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Based on our previously developed ship collision avoidance steering system, this paper devel-
ops a more extensive collision avoidance decision-making system for non-uniformly moving
ships. A real-time simulator based on the Six-Dimensional (6D) Manoeuvring Modelling Group
(MMG) model is used to simulate the ship’s motion. To validate the manoeuvring mathemat-
ical model, sea trial measurements of a container ship (C-3) have been selected. This study
incorporates Nomoto’s second-order model into a numerical model to calculate the turning char-
acteristics of the ship. The manoeuvring indices of Nomoto’s model are the knowledge base of
the simplified ship simulation model. To verify the ship collision avoidance system with respect
to different traffic factors, simple and complex collision avoidance cases have been designed
in fast-time simulations with multi-ship encounter conditions. The simplified simulation model
developed here can quickly determine the helm angle when the ship makes a collision avoidance
manoeuvre, which is helpful for the safety of ship navigation in heavy traffic areas.
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1. INTRODUCTION. Prediction tools have been widely used and accepted for navi-
gation guidance for ship manoeuvring planning and ship collision avoidance at sea. Some
products such as the trial manoeuvre mode in Automatic Radar Plotting Aids (ARPA) or the
curved headline overlay in the Electronic Chart Display and Information Systems (ECDIS)
are simple and based solely on the current ship motion information (Benedict et al., 2008).
Benedict et al. (2008) developed a prediction tool to simulate a ship’s motion with com-
plex dynamic models in fast-time and display the ship track with the effects of rudder or
engine manoeuvres. This tool offered significant assistance to the ship operator or pilot to
assist in avoiding a ship collision. However, considerable computational work is needed
for fast-time simulation on board a ship. To reduce the time taken to predict ship motion
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at sea, Fang and Yu (2009) applied a simplified equation of the motion model proposed by
Nomoto et al. (1957) to describe the turning characteristics of a large container ship. This
simplified model offers accurate predictions when using small rudder angles; however, it
cannot represent the nonlinear phenomenon in the initial turning rate histories when the
rudder angle is over 10◦ (Fang and Yu, 2009).

Simulation techniques can be used to rapidly predict or assess manoeuvring performance
during initial ship design, and they offer significant advantages over competing techniques,
such as free-running model tests and sea trials. The related hydrodynamic coefficients in
a simulation can either be obtained by model tests or theoretical calculations based on
potential theory or Computational Fluid Dynamics (CFD) techniques. Another practical
tool is the database method, which is expressed by a simple formula for the hydrodynamic
coefficients. Many related research studies have been carried out over the last few decades.
For example, Norrbin (1971) introduced the equation of motions, Inoue et al. (1981), Clarke
et al. (1983), and Kijima (1990) proposed the hydrodynamic coefficients, Oltmann (2003)
focused on the hydrodynamic damping derivatives and Sugisawa and Kobayashi (2011)
developed steering control. Tam et al. (2009) reviewed many collision avoidance and path
planning methods for ships in close-range encounters. Most previous research has focused
on the techniques of the ship domain and path planning methods based on the danger zones
with velocity vectors and closest passing distances.

This study adopts the second-order equation of motion model proposed by Nomoto
(1957) to represent the turning characteristics of a large container ship. Real-time sim-
ulations of a large container ship entering Kaohsiung second harbour with and without
Nomoto’s second-order model have been carried out by four navigation mates (Fang and
Tsai, 2014). The real-time simulations of the large container ship that entered Kaohsiung
second harbour with Nomoto’s second-order model showed a significant improvement in
the manoeuvring of the ship. This paper extends the earlier well-developed ship collision
avoidance steering system (Fang and Tsai, 2014) to perform a simulation of non-uniformly
moving ships and develop a procedure for collision avoidance decision making. Finally,
this study expects to show some significant improvements for predicting the helm angle
for ship collision avoidance of large container ships using Nomoto’s second-order model
with large rudder angles. This simplified manoeuvring model based on the database of
manoeuvring parameters is proved to be effective at finding the optimal helm angle for ship
collision avoidance in heavy traffic areas.

