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A B S T R A C T   

This paper introduces the concept of Collision Avoidance Dynamic Critical Area (CADCA) for onboard Decision 
Support Systems (DSS). The indicator proposed is derived via identification of a minimum required maneuvering 
zone in an encounter between two vessels. The CADCA model accounts for ship maneuvering dynamics and 
associated hydrodynamic actions emerging from different rudder angles and forward speed effects. The method 
presented is novel as it considers the variability of a critical area due to dynamic changes in operational pa-
rameters for both vessels. Results of the simulations carried out in negligible weather conditions confirm that 
computed zones may differ significantly in terms of shapes and limits. It is demonstrated that the size of the 
CADCA depends on the rudder angle, forward speed, as well as the dimensions of the vessels.   

1. Introduction 

The emergence of novel ship designs, technologies, and concepts 
implies the clear and compelling need to equip ship navigators and 
personnel involved with ship operations ashore with modern, proven 
tools that are optimized for good decision support. Such navigation 
systems should enhance safe and technologically sustainable ship op-
erations i.e. should help to improve safety standards and reduce human 
error in scenarios involving ship encounters in conditions of traffic 
congestion, remoteness or autonomy. 

Nowadays, the most common indicators used to examine a potential 
collision threat in an encounter between two vessels are the CPA (Closest 
Point of Approach) and TCPA (Time to Closest Point of Approach). These 
are utilized in the ARPA (Automatic Radar Plotting Aid), which is a 
mandatory piece of equipment for many vessels operating under the 
SOLAS Convention (International Convention for the Safety of Life at Sea), 
(IMO, 2014). The data of the acquired target is derived from the past 
observations of its motion. Moreover, the indicators presented in the 
ARPA do not directly translate into the parameters of the evasive ma-
neuver, and so they require further elucidation by the OOW (Officer of 
the Watch). Various concepts on the graphical interpretation of ship 
vectors emerging from the ARPA are presented in literature on the 
subject (Bole et al., 2014). Those suggest more intuitive information for 

OOWs. For example, the PPC (Potential Point of Collision) and PAD 
(Predicted Area of Danger) are commonly used by operators of shipborne 
radars. The latter evolved over the years and transformed from circles to 
ellipses or polygons (Riggs, 1975; Riggs and O’Sullivan, 1980; Zhao-lin, 
1988). Another concept known as Collision Threat Parameters (CTPs) was 
introduced and developed by Lenart (2015), 1983. To date CTPs have 
been utilized, modified, and validated by various researchers. For 
instance, Szlapczynski (2008); Szlapczynski and Smierzchalski (2009), 
combined CTP with fuzzy logic, while Szlapczynska and Szlapczynski 
(2017); Szlapczynski and Krata (2018); Szlapczynski and Szlapczynska 
(2017) applied it to the ship domains. Smierzchalski (2005), as well as 
Smierzchalski and Michalewicz (2000) utilized the concept in evolu-
tionary path planning, whereas Chen et al. (2019), 2018 used a similar 
approach in probabilistic risk analyses. 

Despite the progress made, the vast majority of existing solutions do 
not account for the influence of the dynamics of ship operations in a 
realistic environment. Accordingly, the number of studies focused on 
close-quarter situations considering ship dynamics has been limited 
(Colley et al., 1983; Hilgert, 1983; Krata et al., 2016; Montewka et al., 
2012; Ni et al., 2019). However, the impact of weather conditions on an 
encounter between two vessels has been taken into account by Szlapc-
zynski et al. (2018a), as well as Szlapczynski and Krata (2018). It is 
broadly acknowledged that ship operational parameters interpreted as 
rudder angle and initial forward speed may differ depending on the 
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encounter. Therefore, the maneuvering area should also vary to provide 
adequate prediction in real-time assessment. Its shape could respond to 
the influence of ship dynamics and operational conditions (Gil et al., 
2019a, 2020a). 

This idea of introducing a zonal indicator aligns with the priorities of 
the e-Navigation initiative introduced by the International Maritime Or-
ganization (IMO, 2008). The primary objective of this concept was to 
boost the level of maritime safety. This enhancement could be achieved 
inter alia by utilizing navigational DSSs (Gil et al., 2020b; Perera et al., 
2015, 2012; Weintrit, 2013), especially for collision avoidance (Baldauf 
et al., 2014; Baldauf and Hong, 2016). Nevertheless, despite the pro-
gressive development of technological solutions implemented on mer-
chant ships, a collision still remains one of the most common reasons for 
maritime disasters. In European waters, collisions comprise almost one 
quarter of navigational causes of accidents, while these represent more 
than half of all casualty events (EMSA, 2018). Therefore, providing new 
and effective methods of ship collision avoidance is essential. They could 
be utilized as a graphical form with a ship vector presented as an overlay 
to already existing onboard devices, like RADAR (Ma et al., 2015), or 
ECDIS (Electronic Chart Display and Information System), (Weintrit, 
2009). Furthermore, experts with seagoing experience have evaluated 
the utilization of navigational equipment as essential in the process of 
ship-ship collision avoidance (Gil et al., 2019b). 

This paper introduces the concept of Collision Avoidance Dynamic 
Critical Area (CADCA) as a novel safety zone that varies depending on 
the operational parameters of particular vessels. A version dedicated to 
onboard applications is presented here, so the target ship maintains her 
course and speed during an encounter. Consequently, the paper dem-
onstrates an efficient method for determining CADCA in various simu-
lation scenarios. Thirdly, it presents the application of the method in 
order to verify whether and how the operating parameters of the ship 
affect the required maneuvering area. Therefore, for the scenarios pre-
sented in this paper, the presence of wind and waves has been omitted. 

