied on geometric analysis, focusing on metrics like the Distance to the Closest Point of
Approach (DCPA) and Time to the Closest Point of Approach (TCPA) [7]. These methods determine feasible
steering areas but often overlook collision avoidance rules and ship maneuverability. The Velocity Obstacle
(VO) algorithm, an extension of geometric methods, offers real-time obstacle avoidance with fast computation
and simplicity [8]. Considering (COLREGS), good seamanship, and maritime practices, based on the ship
motion characteristics, [9] proposed a nonlinear VO to obtain higher accuracy in avoiding entry into the ship.
A probabilistic VO for real-time collision avoidance was introduced under the uncertainty of target ship (TS)
motion [10]. However, in inland waters, the frequent turning of ships prior to encounters creates difficulties
in applying VO-based methods [11-13]. A multi-target collision avoidance algorithm based on the Electronic
Chart Display and Information System (ECDIS) environmental model realizes collision avoidance between
dynamic target vessels and irregular static obstacles [14]; however, it assumes that the target vessel maintains
its heading and speed, which is obviously impossible for inland waters. Intelligent optimization techniques
have also been developed, including Multi-Population Genetic Algorithms (MGA) [15-17], Ant Colony
Optimization, and Particle Swarm Optimization [18], for generating optimal paths. Deep Reinforcement
Learning (DRL) [19-22] has been extensively employed in intelligent autonomous systems due to its adaptive
and self-learning abilities in complex environments. However, most studies focus on computing collision-free
paths without adhering to Collision Regulations (COLREGS) or considering multi-ship scenarios in restricted
waters. Inland waters require tailored considerations due to their unique navigational environments. Previous
studies have proposed various methods for ship-speed optimization [23], structured decision-making [24],
inland river emergency resource allocation problems [25], and decision-making approaches for joining traffic
lanes for ships within a TSS [26], but they often overlook multi-ship scenarios, good seamanship, and the
impact of unpredictable ship maneuvers.

A review of the literature reveals that the majority of studies on ship collision avoidance focus on open
waters with favorable meteorological conditions, while relatively few address inland waters, particularly in
complex environments. Current studies do not adequately quantify navigation rules, good seamanship, sources
of navigational errors, and the impact of a target ship’s uncertain maneuvering on collision-avoidance
decisions. To address these gaps, this study develops a situational awareness model for navigation that
integrates navigation rules and good seamanship, considers the kinematic constraints of ships, and explores
the sources and corrections of navigational errors. A key contribution of this research is the proposal of a
navigational decision-making framework based on time-sequential optimization and fast computation. This
framework establishes a system for speed and course control, models the state of the target ship, and uses
continuously updated dynamic and static environmental information to correct decision-making errors caused
by the target ship’s uncertain maneuvers. Concentrating on the inland waterway from the Liuhe River to the
Jiangyin Bridge (China), this study presents a navigation decision-making method that adheres to navigation
rules and embodies the principles of good seamanship. The proposed framework comprises four
interconnected modules: situational awareness, situation recognition, speed control, and decision-making, as
illustrated in Fig. 1.

The primary contributions of this study are as follows:

(1) A simulation experiment was conducted for a complex environment of multi-vessel coexistence in a
wide inland waterway while considering the aspects of navigation rules and good seamanship and accounting
for the kinematic constraints of the ships. Notably, the framework was based on the historical automatic
identification system (AIS) data available for the study region.

(2) The sources of errors in the control phase of the ship motion were explored, and a navigation error-
correction framework based on time-series rolling optimization and fast computation was proposed for
addressing the uncertainty of the target ship motion.
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The remainder of the paper is organized as follows. Section 2 details the methodology for constructing
the environment awareness model. Section 3 introduces the ship motion model, Maneuvering Modeling Group
(MMG), and the speed-control system considered in this study. Section 4 describes the navigational decision-
making method for TSS water in the wide channel of the Liuhe River. Section 5 presents the multi-ship
simulation results and analysis. Finally, Section 6 presents the major conclusions of the study.
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Fig. 1 Flowchart of the navigation decision-making framework proposed in this study

2. Situational awareness model

The situation awareness model for autonomous ship navigation can gather dynamic and static
environmental information from the waters surrounding a ship, providing data support for decision-making
[27]. Situational awareness primarily consists of two phases: perception and comprehension. The first phase
involves sensing; various sensors are employed to gather information from the environment. In the second
phase, the collected information is used to assess the current state of the ship. Our study focused predominantly
on the comprehension stage for ships, integrating a digitalized traffic environment to determine the risk of
collision, thereby providing a foundation for subsequent navigational decisions.