2. MATHEMATICAL MODEL. To investigate the six degrees of freedom in the
manoeuvring of a ship, this study uses the Six-Dimensional (6D) manoeuvring mathe-
matical techniques based on the Manoeuvring Modelling Group (MMG) model developed
by Fang and Luo (2006). The United Ship Design and Development Centre (USDDC)
Manoeuvring System (UMS) is a research version, real-time simulator developed by the
Ship and Ocean Industries Research and Development Centre (SOIC), National Taiwan
Ocean University (NTOU), and National Cheng Kung University (NCKU) in Taiwan
between 2007 and 2011 (Fang et al., 2012). This 6D mathematical model provides the sea-
keeping and manoeuvring characteristics and the hydrodynamic coefficients are estimated
using an empirical formula. We have developed a database based on published papers and
sea trial measurements. The three coordinate systems shown in Figure 1 are used to describe
the mathematical model. The coordinate system O − X0Y0Z0 is fixed on the calm water sur-
face and is used to describe the incident waves. The body coordinate system, G − xyz, with
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Figure 1. Global coordinate system (UMS).

its origin at the ship’s centre of gravity moves in line with the ship’s motion. The horizon-
tal body coordinate system, G − x′y ′z′, is also fixed at the ship’s centre of gravity, but the
Gx′y ′ plane is parallel to the OX0Y0 plane.

The horizontal body coordinate system is used to describe the equations of motion.
Equations of motion with six degrees of freedom for the ship in waves can be written as
below (Fang and Luo, 2006),

m(u̇ − vψ̇) = (my − Xvψ̇ )vψ̇ − mxu̇ − mzwθ̇ + XFK + XRF + T(1 − tp ) − R (1)

m(v̇ − uψ̇) = −mxuψ̇ − my v̇ − Yvv + Yψ̇ ψ̇ + Yv|v|v|v| + Yv|ψ̇ |v|ψ̇ |
+ Yψ̇ |ψ̇ |ψ̇ |ψ̇ | + YFK + YDF + YRF (2)

mẇ = −mzẇ − Zww + Zθ̈ θ̈ − Zθ̇ θ̇ − Zθ θ + ZFK + ZDF + mg (3)

Ixxφ̈ − Ixx θ̇ ψ̇ = Jxx θ̇ ψ̇ − Jxxφ̈ − Kφ̇ φ̇ + (Yvv − Yψ̇ ψ̇)ZH + KFK + KDF + KRF (4)

Iyy θ̈ + Ixxψ̇φ̇ = −Jxxφ̇ψ̇ − Jyy θ̈ − Mθ̇ θ̇ + Mθ θ − Mẇẇ − Mww + MFK + MDF (5)

Izzψ̈ − Ixx θ̇ φ̇ = Jxx θ̇ φ̇ − Jzzψ̈ − Nv̇ v̇ − Nvv − Nψ̇ ψ̇ + Nψ̇ |ψ̇ |ψ̇ |ψ̇ |
+ Nvvψ̇v

2ψ̇ + Nvψ̇ψ̇vψ̇
2 + Nφφ + Nv|φ|v|φ| + Nψ̇ |φ̇|ψ̇ |φ|

+ (−Yvv + Yψ̇ ψ̇ + Yv|v|v|v| + Yv|ψ̇ |v|ψ̇ | + Yψ̇ |ψ̇ |ψ̇ |ψ̇ |)xH

+ NFK + NDF + NRF (6)