The rest of the paper is organized as follows: the methods used in the 
study are presented in Section 2, along with assumptions, principles and 
a novel algorithm to determine CADCA. Section 3 provides an analysis of 
the results for various operational ship parameters in different simula-
tion scenarios. The discussion about the presented solution and the 
methods used to handle uncertainties is provided in Section 4, while 
Section 5 concludes the paper. 

2. Methods 

The main intention of introducing a novel type of safety zone in the 
encounter between two vessels is twofold. Firstly, the required maneu-
vering area for evasive action should be determined for the most critical 

navigational scenarios. Secondly, the dynamics of a vessel in the process 
of collision avoidance should be taken into account to keep further 
reasoning realistic. The CADCA concept helps to define a minimum 
distance between encountering vessels which represents the last chance 
to avoid a collision. The own ship is located within the limits of the 
CADCA envelope that changes shape accordingly to the vessel’s current 
operating parameters. In this paper the indicator related to the execution 
of an evasive maneuver and a 6DoF motion model have been used to 
determine the CADCA shape and its boundaries in realistic collision 
scenarios. 

2.1. The last-minute maneuver (LMM) 

The concept of CADCA is based on a critical navigational scenario 
known as the last-minute (also -chance or -moment) maneuver. This type of 
evasive action is strictly related to the requirements of the COLREGs 
(International Regulations for Preventing Collisions at Sea) Rule 17 (IMO, 
2010). Several elaborations concerning the action of a stand-on vessel 
and interpretation of this regulation can be found in the literature, see e. 
g. (Cockcroft and Lameijer, 2012; Crosbie, 2008; Rymarz, 2007; Swee-
ney, 1992). However, only a few research papers related to LMM and 
especially its determination exist (Koszelew and Wołejsza, 2017; Miloh, 
1975; Montewka and Krata, 2014; Ożoga and Montewka, 2018; Rymarz, 
2007; Szlapczynski et al., 2018b). 

According to COLREG Rule 17, the conduct of a stand-on vessel 
varies during an encounter situation (IMO, 2010). As shown in Fig. 1, an 
encounter of vessels approaching on collision courses can be divided 

Abbreviations 

6DoF Six degrees of freedom 
AIS Automatic Identification System 
ARPA Automatic Radar Plotting Aid 
BBN Bayesian Belief Networks 
CADCA Collision Avoidance Dynamic Critical Area 
COLREG International Regulations for Preventing Collisions at Sea 
CPA Closest Point of Approach 
CTP Collision Threat Parameter 
DSS Decision Support System 
ECDIS Electronic Chart Display and Information System 
EMSA European Maritime Safety Agency 
FSA Floodstand-A Ship, 
FSB Floodstand-B Ship, 
GNSS Global Navigation Satellite System 

IMO International Maritime Organization 
ITTC International Towing Tank Conference 
LMM Last-minute maneuver 
MASS Maritime Autonomous Surface Ships 
MDTC Minimum Distance to Collision 
OOW Officer of the Watch 
OS Own ship 
PAD Predicted Area of Danger 
PCC Potential Point of Collision 
PIANC World Association for Waterborne Transport Infrastructure 
PMM Planar Motion Mechanism 
SOLAS International Convention for the Safety of Life at Sea 
TCPA Time to Closest Point of Approach 
TS Target ship 
EU European Union  

Fig. 1. Four stages of crossing encounter under the COLREGs Rule 17 consid-
ered from the perspective of the stand-on vessel, inspired by Cockcroft and 
Lameijer (2012); Rymarz (2007). 
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into four stages, where the ship’s action depends on the distance be-
tween herself and the give-way vessel (Cockcroft and Lameijer, 2012; 
Rymarz, 2007). LMM refers to a situation when the stand-on vessel, 
despite the right of the way, is obliged to execute an evasive maneuver. 
That situation occurs if the action of the give-way vessel is executed too 
late or not undertaken at all. Therefore, the stand-on vessel is in stage IV 
and under Rule 17 her evasive action is mandatory. In such a situation, 
only effective single action undertaken by the stand-on vessel or joint 
operation involving both ships could avoid a collision. 

Koszelew and Wołejsza (2017), as well as Wójcik et al. (2016) define 
LMM as a joint maneuver of both ships involved in an encounter, when 
the single action of the stand-on vessel would be insufficient to avoid a 
collision. This approach is fully compliant with the COLREG Rule 17 b), 
but from the operational point of view, a situation when the stand-on 
vessel has to execute a maneuver on her own seems to be even more 
essential. This is because of a lack or incorrect action of the give-way 
ship, which results in a larger maneuvering area being required. 
Therefore, in this paper the target vessel stays passive and maintains her 
present course and speed throughout the entire encounter. 

2.2. Minimum Distance to Collision (MDTC) 

In the CADCA concept, MDTC has been utilized since it allows to 
convert the distance in an encounter between two vessels into the 
required maneuvering area. MDTC was introduced by (Montewka et al., 
2010) and further developed by (Montewka et al., 2012, 2011a; 2011b). 
As depicted in Fig. 2, this indicator can be defined as the minimum 
distance between two vessels in a close-quarters situation when the 
execution of successful evasive maneuver is still feasible. Therefore, 
MDTC allows for the determination of the LMM parameters. 

MDTC is based on a two-dimensional coordinate system, where the 
projections of the vessels are plotted. Interpretation of their positions 
and headings may lead to the conclusion that in each encounter between 
two ships, only one MDTC exists. The indicator is calculated between the 
hulls for a given bearing and may take the hydrodynamics of the vessels 
into consideration. To this end, this paper uses ship trajectories pro-
jected by LaiDyn software. 

2.3. The LaiDyn model 

LaiDyn is a numerical ship motion model introduced by (Matusiak, 
2017). It simulates the behavior of a vessel in regular and irregular 
waves, while also allowing for the combination of seakeeping and 
maneuvering (Acanfora et al., 2017; Matusiak, 2007, 2011). The ship is 
represented as a rigid body wherein non-linear wave effects, as well as 
restoring and Froude-Krylov forces, are included (Manderbacka et al., 
2011). 