2.1 Digital transportation environment model

Perceiving and extracting environmental information is fundamental to constructing a digital
transportation environment for navigation decision-making. This study developed a digital traffic environment
model by deconstructing and modeling dynamic and static environmental elements. Static elements, such as
channel boundaries, isolation zones, and marking buoys, were extracted using ECDIS tools, while dynamic
data, including own-ship (OS), target-ship (TS), and wind current, were processed from shipboard equipment.
Combining these, a comprehensive digital environment was established to support navigational decisions [8].

Table 1. Classification of objects

Type of environmental element Elementary models Element status
Buoys, surface (reefs) Punctiform Static
Shoal, shoreline Polygonal Static
Conventional motorized ships Ordinary motorized ships Dynamic
Tug and trawl fishing ship Striped Dynamic
Maneuvering limited ships, uncontrolled ships Circular Dynamic
Non-motorized ship Punctiform Dynamic




L. Xu et al. Brodogradnja Volume 76 Number 2 (2025) 76201

Elements outside the navigational subchannels were classified into point, circular, bar, and polygonal
object models. The specific classifications of the digital transportation environment are listed in Table 1.

A digital transportation environment model was applied to the study area (Figure 2).
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Fig. 2 Digital traffic environment from LiuHe River to Jiangyin Bridge (China)

2.2 Ship collision-risk index model

2.2.1 Ship-state reckon method

Contrary to open waters, due to the complexity of the environment and traffic flow [28], the positions
of ships in the waters of a traffic separation system are constrained by environmental constraints of the channel
and navigation rules. Considering that ships generally continue along the fairway when their tracks align with
the recommended traffic-flow direction is essential to estimate the positions of the target ships in real-time. If
there is a significant difference between the ship’s track and fairway direction, or if the ship is outside the
fairway, the ship’s position is estimated based on its current velocity vector. If a ship deviates from the planned
route, owing to evasive actions or other operations, it is advisable to adjust the course as soon as conditions
permit it, to resume sailing in the same direction as the recommended traffic flow (see Figure 3).

When ships are both with and against the traffic flow direction, the position of TS can be calculated
using Egs. (1) and (2).

(1) When TS was outside the TSS, the dead node was utilized to determine its position relative to the
speed vector, as shown in Eq. (1):
{xt =X, +Vxtxsin(TC)

Y, =Y, +Vxtxcos(TC) (1)

where (x;, y;) denotes the position of the TS at time 7. (x,, yo) represents the current position of the TS; v and
T'C denote the speed and course of the TS, respectively.
(2) When the TS was inside the TSS, the dead-reckoning method outlined in Eq. (2):

X=X, +Vxtxsin(TC)
te[0,t;)
y =Y, +Vxtxcos(TC)

x:xl+v><(t—tj)><sin(ozi+1)t>t )
=4

y =y, +Vx(t—t;)xcos(a,,)



L. Xu et al. Brodogradnja Volume 76 Number 2 (2025) 76201

where a;,q represents the recommended traffic flow direction for the next segment, (x4, y;) indicates the
position of the TS upon arrival at the next segment, and ¢; is the time indicating the arrival of the TS at the
next segment.

Fig. 3 Dead reckoning of ship position

If the TS is within the traffic lane, then Eq. (2) can be used to determine the vehicle’s position during
navigation, in accordance with the recommended traffic flow direction, whereas Eq. (1) is used when it is not.

2.2.2  Ship domain model

The ship domain is utilized to assess collision risk. We chose the eccentric elliptic ship domain model

as it accounts for the specific requirements related to competent seamanship and the TSS COLREGs (Figure
4).
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Fig. 4 Illustration of the ship domain model used in this study; L is the length of the own-ship (OS)
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This model was chosen for the TSS watershed based on the following considerations:

(1) Ships require greater safety clearance in the fore-and-aft direction than port and starboard due to
larger distance variations between bow and stern during maneuvering.

(2) In inland TSS waters, avoiding collisions at the bow or stern is more challenging, especially in
overtaking scenarios, necessitating greater safe distances at the bow.
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(3) In the waters of the Chengshanjiao traffic separation system, the elliptical ship field set [29] has a
long axis that is five times the length of the ship and a short axis that is two times the length of the ship.
However, this method used only for sea navigation. In general, the traffic flow density is higher in inland
waterways. Based on discussions with experienced captains who have navigated ships in the Yangtze River
inland waterways, we set the ship field long and short axes to 1.2 and 0.5 times the length of the ship,
respectively.

2.2.3 Collision risk index (CRI) model

When navigating a temporally varying and complex inland waterway environment, multiple target ships
may be encountered, posing the risk of collision with the OS; notably, the situations encountered may vary.
Therefore, a CRI model was introduced to quantify the collision risk spatiotemporally and prioritize the
collision-avoidance actions according to the magnitude of the CRI.