2π Ipp ṅ = QE − QP (7)
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where m and I are ship mass and mass moment of inertia, respectively. X , Y and Z are exter-
nal forces with respect to surge, sway and heave and K , M and N are external moments,
with respect to roll, pitch and yaw. u, v and w are surge, sway and heave velocities, respec-
tively, and φ, θ and ψ are roll, pitch and yaw displacements, respectively. In Equations
(1)–(7), the related sectional added mass and damping coefficients can be calculated using
the Frank close-fit method. The (my − Xvψ̇ ) term can be written as Cmmy , and Cm is approx-
imately 0.5–0.75. The mx, my and mz terms represent the added masses with respect to x,
y and z axes respectively, and Jxx, Jyy and Jzz represent the added moments of inertia with
respect to x, y and z axes, respectively. The manoeuvring derivatives of the sway and yaw
motions can be estimated using empirical formulae (Inoue et al., 1981). The terms IPP, QE ,
QP represent the moment of inertia of the propeller-shafting system, the propeller torque,
and the main engine torque, respectively. The subscripts FK , DF and RF represent the
Froude-Krylov forces, the diffraction forces and the rudder forces, respectively.

To build the simplified model, we first assume that the ship’s motion simulation excludes
environmental factors such as the wind, current and waves, by using the UMS. Addition-
ally, we incorporate the second-order equation of motion proposed by Nomoto (1964) into
the numerical model to investigate the turning characteristics of the container ship. The
second-order model is given as follows:

T1T2r̈ + (T1 + T2)ṙ + r = Kδ + KT3δ̇ (8)

where K , T1, T2, and T3 are the manoeuvring indices, r is the turning rate, and δ is the rudder
angle. The solution of turning rate r can be solved as

r(t) = Kδ
{

1 − T1 − T3

T1 − T2
exp

(
− t

T1

)
− T3 − T2

T1 − T2
exp

(
− t

T2

)}
(9)

3. COMPUTATIONAL RESULTS AND DISCUSSIONS. To validate the manoeu-
vring mathematical model, we selected the sea trial measurements of the C-3 container
ship. During the sea trial, the C-3 container ship was in the ballast condition, and the wind
was in the range of two to four on the Beaufort scale. The sea trial of ship C-3 was carried
out in the Taiwan Strait. The International Maritime Organization (IMO) has established
standards of ships’ manoeuvring characteristics (IMO, 2002) to ensure minimum safety
standards. The turning ability is the measure of the ability to turn the ship using 35◦ rud-
der angles. The criteria of advance at a 90◦ change of heading should not exceed 4.5 ship
lengths, and the criteria of Tactical Diameter (TD) defined by the transfer at a 180◦ change
of heading should not exceed 5.0 ship lengths. Table 1 shows the principal particulars of
the container ship.

Figures 2 and 3 show the trajectory for 35◦ rudder starboard and port turns of the con-
tainer ship in deep water conditions. Figure 2 shows the starboard turning trajectory of
the C-3 container ship travelling at 26.7 knots. It is observed that the difference between
simulation results and the sea trial measurements is small for the tactical diameter of the
ship; the sea trial measurement is 1,451 m, whereas the numerical simulation is 1,435.1 m
when the change of ship heading is 180◦. Small discrepancies are also found in advance
simulation, that is, the sea trial measurement is 1,125 m, whereas the numerical simulation
is 1,189.6 m when the change of ship heading is 90◦.

Figure 3 shows the port turning trajectory of the C-3 container ship travelling at 27.16
knots. The simulated tactical diameter is 1,428.9 m, and the measured tactical diameter
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Table 1. Principal particulars of the C-3 container ship.

Length Overall (LOA) (m) 333.2
Length Between Perpendiculars (LBP) (m) 318.2
Breadth Moulded (m) 42.8
Block Coefficient (Cb) 0.56
Draft at Aft Perpendicular (m) 10.08
Draft at Forward Perpendicular (m) 3.75
Rudder rate (◦/sec) 3.0

Figure 2. Trajectory of 35◦ starboard turn for C-3 container ship.

is 1,336 m when the change of ship heading is 180◦. Larger discrepancies are observed
when the heading change is over 270◦; however, the discrepancies in simulated advance
are small; the sea trial measurement of advance is 1,204 m, and the numerical simulation
is 1,185 m when the change of ship heading is 90◦. All results satisfy the IMO standards,
and are shown in Table 2.