The numerical model can be defined as a hybrid non-linear model in 
6 degrees of freedom (6DoF) in the time domain with the assumption 
that the ship is a rigid body. The prime coordinate systems used for 
describing ship motion are presented in Fig. 3. To these belong the in-
ertial system fixed to Earth with the X–Y plane coincident with the still 
water level, and the body-fixed reference frame (x, y, z) originating from 
the ship’s center of gravity (Matusiak, 2017). 

The equations of the motion in the time domain (1) are as follows 
(Matusiak, 2017):   

Fig. 3. Coordinate systems used in the LaiDyn model as in Matusiak (2017).  

Fig. 2. Relations between MDTC and other distances in a ship encounter.  
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Where m is ship mass, aij and kij are the added mass coefficients for 
infinite frequency and elements of the memory function, p, q, r, u, v, w 
are velocities (angular and linear), Ii are the mass moments of inertia; 
resistance, propulsion (prop), wave, and maneuvering (man) correspond 
to particular forces and moments acting on ship (Matusiak, 2017). 
The adopted notation uses the upper case letters for forces and moment 

components and the lower case letters for co-ordinates. 
The stripe theory is applied to obtain the values of elements of the 

added mass matrix. We utilize Sealoads software (Kukkanen, 1995), 
although any other relevant method might be used. 

The radiation and diffraction forces are calculated using the linear 
model, based on the assumption of small amplitude oscillatory motions 
(Journée and Massie, 2001; Kukkanen, 1995). Determining radiation 
forces, one takes into account the history of the past motions by applying 
the convolution integral representation (Cummins, 1962), see Equation 
(2). 

Xrad(t) = − a∞ ẍ(t) −
∫ t

− ∞
k(t − τ)ẋ(τ)dτ (2)  

Where a∞ is the matrix of added masses for an infinite frequency, x is 
response vector, k is the retardation function (also called memory func-
tion), which depends on a damping matrix (Cummins, 1962), τ is the 
time since the impulse initiation, whose contribution is modeled by the 
impulse function while t is the time instant at which the motion is 
computed. The convolution integral functions are used for heave, roll 

and pitch motions only. 
The non-linear part of the code includes Froude-Krylov, hydrostatic 

forces, as well as maneuvering and propulsion (Manderbacka et al., 
2011; Matusiak, 2011). The maneuvering part of the model is described 
as presented in Equation (3):  

Where v’ and r’ are sway and yaw velocities in the non-dimensional form 
defined as follows: 

v’ = v/U and r’ = rLpp/U, with v sway velocity, U ship initial veloc-
ity, r yaw velocity and Lpp ship length between perpendiculars. 

As given in the formulas (Equations (1)–(3)), the LaiDyn model uti-
lizes a set of differential equations of motion, which implies a need for 
solving discrete-time equations. The Runge-Kutta methods are adopted 
in the software, which is quite a common approach. 

LaiDyn has been validated by international benchmark studies 
(ITTC, 2005, 2002) and PMM (Planar Motion Mechanism) model tests 
(Matusiak and Stigler, 2012). The results demonstrated sufficient ac-
curacy, especially for Ro-Paxes and container vessels (Acanfora et al., 
2017), operating also in severe weather (Acanfora et al., 2018). Addi-
tionally, LaiDyn has been used in the estimation of dynamic effects of 
passenger ship flooding (Manderbacka et al., 2011), weather-routing of 
merchant vessels (Krata and Szlapczynska, 2018), as well as in a risk 
assessment and collision-avoidance (Hinz et al., 2018; Montewka et al., 
2010; Szlapczynski et al., 2018a; Szlapczynski and Krata, 2018). 

In the concept of CADCA, LaiDyn is utilized to simulate ship motions 
in 6DoF for specific operating and environmental conditions. The soft-
ware generates vessel trajectories, including turning circles for various 
operational parameters. As a result, the ship’s coordinates and values of 
her translational and rotational motions are delivered. 

2.4. CADCA structure 

Previous studies introduced a simplified critical area for the case of a 
Ro-Pax vessel (Krata et al., 2016; Montewka and Krata, 2014). In this 
paper, the model and the method have been significantly improved by 
taking into account ship dynamics. CADCA shown in Fig. 4 is designed as 
a safety zone surrounding the ship in a close-quarters situation. The 
shape and limits of the envelope are delimited by MDTC values and the 
area can be generated for different navigational scenarios. These can 
include cases where one of the vessels involved in the encounter un-
dertakes the single action or if they both act jointly. The ships can alter 
their courses to port or starboard side at various initial speeds using 
different settings of the rudder. Nevertheless, the OOW does not know 

(m + a11)u̇ + a15q̇ = − mg sin θ + Xresistance + Xprop + Xrudder + Xwave + Xman − k15 + (m + a22)(rv − qw)
(m + a22)v̇ + a24ṗ + a26 ṙ = mg cos θ sin φ + (m + a11)(pw − ru) + Yman + Yrudder + Ywave − k22 − k24 − k26
(m + a33)ẇ + a35q̇ = mg cos θ cos φ + m(uq − vp) + Zwave − k33 − k35
a42v̇ + (Ix + a44)ṗ + a46 ṙ =

(
Iy − Iz

)
qr − Yrudderzrudder + Kman + Kwave − k44 − k42 − k46 + 2ζpωφ

a15u̇ + a53ẇ +
(
Iy + a55

)
q̇ =

(
Iy − Ix

)
pr + Xrudderxrudder + Mwave − k55 − k53 − k15

a62v̇ + a64ṗ + (Iz − a66)ṙ =
(
Ix − Iy

)
pq + Yrudderxrudder + Nman + Nwave − k66 − k62 − k64

(1)   