The CRI was determined by analyzing the correlation between the maneuvering characteristics,
positions, and movements of the two ships. Importantly, the CRI represents a numerical value that indicates
the level of collision risk and the urgency of collision-avoidance actions [30]. It combines both the time
collision risk index (TCRI) and the space collision risk index (SCRI), as shown in Eg. (3):

u=u,-u, ©)

where u, u;, and u; denote the CRI, SCRI, and TCRI, respectively.

In this paper, the threshold value for u is set at greater than 0.2. Additionally, the OS, as the give-way
vessel, can also take proactive measures to avoid a collision. The associated collision risk is illustrated in
Figure 5.
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Fig. 5 Collision-risk determination

3. Ship course and speed control system

A ship generally has six degrees of freedom; however, this study focuses on the control of the ship’s
planar motion, while assuming that the effects produced by the ship’s transverse rocking, longitudinal rocking,
and pendulum swinging are negligible. In this study, the ship course and speed control system was established
by constructing a three-degree-of-freedom MMG model, while combining speed and course control methods.

3.1 Ship maneuvering motion model

In recent years, different mathematical models of ship maneuvering for displacement have been
proposed [31]. The motion of a ship generally has six degrees of freedom [32]; however, this study focuses
on the control of the ship’s planar motion, while assuming that the effects produced by transverse rocking,
longitudinal rocking, and pendulum swing are negligible. Considering external environmental factors, such as

6
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wind, waves, and current interference, we established the ship maneuvering motion model with the MMG
algorithm, as shown in Eq. (4):

(m+m )v+(m+m)ur =Y, +Y, +Y, +Y,,.

g Y

(m+mX)U—(m+my)vr:XH +Xp+ Xg+ X
(1,+3,)F =Ny +Ng+N,+N; s +N

d + Xwave (4)

win

win wave
where m, m,,, and m,, represent the mass of the ship and the additional mass generated along the x and y axes,
respectively. I,, and J,, represent the moment of inertia of the ship and additional moment of inertia,
respectively. The variables u, v, and r, along with their derivatives, correspond to the ship’s velocity and
acceleration in the x and y axes, as well as their angular velocity and acceleration. The symbols X, Y, and N
denote the forces and moments exerted on the hull, oar, and rudder along the x and y axes, respectively. The
subscripts H, P, R, wind, and wave indicate the effects of the wind and water flow on the hull, oar, and rudder,
respectively. The relevant parameters were calculated as described by [33] and the formula for solving the
wind-flow problem can be found in [34].

A Panamanian bulk carrier with a maximum load of 76,000 ton was selected as the OS native ship for
modeling; the ship parameters are listed in Table 2.

Table 2. Ship parameters considered in this study

Parameter Ship data
Name HUANG YANG DREAM
Displacement 90000 x 10 kg
Length 225m
Breadth 325m
Draft 145 m
Density of water 1000 kg/m
RPM (sea speed) 90 r/min
Cp 0.8715
Acreage of rudder 56.88 m?
Propeller advance 4,738 m

3.2 Ship course control method

Ship course-keeping is crucial for navigation efficiency and safety [35, 36]. PID is the most commonly
used control method within the engineering control field. The rudder angle is adjusted according to the
deviation (E) between the actual heading and the desired heading and its rate of change (EC), and the vessel's
heading is controlled by limiting the rudder angle to [-35°, 35°] through a limiting mechanism that ensures a
stable heading (see Figure 6).

The control law of rudder angle is shown in Eq. (4):

1 et
S(t) = K{E+fjo Edt+T,-EC (5)

where Kp, T;, and T, denote the proportional, integral, and derivative parameters, respectively. E is the system
error and EC is the rate of change of error; §(t) is the output of the PID.
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Fig. 6 Principle of proportional integral derivative (PID) automatic rudder

Conventional PID parameters are generally fixed and cannot be adjusted adaptively according to the
environment. By introducing the optimal control theory, the adaptive adjustment of PID parameters is realized.

To obtain the ship maneuverability indices K and T, Eq. (4) was transformed through Laplace
transformation, to obtain the second-order response model, as shown in Eq. (6):

{(m+ m, )su(s) = (Xr —(m+my)v0)r(s)+ X, V(s)+ X,(s)

(6)
(1, +3,)sr(s)=N,(s)+N,r(s)+N,5(s)
After the inverse Laplace transformation, the relationship among the yaw rate, lateral acceleration, and
rudder angle in the frequency domain can be transformed into a time-domain equation, as shown in Eq (7):

TTE+(T,+T,)f+r =K(5+T,5)

, . : (7)
TLU+(T,+T,)u+u=K, (5+T3u5)

where K, Ty, T,, and T are the ship maneuverability indices, and T = T; + T, — T;.