Table 2 shows the validation results of the turning circle test. Good correlations are
found in the initial turning stage when the change of the ship’s heading is within 90◦. How-
ever, when the simulation approaches the steady turning situation, the nonlinear behaviours
of the ship turning are observed from the sea trial measurements. This may come from the
hydro-meteorological factors. As this paper focuses on emergency collision avoidance, the
results of the initial turning stage have been adopted.

Figure 4 shows the starboard turning rate histories of the C-3 container ship travelling at
26.7 knots. The numerical simulation is validated by the sea trial measurements. The sim-
ulated steady turning rate is 0.637◦/sec, whereas the measured one is 0.690◦/sec. Excellent
agreement is found in the initial turning stage, whereas small discrepancies exist in the final
stage, which may be due to the drift effects of currents during the sea trial.
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Figure 3. Trajectory of 35◦ port turn for C-3 container ship.

Table 2. Comparison of turning circle test of the C-3 container ship.

Sea Trial results UMS results

Port Advance 1204 m 3.78 LBP 1185.9 m 3.73 LBP
Transfer 468 m 1.47 LBP 608.32 m 1.91 LBP

T. Diameter 1336 m 4.20 LBP 1428.9 m 4.49 LBP
Starboard Advance 1125 m 3.54 LBP 1189.6 m 3.74 LBP

Transfer 543 m 1.71 LBP 609.5 m 1.92 LBP
T. Diameter 1451 m 4.56 LBP 1435.1 m 4.5 LBP

Figure 5 shows the port turning rate histories of the C-3 container ship at 27.16 knots.
Similar to the starboard case in Figure 4, the numerical simulation is well validated overall,
except in the final stage. The simulated steady turning rate is 0.635◦/sec, and the measured
one is 0.746◦/sec. Small discrepancies in the final stage might also come from current drift
effects during the sea trial.

Figure 6 investigates the starboard heading change histories of the C-3 container ship at
26.7 knots. The simulation results agree overall with the sea trial measurements, especially
in the initial turning stage. Figure 7 shows the port heading change histories; the numerical
simulation is also validated well overall, except in the final stage.

Figures 8 and 9 show the starboard and port turning speed histories, respectively.
Agreements are found between the numerical simulations and the sea trial measurements.

The manoeuvring derivatives of the sway and yaw motions are obtained from the val-
idation of turning sea trial at design speeds. These manoeuvring derivatives have been
assumed to keep constant in the present MMG model for different speeds. This may cause
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Figure 4. Turning rate of 35◦ starboard turn for the C-3 container ship.

Figure 5. Turning rate of 35◦ port turn for the C-3 container ship.

some discrepancies at slow speeds due to the limitation of sea trial data, but the per-
formances of resistance, propeller torque and rudder force of the C-3 container ship are
modelled from the experimental data in the simulator for all speed ranges. This is a practi-
cal solution for a ship simulator, together with having an experienced sea captain to work
with us to adjust the ship performance at slow speeds, due to the limitation of sea trial data.
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Figure 6. Heading change of 35◦ starboard turn for the C-3 container ship.

Figure 7. Heading change of 35◦ port turn for the C-3 container ship.

Based on the above validation of the turning characteristics of the C-3 container ship,
a series of related numerical results are obtained using the UMS program with respect to
varied rudder angles and forward speeds. These findings are summarised in the following
part of the paper.
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Figure 8. Speed histories of 35◦ starboard turn for the C-3 container ship at 26.7 knots.

Figure 9. Speed histories of 35◦ port turn for the C-3 container ship at 27.16 knots.