X’ = X’
vvv

’2 + X’
rrr

’2 + X’
vvvvv

’4

Y ’ = Y’vv’ + Y’rr’ + Y’vvv’|v’| + Y’rrr’|r’| + Y’vvvv’3 + Y’rrrr’3 + Y’rrvr’2v’ + Y’rvvv’2r’

N’ = N’vv’ + N’rr’ + N’vvv’|v’| + N’rrr’|r’| + N’vvvv’3 + N’rrrr’3 + N’rrvr’2v’ + N’rvvv’2r’

(3)   

Fig. 4. The structure of CADCA.  
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the maneuverability and hydrodynamics of the target ship, or the actual 
magnitude of her rudder during routine sea passage. For this reason, in 
the following sections CADCAs are presented for the single maneuver of 
the own ship, while the target remains passive during an approach and 
only maintains course and speed. 

Depending on the final application of CADCA, the area can be pre-
sented in different forms. In Fig. 4, the zone depicts MDTCs obtained for 
various initial headings of the target. To present it in more intuitive way, 
the values are given for the bearings (BRGTS – outer scale), instead of the 
headings. Therefore, CADCA can be defined (Equation (4)) as a set of 
planar positions of the target ship such that, for all bearings MDTC exists 
and is used to determine the coordinates of the envelope. 

Where BRGTS means a bearing to the target vessel, MDTC stands for the 
Minimum Distance to Collision, x and y are planar coordinates of the 
MDTC boundary positions. 

2.5. Simulation method 

Safety of navigation requires high-accuracy indicators for use in 
collision avoidance. As presented in Fig. 5, the resolution of CADCA is an 
important issue with regards to the reliable estimation of a critical 
maneuvering area. This may result in a massive number of combinations 
for various operational parameters of ships. Therefore, it was crucial to 
develop a novel algorithm for efficient determination of CADCA that will 
provide the possibility to filter out navigational scenarios selected by the 
user (see Fig. 6). The simulator presented in this paper allows for 
selecting different numerical ship models and their operational param-
eters separately for the own ship (OS) and the target ship (TS). 

Configuration files (READ CONFIGS block as per Fig. 6) represent the 
database which stores information about the models of the ships used. A 
user can select which vessels will be used for CADCA computation. 
Important parameters, such as rudder angle or forward speed can be 
defined there. They enable the simulations to be narrowed further and 
the results to be filtered. The initial headings and utilized strategies 

Fig. 6. The general process of operation of the CADCA simulator.  

Fig. 5. The accuracy of CADCA in low (left) and high (right) resolution of the area.  

CADCA=
{
(x, y) ∈R2|(∀BRGTS ∈{α∈R|0≤α< 2π})(∃MDTC∈{x∈R|x> 0})[x=MDTC ⋅ cos(BRGTS) ∧ y=MDTC ⋅ sin(BRGTS)]

}
(4)   
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Fig. 7. Sequence diagram presenting the MDTC calculation – part of the CADCA simulator.  
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(ships positioning, hulls projections or vessels moving) are then selected. 
Consequently, the summary of trajectories delivered by LaiDyn is 

loaded to determine the simulation cases. These may be understood as a 
set of operating (and if applicable environmental) parameters of ships 
involved in the encounter. The simulation cases are grouped and filtered 
according to the user’s selection. To begin the computation process, 
individual OS and TS trajectories are merged into one set. This list is 
called simulation scenarios and contains information about combined 
cases for both ships with respect to the previous grouping. Final data are 
passed to the computation stage of the algorithm. The part of the 

simulator where MDTCs are calculated is the most crucial for the 
determination of the CADCA introduced. Therefore, it is presented more 
specifically in the sequence diagram in Fig. 7. 

The simulator utilizes a similar approach to the top-down method 
used in the analysis of maritime accidents. The computer application 
starts the procedure from the initial collision of two vessels to calculate 
the MDTC for each encounter. The software generates four boundary 
positions of the hulls as depicted in Fig. 8. These are represented by 
tangents to the bow, stern and sides of each ship regarding their head-
ings. It has been assumed that for any given heading, any offset between 

Fig. 8. The initial arrangements of the vessels in four boundary positions for rectangular (A), elliptical (B), and hybrid (C) hulls projections.  

Fig. 9. The sequence of determining MDTC positions. The initial collision of the vessels (A), moving ships astern (B), determination of MDTC position (C), and 
execution of evasive maneuver (D). 
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the hulls will cause a collision. Therefore, it was sufficient to merely 
consider the critical positions of the ships instead of all possibilities. As 
presented in Fig. 8, the simulator allows one of three types of simplified 
ship’s hull shapes to be selected, such as rectangular (A), elliptical (B), 
and hybrid (C). The results and examples presented in this paper are 
based on the hybrid type (C), as its shape is the most similar to the real 
hull of the ship. 

From the four boundary ship arrangements (shown in Fig. 8), only 
the unfavorable one, understood as the simulation result with the largest 
MDTC, is considered in the CADCA. After the ships’ positioning, the 
sequence of moving astern and ahead is executed as demonstrated in 
Fig. 9, where the vessels are moved simultaneously backwards and apart 
for a given time-step. The own ship (OS) proceeds along the trajectory 
loaded from LaiDyn. In the event of a collision, the algorithm loops for as 
long as the first chance to avoid an accident occurs. The approach based 
on simultaneously moving the vessels astern allows an encounter to be 
reproduced that is compliant with COLREG Rule 7 – Risk of Collision 
assumptions (IMO, 2010). 