Thus, the ship maneuverability index was calculated from the hydrodynamic derivative in the MMG
model, an expression related to the ship speed. Thus, the ship maneuverability index is ultimately a function
of the ship speed (v).

The selection of a performance optimization function that considers both course maintenance and fuel
savings is expressed in Eq (8):

3 =1/ 2(@? + A57) 8)

where ¢, is the course deviation, and 1 is a weighting factor whose value is related to the magnitude of wind
speed. The relationship between A and wind speed is shown in [37].

To minimize the value of the quadratic performance optimization function in Eq. (9), the control law for
the rudder angle was solved using the linear quadratic nonstationary output theory:

11 2KT . |[ E
5:{ﬁi(l_ 1+T)ME} 9)

Then, ky, kq, and K; were calculated using Egs. (10-12):

1
=7 (10)
1 2KT
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The course-adaptive optimal control was realized based on the PID parameters derived in this study.

The adaptive optimal course control was implemented based on the aforementioned PID parameters. The
specific principles are illustrated in Figure 7.
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Fig. 7 Adaptive optimal proportional integral derivative (PID) controller

We compared the performance of the optimal PID controller designed in this study with that of a
conventional PID controller for a Panamanian bulk carrier (with a maximum full load of 76,000 tons)
(Table 2). The optimal PID controller simulated the ship's course using the established MMG model. The
range of the course change was set between [-30°, 30°], with the 1 value set to 0.1, and a step size of 1 second.
Movements to the left and right were considered negative and positive, respectively. Figure 8 presents a
comparison of the simulation results for both the optimal and conventional PID controls. Additionally, the
variations in velocity as a function of K and T are illustrated in Figure 8.
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ot —— PID or S
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(a)Time (s) (b)Time (s)

Fig. 8 Simulation of course control based on the (a) optimal and (b) conventional proportional integral derivative (PID) controls

The following conclusions were drawn from the course and rudder angle curves shown in Figure 8:

(1) As shown in Figure 8a, when the ship-course changes were minor, the optimal PID control algorithm
responded faster, overshot less, and converged more quickly than the traditional PID control algorithm.

(2) As shown in Figure 8b, the optimal PID control algorithm gently managed the rudder-angle changes

and responded more quickly, thereby enhancing the steering control of the ship. This may contribute to
improved maneuvering performance and navigation safety.
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Fig. 9 Variations in the curves of K and T with speed

Figure 9 portrays the change process of the ship speed and the K and T values during ship reorientation
in the optimal PID model; the figure verifies that the proposed course-control method could adjust the PID
parameters in real time, according to the ship speed.

3.3 Ship speed control method

In general, ships achieve speed variations by adjusting the propeller rotation speed. In practice, minor
changes in the propeller rotational speed have negligible impact on the effectiveness of collision avoidance.
Therefore, selecting a graded vehicle bell to issue speed commands is preferred. Considering the speed limits
specified in navigation rules, only the forward speed of the ship must be considered. Table 3 portrays the
experimental simulation of the ship’s telegraph and matching speed.

Table 3. Telegraph tachometer

Telegraph Rotation (r/min) Speed (kn)
Sea speed 93 14
Full ahead 85 13
Half ahead 70 10.5
Slow ahead 48 5
Dead slow ahead 35 3

If the vehicle command was issued at time t; and the time to complete the speed change was t,, with
propeller speeds before and after the speed change denoted as P; and P,, respectively, the propeller speed at
time t can be expressed as follows:

R, t<t
5 P, t>t, 13
"R +(t-t)xkt <t<t,, R<P, (13)
P—(t-t)xkt <t<t,, B>P
where k represents the rate of change of propeller speed, which, according to the length of the ship’s wheel,
was considered to be 0.25 r/s (based on the empirical data).

Based on the MMG model constructed from the ship’s parameter information shown in Tables 2 and 3,
we determined the true and modeled speeds of the ship (shown in Figure 10).

10
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Fig. 10 Comparison of ship speed to the Maneuvering Modeling Group (MMG) model’s speed

As shown in Figure 10, the red and green lines represent the actual ship speed and the ship speed
according to the MMG maodel, respectively. The difference between the two is insignificant, and the accuracy
satisfies the requirements for ship maneuverability predictions. The blue and yellow lines denote the changes
in the ship and propeller speeds during the deceleration of the experimentally simulated ship from full to half
speed, showing obvious nonlinear changes.