Figures 10 to 15 show the simulation results of the starboard and port turning charac-
teristics of the C-3 container ship with respect to three forward speeds (14.55, 20.12 and
26.7 knots) and seven rudder angles ranging from 5◦ to 35◦. The results in these six figures
show that all tactical diameters, advance responses, and transfer responses decrease with
the rudder angle, and the effect of speed is not significant.
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Figure 10. Tactical diameter of starboard turn for the C-3 container ship.

Figure 11. Tactical diameter of port turn for the C-3 container ship.

The manoeuvring indices, K, T1, T2 and T3, can be obtained from the numerical simu-
lations of turning rate histories using Equation (9) and the regression technique. Figure 16
shows an example of turning rate histories at a 20◦ starboard turn obtained from the
simulations of the C-3 container ship with varied speeds (14.55, 20.12 and 26.7 knots).
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Figure 12. Advance of starboard turn for the C-3 container ship.

Figure 13. Advance of port turn for the C-3 container ship.

The K value can be obtained from the numerical simulations using the two-dimensional
regression technique with respect to three forward speeds (14.55, 20.12 and 26.7 knots) and
rudder angles (5◦ to 35◦), as below:

K = 0.002679 + 0.003435U − 0.000793 ln δ · U (10)
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Figure 14. Transfer of starboard turn for the C-3 container ship.

Figure 15. Transfer of port turn for the C-3 container ship.

where U is the ship speed and δ is the rudder angle. Figure 17 shows the two-dimensional
regression model of the K value based on the numerical simulation results of the UMS
program.
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Figure 16. Turning rate histories of a 20◦ starboard turn for the C-3 container ship with varied speeds.

Figure 17. Regression model of K value for the C-3 container ship.

The manoeuvring indices, T1, T2 and T3, are solved by MATLAB software using
the Newton-Raphson method to solve the nonlinear equation and the data obtained from
numerical simulation. Then, we use the two-dimensional regression technique with three
different forward speeds (14.55, 20.12 and 26.7 knots) and rudder angles (5◦ to 35◦) to

https://doi.org/10.1017/S0373463317000923 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463317000923


850 MING-CHUNG FANG AND OTHERS VOL. 71

Figure 18. Regression model of T1 value for the C-3 container ship.

obtain the following equations:

T1 = 60.0147 − 1.6614δ − 2.5329U + 0.0325δU + 0.0237δ2 + 0.035U2 (11)

T2 = −170.860236 + 5652.188596/U + 58.890545 ln(δ) − 1401.216267 · ln(δ)/U (12)

T3 = −88.563572 + 3262.016155/U + 4.783375δ − 76.527108δ/U (13)

where U is the ship speed and δ is the rudder angle. Figures 18 to 20 show the two-
dimensional regression model of T1, T2 and T3 values based on the numerical simulation
results of the UMS program.

The turning rate histories of the large container ship can then be obtained based on the
Nomoto second-order model with the calculated values of K, T1, T2 and T3 from Equations
(10) to (13).

Based on the study of Fang and Tsai (2014), the ship’s collision avoidance steering sys-
tem can effectively predict the ship’s manoeuvring at low speed with large rudder angles.
When the ship enters a harbour at low speed, the captain usually orders large rudder angles
to manoeuvre the ship according to his experience. In this study, we assume that the effec-
tive collision avoidance rudder angle is at least 10◦ for the simulations in the traffic area.
The safe domain of the ship is assumed to be 300 metres along the side of the moving
ships. This figure is to some extent arbitrary, and is set for heavy traffic areas and would
need adjusting for more open sea. The proposed ship domain is an ellipsoidal shape at
the centre of the ship (Fujii and Tanaka, 1971). The acting time of the rudder will be at
least 1.0 nautical mile in advance of the own ship to the moving ships in the traffic area.
If the distance to the target ships at the action time is less than 1.0 nautical mile, the ini-
tial rudder angle is 10◦. However, if the final prediction of the rudder angle is over 35◦,
when the advance distance is 1.0 nautical mile, the ships will collide. To enhance the ship
collision avoidance system with respect to different traffic factors, simple and complex
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Figure 19. Regression model of T2 value for the C-3 container ship.