The method used for CADCA determination faces some limitations 
mainly related to the accuracy of idealized ship-ship interactions, ship 
positioning, maneuvering simulations and their associated data in-
tervals. To manage these uncertainties a virtual safety margin has been 
implemented (see dashed lines in Fig. 10). Therefore, the MDTC be-
tween safety margins is calculated rather than the hulls of the vessels. 
The plotting sheet depicting an exemplary simulation scenario with 
included safety margins is presented (see Fig. 10). All uncertainties 
identified during the study, which affect the size of introduced safety 
margin, are further elaborated in detail in Section 4.2. 

In navigation practice terms, course alteration is a key part of a 
vessel’s collision avoidance maneuvers. This is because it is more effi-
cient than changing speed, especially for large ships with conventional 
propulsion and steering devices. According to COLREG Rule 8, the 
alteration of the course should be large enough to be noticeable and 
transparent for the second vessel either visually or by radar (IMO, 2010). 
In this statement, the term large enough is rather vague, although in 
navigational practice it is assumed that an alteration of at least 30◦ will 
be executed. Depending on the case, practical recommendations may 
suggest even larger changes of the course up to 60◦ or even 90◦ – e.g. 
under restricted visibility conditions (Cockcroft and Lameijer, 2012). To 
keep the alteration of the course large enough and at the same time 
reasonable, the algorithm introduced in this paper alters the OS’s 
heading by 60◦. However, as presented in Fig. 11, the alteration of the 
course by a fixed value could be inefficient, especially when ships 

Fig. 10. Plotting sheet of an exemplary scenario with depicted safety margin 
(dashed line) and ship hull (solid line). 

Fig. 11. Example of a navigational scenario when full ship turning circle shall 
be executed. 

Fig. 12. Floodstand-A (FSA) post-Panamax cruise ship (Kujanpää and Routi, 2009).  

Fig. 13. Floodstand-B (FSB) medium-sized cruise ship (Luhmann, 2009).  
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proceed at the same speed. In certain cases, the full ship turning circle 
should be executed instead of a 60◦ turn, to provide effective evasive 
action. Such a situation may occur in scenarios where the MDTC value is 
exceptionally large due to some unfavorable parameters of the 
encounter, such as mutual headings, same speed of ships, etc. Therefore, 
to maintain the operational usefulness of the CADCA for onboard ap-
plications, the algorithm acts in two ways and suggests a course change 
of either 60◦ or 360◦. 

The results are generated when the overlaying ship trajectory allows 

for the successful execution of an evasive maneuver. The maximum 
MDTC value for each simulation scenario is taken into account for 
further analysis. Finally, computed distances are generated along with 
radar plots depicting the CADCA. The pseudocode of the described 
simulator with its generalized mathematical formulation is presented in 
Algorithm 1. 

Algorithm 1. The pseudocode with generalized mathematical formu-
lation of the CADCA simulator.  

M. Gil et al.                                                                                                                                                                                                                                      

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Ocean Engineering 213 (2020) 107709

10

3. Results 

To investigate whether and how the operating parameters of 
encountering vessels affect the size and limits of the CADCA, a simula-
tion study was carried out for large (Fig. 12), and medium size passenger 
vessels (Fig. 13). Both ships are representative of modern cruise ships 
previously considered in an EU-funded project called FLOODSTAND: 
Integrated flooding and standard for stability and crises management 
(Kujanpää and Routi, 2009; Luhmann, 2009). In the simulations pre-
sented here, these ships were used as OS and TS. Their main particulars 
are presented in Table 1. 

Several data breakdowns have been prepared to investigate how the 
vessel parameters impact the CADCA in negligible weather conditions. 
Table 2 outlines a summary of all the conducted simulations. To ensure a 
high level of accuracy, all CADCAs have been determined for 360 
headings of the TS. Thus, for each initial arrangement of the vessels, the 
OS was always set on a northern course (000◦), while the TS heading 
varies by 1◦-step within the range of TSHDG ∈ [000◦, 360◦). All figures 
depicting the CADCA were prepared as polar plots with TSBRG [◦] vs. 
MDTC [NM]. 

3.1. Magnitude of the rudder angle 

Simulations of evasive maneuvers using different magnitudes of 
rudder angle were conducted to investigate how this parameter impacts 
the CADCA. Scenarios when both vessels proceed at an equal speed of 
20 kts are presented in Fig. 14 (FSA on the left, FSB on the right). These 
were conducted in order to verify the effect of the OS rudder setting. In 
the simulations, the OS rudder was set to the starboard side at one of four 
different angles (from 5◦ to 35◦ for a 10◦ step), while the TS maintained 
her course. In cases where the vessels were on parallel courses, they 
could not possibly collide. This trivial phenomenon occurred because of 
negligible external disturbances and the identical speed of both ships. 
Consequently, these cases were rejected from the analyzed set. 

As presented in Fig. 14, the CADCA may vary for different settings of 
the rudder. However, its change in shape mainly differs significantly for 
a rudder angle of 5◦, while for other angles it is similar. The zones 
determined for FSA are generally comparable to these obtained for FSB, 
but with proportionally larger limits. The maximum MDTCs noticed at 
this stage of the study were around 2.2 NM for Floodstand-A and 1.6 NM 
for Floodstand-B. For both ships the largest MDTCs were noticed within 
bearings of 320◦–340◦ when the TS began the simulations with headings 
within the range of 090◦–140◦. This means that the worst navigational 
cases occur in crossing scenarios and in that event the evasive maneu-
vers should be executed beforehand. 

Although the maximum MDTC values for each rudder angle are 
similar, the sizes of the areas differ. It is necessary to have a maneu-
vering area almost twice as large for a 5◦ rudder than for a 35◦ rudder 
(1.9 for FSA and 1.8 for FSB). Thus, the smaller rudder angle of the OS, 
the larger the CADCA. The changes in the required maneuvering area for 
various rudder settings of both analyzed ships are presented in Table 3. 