4. Navigation decision-making method in wide inland waterways

In open seawater, course alteration is the most effective action for collision-avoidance. However, in
inland waters, owing to the channel-width and water-depth restrictions, single steering cannot ensure the safe
navigation. Therefore, in this study, we considered the scenarios of ships navigating inland waters and
proposed a navigation decision-making method based on navigation rules, channel environment, and good
seamanship. This method involves the alteration of course, change in speed, or a combination of both.

In a temporally varying navigational environment of wide inland waterways, the information of target
ships and environmental information are acquired in real time, with the preferred step-size being 1s. By
analyzing the sources and systematic errors, we constructed a navigation decision-making framework based
on time-sequence scrolling that is continuously compensated for, with updated errors. Furthermore, we
searched for the optimal decision scheme at the current moment, and executed it cyclically.

4.1 Collision-avoidance decision-making methods

4.1.1 Encounter-situation identification model

Ships should take appropriate collision-avoidance actions in different encounter situations, as stipulated
by the navigation rules. Therefore, we proposed a method for identifying ship encounter situations consistent
with these rules and good seamanship for the characteristics of inland TSS waters.

In addition to stipulating the responsibilities and obligations of the two ships in collision-avoidance
actions when there is a danger of collision, the navigation also included special provisions for the mouth of a
branching estuary. Eq (14) can be used to determine whether a ship is in a branching estuary (see Figure 11):

0= (X=X )x (Y =Y = (Y =Y ) x (X = X)
p= (X, = X )x(Y) =Y 4) = (Y =Y, )x (X7 = X.)
a= (X, = X)x (Y =Y) = (% =Y )x (X = X)

r=(Xg = X)x (=Y = (=Y )x (X = X{)

(14)

11
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where (X%,Y}) denote the coordinates of the kth section of the mouth of the branching estuary; (X?,Y,)
denotes the OS position at time t; o, p, g, and r denote the judgment coefficients. Notably, TS is considered to
be in the mouth section of the branching estuary only if o, p, g, and r are simultaneously greater or less than

0.
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N 7
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Fig. 11 Diagram of the segment considered in this study

To clarify the encounter situations between ships, we developed a method to assess ship encounters by
analyzing navigation rules and principles of good seamanship, with a focus on the difference between the
traffic flow direction and the ship’s course. An encounter-situation identification model was also created for
the study area. Using this model, the type of encounter between the OS and TS that demonstrated the highest

CRI was identified (see Table 4).

Table 4. Encounter situation identification model

Type Situation Conditions
Overtaking lp — o9l <5°|pl —pi| <5 m=n
Head-on lpf — ol <5 ot —@h| <5 m=#n
Danger Traverse 192 — 98| <5°85° < |pi — k| < 95°
Crossin Not constituting overtaking, head-on, Branching Estuary,
g Traverse situations
Branching Estuary lpf — @] <5°
No Danger /

When danger exists, the courses of the OS and TS are ¢? and ¢!, respectively. The main streams of the
corresponding ship’s section are @3, and ¢}, respectively, where m and n represent the numbers of upward
and downward shipping routes, respectively. The process of identification of the encounter situation is similar
to that shown in Figure 12.

As shown in Figure 12, if the OS tracks the planned route, it will be in danger with TS1, TS2, TS4, and
TS5, identified as overtake, crossing, branching estuary, and traverse situations, respectively, according to the
encounter identification model.

12
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Fig. 12 Encounter-situation identification. Abbreviations: own-ship (OS), target-ship (TS)

4.1.2 Collision-avoidance actions: Changing speed and altering course

The OS can employ different maneuvers, such as altering the course, altering the speed, or combining
both, to avoid collisions. If there is a risk of collision, the TS with the highest collision risk at that moment
can be calculated. The calculation involves determining the alteration in the course angle and speed
adjustment. The priority sequence for the collision avoidance actions is as follows: altering the course, altering
the speed, and combining both. The steps for determining this are as follows:

(1) Relying solely on course alterations: According to the navigation rules, when relying solely on the
alteration of the course, all feasible courses of the OS can be represented as shown in Eq. (15):

C,, =C,ta,l <a<30 (15)

where C,;,, is the target course, and C, is the initial course; « is the reorientation angle, ranging from 1°- 30",

C,im to the course and speed control system can be input and whether the target ship and other
obstructions (outer boundaries of the channel, beacons, shoals, etc.) would enter the ship’s field can be
verified. At this time, C,;,, represents the target course for the sole alteration of course, and a is the minimum
reorientation angle. If not all reorientation angles are feasible, Scheme (2) is adopted. If the OS domain reaches
the TSS channel boundary line, the course is updated in the direction of the channel boundary line for the
current segment.