Figure 20. Regression model of T3 value for the C-3 container ship.

collision avoidance cases are selected to validate the presented simplified ship collision
model, which is helpful for navigators in selecting a safe and energy-efficient navigation
route. Figure 21 is the flow chart of the optimal helm angle for ship collision avoidance pre-
diction based on the present model. Step 1 of this simulation model involves positioning the
target ships, determined by the distance and heading angle, using radar or the Automatic
Identification System (AIS) on board in each time step.
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Figure 21. The optimal helm angle for ship collision avoidance.

After determining the information for the target ships, step 2 assumes an initial rudder
angle, δ0, for the first simulation, and step 3 involves calculating the manoeuvring indices,
K, T1, T2 and T3, from Equations (10)–(13). The calculations are based on the ship’s speed,
U, and initial rudder angle, δ0, which are established in advance using the Newton-Raphson
method with respect to the three different forward speeds and seven different rudder angles
from the UMS simulations. Step 4 is conducted to obtain the instantaneous trajectories
of the own ship by substituting K, T1, T2, T3, U and δ into Equation (9). Based on the
predicted trajectories of the own ship and numerical recursion techniques, step 5 of the
simulation model involves judging whether the own ship will collide with the target ships,
using a fast-time simulation to examine the helm angle of the own ship. If the simulated
own ship collided with the target ships, this simulation model will increase the initial rudder
angle, δ0, by 1◦ intervals. If the own ship is too far away from the target ships, the model
will decrease the initial rudder angle, δ0, at 1◦ intervals. This is a fast-time simulation
process for collision avoidance. Until the helm order can reach the optimal conditions for a
safe and energy-efficient navigation route, that is, achieving a transverse safe domain (in a
heavy traffic area this is set to be 300 metres, which is about seven times the ship’s breadth
and is proposed by the senior captain), or the safe advance distance is 1.0 nautical mile, the
rudder will start to operate based on the helm order. After the own ship safely passes the
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Figure 22. The ship trajectory for the head-on condition of two non-uniformly moving ships.

position at a safe distance, the rudder angle should follow the helm order to turn back to its
initial course using an autopilot algorithm.

This study simulated three different collision conditions (head-on, overtaking, and cross-
ing situations) for two non-uniformly moving ships using the ship collision avoidance
system. In all simulation cases, the collision avoidance decision making should follow the
Convention on the International Regulations for Preventing Collisions at Sea (COLREGS,
1972).

3.1. Head-on condition (simple). Figure 22 shows a ship trajectory for the head-on
condition of two non-uniformly moving ships. The own ship, the C-3 container ship, is
travelling at a speed of 10 knots with a heading of 0◦ (northward). The target ship is 2,000
metres in front of the own ship and sails on a course of 180◦ (southward) at 10 knots. In the
head-on condition, the own ship should alter her course to starboard so that each shall pass
on the port side of the other (COLREGS, 1972. Rule 14). Based on the prediction of the
present ship collision avoidance model, the time for the collision avoidance manoeuvre is at
t = 15 s, and the optimal rudder angle is 20◦, obtained from the collision avoidance model.
With this helm order, the own ship starts to operate the rudder to alter course until she keeps
300 metres away from the target ship, and it then turns back to the initial northward course.