A significant slip may be observed around the 330◦ bearing in the 
vast majority of the simulations. This could happen because of changes 
in the initial arrangements of the vessels, as depicted in Fig. 8. The al-
gorithm that determines the CADCA selects the opposite set of initial 
vessel positions as the worst navigation scenario. This issue is elaborated 
further in Section 4.3, where a method that could be used to reduce the 
impact of this phenomenon is proposed. 

Fig. 14. CADCA for various rudder angles of OS presented for equal speed of the vessels (20 kts). FSA vs. FSA (left) and FSB vs. FSB (right).  

Table 3 
Size of the CADCA for a particular rudder angle comparing to the smallest area.  

OSRA [◦] Floodstand-A Floodstand-B 

35 100% (ref. value) 100% (ref. value) 
25 101% 102% 
15 114% 111% 
5 188% 178%  

Table 1 
Particulars of the ship models used in the simulation study.  

Ship model Floodstand-A Floodstand-B 

References Kujanpää and Routi 
(2009) 

Luhmann 
(2009) 

Figure no. 12 13 
Length overall, LOA [m] 327.0 238.0 
Length between perpendiculars, LPP 

[m] 
300.7 216.8 

Beam molded, B [m] 37.4 32.2 
Draft design, Td [m] 8.5 7.2 
Draft max., Tmax [m] 8.8 7.4 
Max persons on board 5600 2400 
Gross tonnage, GT 125,000 63,000  

Table 2 
A summary of all the conducted simulations.  

Figure no. 14 15 17 

OSHDG [◦] 000◦ (North) 000◦ (North) 000◦ (North) 
OSSOG [kn] 20 12 [12, 20] every 4 kn 
OSRA [◦] [5, 35] every 10◦ 5◦ [5, 35] every 5◦

OSturn starboard side starboard side starboard side 
TSHDG [◦] [000, 360) every 1◦ [000, 360) every 1◦ [000, 360) every 1◦

TSSOG [kn] 20 [12, 20] every 4 kn [12, 20] every 4 kn 
TSRA [◦] rudder amidships rudder amidships rudder amidships 
TSturn keeps her course keeps her course keeps her course  
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3.2. Initial forward speed 

The impact of the initial forward speed of the encountering vessels 
has been verified using a similar approach to the one described in Sec-
tion 3.1 (see Fig. 15). Accordingly, the rudder angles for both vessels 
were fixed to investigate solely the effect of the forward speed. The OS 
rudder was set to starboard 5◦, while the TS kept her rudder amidships 
(Table 2). At the beginning of the simulation, the forward speed of the 
OS was 12 kts, which is the minimum value considered in the study. The 
TS speed varied from 12 kts to 16 kts, and eventually increased to 20 kts. 

As presented in Fig. 15 and Table 4, the shape and limits of CADCA 
differ significantly compared to the cases where the rudder angle was 
investigated. In these scenarios, the OS proceeded at the minimum 
available speed (12 kts), so the TS is always a threat. Maximum MDTC 
values were noticed in two sectors of bearings – namely, 120◦–135◦ and 
305◦–320◦. The largest distances for FSA (4.0 and 3.9 NM) were deter-
mined, when the target vessel proceeds at maximum speed (20 kts) on 
courses of 340◦ (overtaking) and 110◦ (crossing). This implies that the 
faster the TS proceeds, the larger the CADCA becomes. The shape of the 
zone, as well as general findings concerning the values of bearings, 
courses, and speeds are similar for FSB. The difference between the 

Fig. 16. Comparison of all operational ships parameters and their impact on the CADCA area. FSA vs. FSA (left) and FSB vs. FSB (right).  

Fig. 15. The CADCA for various initial TS speeds presented for OS rudder angle of starboard 5◦. FSA vs. FSA (left) and FSB vs. FSB (right).  

Table 4 
Size of the CADCA for a particular TS initial speed compared to the smallest area.  

TSSOG [kts] Floodstand-A Floodstand-B 

12 100% (ref. value) 100% (ref. value) 
16 231% 224% 
20 378% 368%  

Fig. 17. CADCA for both ships determined for maximal MDTC for all aggre-
gated parameters. 
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CADCA for FSA and FSB is mainly its size, which is proportionally 
smaller. This is the reason why the maximum observed MDTC for FSB in 
a comparable case is 3.0 NM. 

The appearance of the CADCA abaft of the OS leads to significant 
changes. Instead of one sector with high MDTCs (as in the previous 
cases), the second range of large values can be observed on the opposite 
side (see Fig. 15). Thus, when the TS starts the simulation with an initial 
heading of around 340◦ at 20 kts, it leads to the maximum distance being 

generated astern of the OS. The presence of two dangerous sectors arises 
from the unfavorable speed difference between the vessels and this 
causes a significant increase in the required maneuvering area. Because 
the TS proceeds faster than the OS, she is always a threat. The relative 
speed seems to be of crucial significance in the analyzed cases. This 
could be confirmed by the shape of the zone for TSSOG = 12 kts, when the 
encountering ships are equally fast and the CADCA has no additional 
sector abaft. The second reason for the additional dangerous sector is the 
direction of the ship’s turn. Assuming that the OS executed a turn to the 
starboard side, the TS may overtake her in the vast majority of analyzed 
scenarios. Such a situation would lead to maneuvering toward the TS. 
Therefore, if the observed TS is faster than the OS, especially keen 
monitoring is required not only on forward of the beam, but also abaft, 
and particularly on the side where the evasive maneuver will be 
executed (most frequently the starboard side). 

3.3. Comparative analysis 

In order to compare how the operational parameters of encountering 
vessels may affect the CADCA, aggregated results were prepared for both 
ship models. To this end, simulations of all remaining cases, which are 
not only limited to the combinations shown in Table 2 were conducted. 
Then, all the determined areas were compared and color-coded 
depending on their impact on the size of the area, as shown in Fig. 16. 
The CADCA for FSA and FSB obtained for maximal MDTC values, when 
all possible parameter combinations are aggregated, is presented in 
Fig. 17. 