(2) Relying solely on speed changes: Based on the performance of the main engine, the achievable RPM
of the ship can be expressed using Eqg. (16):

Naim :NOiAN’Naim EI:NS’NF] (16)

The target RPM N,;,,, and target course C,;,, from the route-tracking method are input into the course
and speed control system. Whether each RPM setting is feasible for evasion is gradually verified. The plan
with the smallest RPM adjustment magnitude is considered to be the optimal evasion plan, solely relying on
speed adjustment. If none of the RPM settings are feasible, Scheme (3) is adopted.

(3) Alteration of course and speed: Based on the C,;,, and propeller speed N,;,, of the OS listed in (1)
and (2), the RPM setting is incrementally adjusted starting from the smallest alteration angle. C,;,, and N,
are input into the course and speed control system, sequentially verifying whether the TS and other obstacles
could enter the OS domain. The combination of the smallest alteration angle and RPM adjustment is
considered the optimal evasion plan. Manual intervention is required if an effective plan is not established.
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4.1.3 Collision-avoidance decision-making methods for wide inland waterways

For motorized ships operating under an OS in the direction of traffic flow in the study waters, the
following conditions must be met:

(1) Ships must travel within the prescribed navigable subchannels or lanes

(2) Ships entering and exiting the mouths of branching estuaries, tributaries, and dedicated waterways
should actively avoid traveling normally within the prescribed navigable subchannels and recommended
routes

(3) Large ships with low speeds in navigable subchannels should travel along the right edge of the
subchannels as far as possible and enter the recommended routes for navigation if safety is guaranteed

(4) Compliance with rules for Preventing Collisions on Inland Waterways of the People’s Republic of
China

To determine the encounter situation, we introduced the situation recognition model, and the avoidance
relationship between the two motorized ships was determined according to the encounter situation, as shown
in Figure 13.
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of tracking the planned route collision risk?

Y
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by altering speed?
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side| | OS turns to starboard.
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and alters to starboard

Fig. 13 Flowchart portraying collision-avoidance process for wide inland waterways

4.2 Route-tracking decision-making method

After addressing the problem of ships deviating from their routes and tracking their routes after
avoidance was completed, a line-of-sight (LOS) guidance algorithm was introduced (see Figure 14). The ship
was controlled to sail along the planned route by deriving its target course, while tracking the desired course
point. To calculate the course of the ship, the y axis of the coordinate system was in the north direction, and x
axis was in the east direction; the ship course was the angle between the bow and north directions.
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Fig. 14 Schematic of line-of-sight (LOS) guidance

As shown in Figure 14, the desired course point P,os = (X105, V1.0s)T Was at a distance of nLpp from
the projection point of the ship on the desired track, where Lpp is the length of the ship, and n ranges from 2
to 5. A represents the ship’s visibility distance. The desired course angle is expressed as Eq (17):

a, = a, +arctan [_Xej @an

where a4 represents the desired course angle of the ship, e denotes the lateral tracking error of the ship, and
a; is the angle between the true north direction of the geographic coordinate system and the desired track line.
Note that P, Py41, 3 represents the current course angle of the ship, and R is the ship’s advance turning
distance. The course angle deviation is denoted by ..

If the ship position coordinate is (x,,v,), the desired course point of tracking at this time is
Py = [xy, y,]", and the desired course angle is a4, as obtained from the aforementioned guidance algorithm;
thus, the ship’s course angle deviation will be: ¥, = ay — 1. Note that 1), can be transmitted to the adaptive

optimal course control system, which will compute the corresponding rudder angle &, and transmit it to the
ship motion model. Simultaneously, the ship course and position are updated and fed back to the guidance
algorithm, relying on a closed-loop data iteration to ensure that the ship tracks the course stably.

The principle of the tracking method is illustrated in Figure 15.

X» Yy [ LOS guidance | ¢LOS —— Adaptive Optimal
— J Pe=PLOS = Pnow %
F N

algorithm Course Control System
F
0
A 4
Xikatr Yirkat Pnow Ship Motion
Model(MMG )

Fig. 15 Principle of path tracking method

In Figure 15, (x;, y;) denotes the OS position at moment t and (X¢4xa¢, Ve+xar) denotes the OS position
at moment ¢t + kAt, where k is a positive integer and At is the step size. When v, tends to 0, the ship sails
toward the target course point. When the ship is less than a set distance R from the next desired course point,
it automatically switches to track the course point.

The maneuvering scheme can be solved at any t moment, and the OS can be avoided. Simultaneously,
the target course can be calculated according to the course-tracking method and dead reckoning of the ship’s
position. If there is no danger, the course-tracking program is executed. The specific timing of the course
tracking is solved using the method shown in Figure 16.
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Fig. 16 Calculating the time to route tracking

4.3 Navigation decision-making method based on the error correction

In autonomous ship navigation, environment sensing is the key to navigation decision-making.
Environmental sensing monitors the motion states of dynamic and static objects, to provide basic information
for decision-making; however, the errors in sensing, uncertainties in the ship’s motion model, and variations
in control parameters can lead to errors. These errors can be reduced by selecting suitable mathematical
models, improving sensor accuracy, and optimizing controller parameters. Notably, minor errors will still
exist. These errors are defined as residual errors and can be compensated for by designing an adaptive feedback
correction system.