Figure 23 shows the time history of the predicted helm order and rudder operation.
Although the predictions of the helm order are calculated from the beginning of the simu-
lation, the rudder is kept still until the predicted helm order reaches the optimal rudder angle
of 20◦, that is, at the collision avoidance time t = 15 s. Then, the system model continues
to calculate and modify the helm order at every instant for the ship’s trajectory followed by
the rudder operation until the own ship reaches the safe position, that is, a distance of 300
metres from the port side of the target ship at around t = 199 s. Then, we use an autopilot-
type algorithm to turn the own ship back to its initial course, for example, if the optimal
initial rudder angle is starboard at 20◦, we initially use port 20◦ to adjust the course and
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Figure 23. The time history of the predicted helm order and rudder operation of the head-on condition.

turn back to the initial course. Based on this operation, the own ship can safely pass the
target ship and finally turn safely back to its initial course.

3.2. Overtaking condition (simple). According to Rules 9 and 34 of the COLREGS
(1972), the own ship may overtake the target ship on either side and can indicate her inten-
tion by giving clear signals with a whistle. In this study, the starboard side overtaking
scenario is selected for discussion. There is no limitation for our model to carry out a port
side overtaking scenario. Figure 24 shows that the own ship is travelling at 10 knots with
a heading of 0◦, and the target ship is 2,000 metres in front of the own ship and keeps its
course at a speed of 6 knots. The time for collision avoidance is at t = 792 s, and the optimal
rudder angle is 12◦ predicted by the ship collision avoidance model. When the own ship
reaches the safe location, that is, 300 metres away from the target ship to the right, it turns
back to its original course.

Figure 25 also shows the time history of the predicted helm order and rudder operation
for reference. However, similar discussions can be referred to those in Figure 23. The time
of rudder operation of the own ship to turn back to her initial course is at t = 996 s.

3.3. Crossing condition (simple). Figure 26 shows that the own ship is travelling at
10 knots with a heading of 0◦. The target ship’s speed is 10 knots and the heading is 270◦,
i.e., approaching from the starboard side of the own ship at a distance of 2,000 metres.
According to the COLREGS (1972), the own ship is the give-way vessel and the target ship
is the stand-on vessel. The own ship should take action to avoid a collision, and the target
ship should stay on a steady course. In this case, the predicted collision avoidance time and
optimal rudder angle are at t = 163 s and 17◦, respectively, calculated by the present ship
collision avoidance model.

Figure 27, which is the time histories of the predicted helm order and rudder operation,
shows that the own ship keeps its course until the helm order reaches the optimal rudder
angle of 17◦. After the optimal helm order of 17◦ is achieved, the own ship operates the
rudder and follows a similar procedure as was stated in Figure 23 to avoid the target ship
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Figure 24. The ship trajectory for the overtaking condition of two non-uniformly moving ships.

Figure 25. The time history of the predicted helm order and rudder operation of the overtaking condition.

and turn back to her initial course. The time of rudder operation for the own ship to turn
back to her initial course is at t = 339 s.

The three simulation results indicate that the ship collision avoidance model can provide
a suitable helm order for the own ship to pass the target ship safely.

Next, two complex collision conditions with three non-uniformly moving ships, includ-
ing head-on and crossing conditions, are selected for simulation verification using the ship
collision avoidance system model.
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Figure 26. The ship trajectory for the crossing condition of two non-uniformly moving ships.

Figure 27. The time history of the predicted helm order and rudder operation of the crossing condition.

3.4. Head-on condition (complex). Figure 28 shows that the own ship is travelling at
10 knots with a heading of 0◦. Both target ships 1 and 2 are 3,000 metres in front of the
own ship, and the clearance between the two ships is 300 metres. The travelling speed and
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Figure 28. The ship trajectory for the head-on condition of three non-uniformly moving ships.