The surface plots prepared to compare the CADCA sizes indicate that 
the size of the required maneuvering area may also depend on the 

Table 5 
Summary of MDTC results in the analyzed case of a single LMM, for the example TSHDG = 110◦. 

Fig. 18. The sample plotting sheet for a single OS action with the initial 
heading of the TS at 110◦. 
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operating parameters of the vessels. Visualizations of these charts 
confirm that the relationship between the rudder angle and relative 
speed is similar for both analyzed ship models. However, when 
comparing areas to the smallest determined CADCA, it can be noticed 
that the size of the area may increase multiple times depending on the 
combination of parameters. For example, in the most unfavorable con-
ditions, the CADCA is even 24.6 times larger for FSA and 21.3 times for 
FSB. The conducted analysis indicates that the smaller the OS rudder 
angle and the faster the TS, the larger the CADCA. 

As part of a more detailed analysis of the MDTC values under 
CADCA, one initial heading of the TS (TSHDG = 110◦) was selected for 
crossing scenario. Ships trajectories for the most unfavorable combina-
tion of operational parameters (i.e. lowest rudder angle and OS speed) 
are depicted in Fig. 18. Detailed results of computed MDTCs are given in 
Table 5. The tabular data have been color-coded, with green indices for 
the lowest MDTC and red the highest MDTC. As presented, the relation 
between calculated distance and operating parameters of the vessels is 
evident. Also, along with the increase of the speed difference between 
encountering ships, the MDTC value rises. The analysis of computed 
values re-confirms the trend that when the rudder angle increases, the 
distance between the ships decreases. 

The maximum MDTC noticed when the TS proceeds with a heading 
of 110◦ equals 3.9 NM. The opposite situation leads to the most ad-
vantageous scenario when the value of MDTC is the lowest, and the 
maneuver can be executed at the latest moment. When the OS proceeds 
at the maximum speed and she sets the rudder at 35◦ to starboard, the 
computed MDTC for the analyzed case is 1 NM. Therefore, for the 
selected TS heading (110◦), the MDTC is almost four times lower in the 
best case than in the worst scenario. 

4. Discussion 

The results of the study confirm that during evasive maneuver 
planning, ship dynamics should be taken into account. The introduced 
Collision Avoidance Dynamic Critical Area (CADCA) seems to be a valu-
able indicator for enhancing maritime safety. Thus, the concept pre-
sented could be useful within the context of broader applications of 
practical relevance to maritime safety. CADCA could be implemented as 
a component of i) existing navigational equipment (e.g. overlay in the 
ARPA) ii) onboard Decision Support System (DSS), iii) collision- 
avoidance algorithms for MASS, iv) traffic monitoring and risk assess-
ment tools. Notwithstanding, the currently proposed method and the 
study cases presented face some limitations and may be prone to certain 
uncertainties as explained below. 

4.1. Limitations 

Limitations and uncertainties identified relate to the minimum 
consideration of negligible environmental disturbances included in the 
CADCA and the utilization of one software for delivering input files with 
the ship dynamics modeled. Essentially, the aspect of COLREGs in the 
CADCA is not a limitation and arises from the assumptions of the pre-
sented concept. 

Hydrometeorological factors – mainly wind and waves – should be 
taken into account in the CADCA to reflect real operational conditions. 
The impact of weather could be considered with a more complex 
approach than a mere observation of vessel drift in trajectory delivered 
by LaiDyn. It is especially worth considering that preliminary research 
confirms that a 6DoF motion model can be used to verify environmental 
impact on ship behavior (Gil et al., 2019a). Excessive values of trans-
lational and rotational motions could be detected during an evasive 
maneuver. Therefore, this may result in the consideration of loading 
condition or ship stability in a close-quarters situation. Further in-
vestigations on how these parameters affect the CADCA limits would be 
valuable for the development of the presented indicator (Gil et al., 
2019a). 

With regards to COLREGs, the proposed method of CADCA deter-
mination seems to be sufficient, although these two issues should be 
explicitly separated. Even though this approach is directly linked to 
COLREG Rule 17 (incl. action taken by the stand-on vessel), the algo-
rithm computes parameters for many initial target headings. Therefore, 
the indicator is not directly related to the COLREG Rules 13–15, which 
are used to regulate the conduct of vessels involved in an encounter 
depending on their mutual arrangement. The envelope is calculated 

Fig. 19. Components of the safety margin and values of applied corrections for 
Floodstand-A at 20 kts. 

Table 6 
Uncertainties identified in the study with applied corrections for Floodstand-A at full sea speed.  

Uncertainty Description Method of handling Correction 

Hull 
interaction 

During the passing and overtaking of two vessels, forces between their 
hulls occur (Lee, 2015; PIANC, 2014; Vantorre et al., 2002; Yuan et al., 
2015). This phenomenon can lead to ship contact if there is no sufficient 
clearance between them. Thus, it should be considered during the CADCA 
determination. 

The correction based on (PIANC, 2014) ship-ship interaction coefficient 
for a similar type of the vessel is applied. After adjusting the overtaking 
factor accordingly to the ship beam, it is used as a component of the 
safety margin. 

59.3 m 

Position 
accuracy 

The position of the ship during real operation is obtained by the GNSS 
with limited accuracy. The offset in vessel position could cause erroneous 
calculation of the MDTC. Thus, the position error should be considered in 
the process of the CADCA computation to provide reliable results. 

Because of position accuracy of the GNSS, the correction based on 
minimum requirements of (IMO, 2011) is applied as a component of the 
safety margin. 