The adaptive navigation decision-making system calculates the navigation decision of time t based on
the navigation information of t 4+ At times, to ensure the safety of navigation within the time of At. The
decision-making within each At cycle is updated according to the real-time navigation information, to
compensate for the decision error in At. Note that At is maintained in a suitable range. Thus, even if errors are
present, they can be maintained within a controllable range through continuous updates.

Based on the aforementioned concepts, a time-sequenced rolling adaptive navigation decision
framework was constructed in this study. Information on the ship and traffic environment was the input, and
the time-sequence maneuvering scheme of the ship was the output. We acquired the dynamic and static target
information with the step size At, with At being 1s, to judge its motion state in real-time, analyze the
navigation posture, conduct feedback regulation, and execute the maneuvering scheme. The decision-making
process is shown in Figure 17, with the following steps:

(1) Construct a digital transportation environment.

(2) Input information about the target ship, other object markers, navigation channel, and movement
state of the ship.

(3) Based on the dead-reckoning method, the positions of the OS and TS are estimated, collision risks
are assessed, and a maneuvering scheme under the navigation rules is determined. If no risk is detected, the
route tracking method is used to calculate the target course and speed, while inputting these data into the
course speed control, and assessing the safety of route tracking. Whether safe or not, execute the route-tracking
program; otherwise, execute the current program.

(4) Update information and repeat (2) to (4).
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The steps were based on the time-sequence rolling calculation method, which rapidly updated the
navigation information and compensated for the effects of residual errors on the maneuvering plan. In practice,
if a ship does not comply with the navigation rules, the OS will immediately update its decision-making
scheme based on its movements, until safety is assured.

5. Case study

A Python-integrated development environment was used for the simulations. In the experiment,
(22°5'.27N, 114°17'.54E) was considered as the origin of XOY.

5.1 Environment setup

Wind, waves, currents, and other external meteorological conditions directly affect the tracking accuracy
of routes and collision-avoidance decision-making programs. The real-time wind, wave, and current data of
the section from the Liuhe River to the Jiangyin Bridge from 1600 to 1800 on September 17, 2023, are shown
in Table 5. Considering that the water environment was relatively closed and the draught and displacement of
the ship were relatively large in deep-water waterways, the impact of waves on the ship’s voyage in the study
area was relatively small, and thus, the effects of waves were not considered.

Table 5. Simulation environment

\ Wind Wind Direction Current Current Direction
Unit Speed (m/s) Direction (°) Speed (m/s) Direction (°)
Data 2.1 313 0.2 150

To verify the feasibility of the proposed ship navigation decision-making method, we used real-time
AIS data of the section from the Liuhe River to the Jiangyin Bridge from moment of 1400 to 1600 on
September 17, 2023, to conduct simulation experiments (Figure 18).In order to ensure the completeness and
usability of the ship trajectory data and provide reliable data for subsequent studies, the missing data and short-
range sparse trajectories are repaired by linear interpolation, which is not the main task of this study, and the
specific method can be referred to [38].

17



L. Xu et al. Brodogradnja Volume 76 Number 2 (2025) 76201

Fig. 18 Traffic flow for selected time periods

5.2 Simulation scenario

The environmental settings used in the simulation experiment are listed in Table 6. The OS position was
(121°19.224'E, 31°33.759'N), OS course was 319°, and velocity was 6.5 m/s. Simulation experiments were
conducted using processed AlS data indexed by time, with a step size of 1 s. The simulation results are shown
in Figures 19-23.
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Figure 19 illustrates the simulation experiment from 1s to 1200 s. At T =5 s, a danger was identified,
marking an overtaking situation. To avoid a collision, the OS adjusted its course by 5° to port. At T =755,
the OS altered its course by 11° to starboard to align with the recommended traffic flow. At T =302 s, the OS
made a further course adjustment of 22° to starboard, after determining that it was safe to continue tracking
the route. At T =515 s, danger was detected, and the CRI for TS2 exceeded 0.2, indicating a branching estuary.
The OS changed its course by 5° to starboard to avoid a collision. At T = 652s, the OS adjusted its course by
12° to port to follow the traffic flow recommendation. At T = 838 s, a further course change of 38° to port was
made after confirming the safety of the route.