Figure 29. The time history of the predicted helm order and rudder operation of the head-on condition.

heading for both target ships are set at 8 knots and 180◦s, respectively. In this case, we also
assume the safe distance is at least 300 metres from every target ship; therefore, the own
ship can only sail away to the port side of target ship 2 to avoid colliding with both target
ships. The time for collision avoidance action is at t = 124 s and the optimal rudder angle
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Figure 30. The ship trajectory for the crossing condition of three non-uniformly moving ships.

is 29◦, which are predicted by the model. When the own ship achieves a distance of 300
metres, target ship 2 starts to turn back to her initial course at t = 339 s. Figure 29 shows
the time history of the predicted helm order and rudder operation. In this case, similar
discussions can be made as for the case in Figure 23 after the collision avoidance action.
The results in Figure 29 show that the own ship can keep the rudder angle constant, that is,
at the optimal rudder angle of 29◦ until she reaches the safe distance of 300 metres. Then,
the own ship needs to use the port rudder angle of 29◦ to turn back to her initial course at
t = 339 s.

3.5. Crossing condition (complex). The complex crossing condition in Figure 30
shows that the own ship is travelling at 10 knots with a heading of 0◦. Target ship 1 is
3,000 metres in front of the own ship with a heading of 180◦ and a speed of 8 knots. Target
ship 2 approaches from the starboard side of the own ship at a distance of 2,000 metres, a
heading of 270◦ and a speed of 8 knots. First, the ship collision avoidance system judges
which target ship is more dangerous to the own ship. In this case, if the advance distance of
target ship 1 is more than 1.0 nautical miles to the own ship, target ship 2 is more dangerous
to the own ship. According to the COLREGS (1972), the own ship is the give-way vessel
and target ship 2 is the stand-on vessel. Therefore, the own ship should take action to avoid
a collision, and the target ship should maintain its course. From the calculations by the ship
collision avoidance model, the time for the collision avoidance action is at t = 105 s, and
the optimal rudder angle is 15◦. Figure 30 shows the related trajectory of the simulation for
this complex crossing condition.

Figure 31 shows the time history of the predicted helm order and rudder operation. Sim-
ilar procedures can be followed to those shown in Figure 23. The time of rudder operation
for the own ship to turn back to her initial course is at t = 357 s.
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Figure 31. The time history of the predicted helm order and rudder operation of the crossing condition.

Based on the two complex simulation results, we can verify that the ship collision avoid-
ance model can be easily applied to obtain the optimal rudder angle with respect to complex
conditions for the own ship to pass target ships safely.

The verification studies show that the ship collision avoidance model, based on the
database of manoeuvring indices, is effective at obtaining the optimal rudder angle for ship
collision avoidance with respect to different cases in a heavy traffic area.

4. CONCLUSIONS. This study developed a simplified simulation model for the safety
of ship navigation. We used a real-time simulator, UMS, which is based on the 6D MMG
model, for the numerical simulation of a large container ship. To clarify the validity of
the proposed manoeuvrability prediction system, we used the UMS to compare measured
results of sea trials of large container ships with the simulation results. Then, we applied
the second-order model proposed by Nomoto et al. (1957) to simplify the turning char-
acteristics of a large container ship for the collision avoidance model. Consequently, the
manoeuvring indices, K, T1, T2 and T3 can be obtained from the numerical simulations
using the regression technique with respect to varied forward speeds and rudder angles.
These manoeuvring indices are the knowledge base of the simplified ship simulation model.

To verify the ship collision avoidance model with respect to different traffic factors,
we examined simple and complex collision avoidance cases in fast-time simulations with
multi-ship encounter conditions. Cases included head on, overtaking, and crossing, with
two or three non-uniformly moving ships. The decision making of the collision avoidance
system follows the Convention on the International Regulations for Preventing Collisions
at Sea (COLREGS, 1972) during all simulations in this study. It can be concluded that
the simplified simulation model developed here can easily calculate the optimal rudder
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angle for ship collision avoidance with multi-ship encounter cases in a heavy traffic area.
This important information enables the own ship to pass the target ships safely during ship
manoeuvring in a traffic area. In the future, we will consider environmental factors such
as the wind, current, and wave effects, and we will develop an e-navigation-aid system for
ship navigation safety and collision avoidance with respect to various hydro-meteorological
conditions.
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