Figure 20 shows the simulation experiment from 1622 s to 3600s. At 7= 1622s, a danger was calculated,
indicating a traverse situation. To avoid a collision, the OS altered its course by 5° to starboard and reduced
speed from full ahead to half ahead. At 7= 1755 s, the OS changed its course by 5° to starboard to follow the
traffic flow. At 7= 1844 s, the OS adjusted its course by 5° to port and increased speed from half ahead to full
ahead after determining the route was safe. A new danger was identified at 7" = 3070 s, signaling another
overtaking scenario. The OS altered its course by 5° to starboard to avoid collision, and at 7 = 3275 s, the
course was adjusted by 20° to port to track the route.

Figure 21 shows the simulation experiment from 5008 s to 5413s. At 7= 5008 s, a danger was identified,
marking an overtaking situation. The OS adjusted its course by 5° to starboard to avoid a collision. At
T'=5148 s, the OS altered its course by 13° to port to align with the recommended traffic flow. At 7= 5274 s,
the course was adjusted by 29° to port to track the route. Danger was detected again at 7= 5375 s, leading to
a 5° starboard adjustment to avoid a collision. Finally, at 7= 5413 s, the OS altered its course by 3° to stay on
the planned route.

The course and speed of the OS throughout the voyage are shown in Figure 23. The OS could navigate
safely in wide inland waterways by changing course, changing speed, and adopting a combination of changing
course and changing speed.

Figure 22 depicts the change in CRI between the OS and dangerous TS in this simulation experiment.
The CRI of TS5 was reduced to 0 at 5148 s, due to the collision-avoidance decision. Although the CRI
increased sharply until 5375 s, it remained <I. This was because TS5 was driven by AIS data and did not
consider the motion state of the OS. At this time, the situation involved overtaking TS5, which was close to
the OS, creating a collision risk and causing the CRI to approach 1. However, it did not enter the OS ship
domain. The subsequent maneuvering decision also reduced the CRI to 0.

6. Conclusion and future prospects

A course and speed control system was established by constructing a situational awareness model to
solve the navigation decision-making problem for a channelized system of wide inland waters. By considering
the water environment, navigation rules, constraints of good seamanship, and closed-loop concept of time-
sequence rolling, a variable-speed navigation decision-making method for wide inland waters was proposed.
This method takes the time-varying dynamic and static environmental information of the waters as the input
to the decision-making framework, and through the constructed situational awareness model and navigation
decision-making method, based on the principle of time-sequence rolling optimization and fast calculation,
dynamically adapts to the residual error of the system and the random motion of the target ship, and calculates
the navigation risk and the maneuvering decision that conforms to the good seamanship and navigation rules
in real-time. Simulation experiments were conducted using real-time AIS data. The results of the experiments
showed that it could effectively ensure the safety of ship navigation and track the route in time.

However, despite its promising theoretical results, this approach primarily focuses on simulations,
leaving several critical practical challenges unexplored. In practical applications, navigation systems often
face issues like system latency, sensor errors, and data communication delays, which could impact the
timeliness and accuracy of decision-making. Sensor inaccuracies, including GPS drift or radar interference,
could compromise situational awareness, potentially leading to incorrect navigation decisions. Moreover, this
system does not currently account for unavoidable emergencies, including sudden mechanical failures, engine
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loss of control, or situations requiring rapid deceleration or reversing. Addressing these issues is imperative
for ensuring the effectiveness and reliability of the system in real-world applications. Additionally, this study
does not consider the potential coupling effects of shallow water, wind, and current interactions, which can
significantly influence a ship's maneuverability, especially in narrow or shallow inland waterways. Real-world
conditions often involve complex, nonlinear interactions between environmental factors and ship dynamics,
which are difficult to replicate in simulations fully. Incorporating these factors into the model would enhance
its applicability and accuracy in real-world navigation scenarios.

Future research ought to focus on extending the adaptability of the proposed method to various waterway
types and navigational environments. Exploring its performance in diverse conditions-such as varying traffic
densities, different geographic regions, and dynamic weather patterns-would provide a more comprehensive
understanding of its practical limitations and potential improvements. Augmenting the model's capability to
integrate data from heterogeneous sources, such as weather forecasts, real-time ship behavior, and historical
navigation data, could improve its decision-making accuracy and robustness. Meanwhile, future work must
explore the development of an integrated testbed that combines simulation with real-world experimentation.
Such an approach would enable the evaluation of system performance under realistic conditions, providing
valuable feedback for improving the model and ensuring its practical effectiveness. By addressing these
practical challenges and extending the model's adaptability, the proposed approach can be developed into a
reliable tool for autonomous navigation and collision avoidance in inland waters, contributing substantially to
the safety and efficiency of maritime transportation.
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