10.0 m 

LaiDyn model The usage of the LaiDyn model can lead to inaccurate representation of 
the ship’s motions and her maneuvering. However, the software has been 
used in several studies and validated in a few tests. During towing tank 
and benchmark examinations (ITTC, 2005, 2002; Matusiak and Stigler, 
2012), the results of LaiDyn validation have been recognized as reliable. 
Thus, additional corrections are not required. 

Not applicable. In further works, various models could be used to 
compare the results delivered by LaiDyn. 

n/a 

Data interval Ship trajectories are generated in LaiDyn software for a given time-step. 
The data interval used in the study equals 0.6 s. The frequency of ship 
coordinates impacts the precision of the MDTC determination. Thus, the 
distance covered by the ship proceeding at a given speed should be 
included in the CADCA computation process. 

The correction based on an initial simulation speed for a given data 
interval (0.6 s) is applied as a component of the safety margin. 

6.2 m  
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regardless of the regulations, while its shape is based solely on hydro-
dynamics and ship maneuvering. Bearing in mind that the CADCA may 
be determined in situations that may assume compliance with the 
COLREGs or not, it is crucial to always take the utmost precaution. 
Therefore, to avoid misinterpretations, nautical background and 
seagoing experience should not be underestimated. 

4.2. Dealing with uncertainties 

The uncertainties identified in CADCA involve the interaction be-
tween ships hulls, the accuracy of the vessels’ positions, the utilization of 
LaiDyn model, and the interval of the data therein. To reflect the effect 
of uncertainties on the CADCA, a virtual safety margin is introduced. 
The example dedicated to large passenger ship Floodstand-A at a for-
ward speed of 20 kts is depicted in Fig. 19 and described in Table 6. 

Ship-ship interaction is a phenomenon that results from hydrody-
namic forces acting between the hulls. When two vessels proceed 
alongside each other, it is necessary to maintain a relevant passing 
distance to avoid a collision. Therefore, it was necessary to include the 
required clearance between the vessels in the process of CADCA deter-
mination. Hull interactions may differ depending on the type of 
encounter (Vantorre et al., 2002), the difference in vessel dimensions 
(Yuan et al., 2015), as well as their speeds (Mousaviraad et al., 2016). 
The required distance between two ships is larger for overtaking than for 
passing (Lee, 2015; PIANC, 2014) maneuvers. Therefore, in this study 
the overtaking scenario was selected to assume the worst case. The 
empirical coefficient provided by the World Association for Waterborne 
Transport Infrastructure (PIANC, 2014) was applied in the conducted 
study. This correction factor was selected for the most similar type of the 
vessel and adjusted to sizes of the ship models used. 

The IMO requirements for radio-navigational systems divide position 
accuracy into open sea and areas in the vicinity of the shoreline (IMO, 
2011). For ocean waters, the position error should be not greater than 
100 m, while in coastal waters and harbor approaches it should not 
exceed 10 m (IMO, 2011). However, due to the development of sup-
porting systems for ship positioning, the expected accuracy is even 
higher, also in a dynamic maritime environment (Specht et al., 2019). 
Therefore, the maximum acceptable value of the position error (10 m) 
was applied as a component of the safety margin. 

Finally, the data interval of ship trajectories delivered by LaiDyn was 
0.6 s. For this particular time-step, the distance covered by the ship at a 
given speed was applied in the safety margin by enlarging it. In further 
studies, the data frequency could be increased as much as the LaiDyn 
software or other program allows. 

4.3. Future work 

Further research related to the CADCA concept should be focused on 
two major tasks: i) reflecting the real operational conditions of the ship; 
ii) increasing the accuracy and efficiency of the area determination. A 
better simulation of a vessel’s operational conditions could be achieved, 
for instance, by considering the presence of environmental disturbances. 
Including the impact of wind and waves would appear to be crucial in 
order to verify how weather affects CADCA limits. Because LaiDyn 
software can simulate vessel behavior in various hydrometeorological 
conditions, development of the algorithm presented in Section 2.5 could 
be proposed in further research. 

Additionally, in the examination of the initial vessel speed con-
ducted, only the TS velocity changed, while the OS maintained the same 
speed in each simulation. As the rudder effect coupling the rudder angle 
and the ship’s speed does exist, this part of the study should be thor-
oughly investigated in further works. An increase in ship speed during 
maneuver execution (e.g. turning circle) causes an increase in the lift 
force acting on the deflected rudder, and so the tactical diameter is ex-
pected to be affected. This relationship could be observed and analyzed 
in future work by verifying various OS speeds for the same rudder angle 

used during a variety of evasive maneuver scenarios. 
The accuracy of CADCA could be refined by improving the numerical 

and operational inadequacies implemented in the model. For example, it 
is believed that the sharp slip observed in the area could be reduced by 
changing the method of initial ship positioning. This might be achieved 
by increasing the amount of initial positioning of the ships involved in 
an encounter scenario. Their number should be linked with the safety 
margin dimensions in order to provide relevant coverage and maintain 
CADCA shape consistency. The safety margin could be dynamic and 
adjust its dimensions in each simulation to reduce any overestimation. 
The correction resulting from ship-ship interaction should vary 
depending on the type of an encounter. Taking into account the angles 
between the heading lines of the ships could improve assumptions and 
provide different clearances during passing and/or overtaking scenarios. 

The use of more ship models and their loading conditions for testing 
and validating the CADCA concept could allow for more conclusive 
comparisons in terms of CADCA size and limits for various types of 
vessels. The implementation of maneuvering trajectories that are reli-
able using a faster and more practical maneuvering simulator (Taimuri 
et al., 2019) could reduce the uncertainties caused by the current usage 
of a single maneuvering program. 

It is believed that all improvements aimed at producing a better 
simulation of reality could result in the future implementation of the 
CADCA as an indicator for onboard DSS. In such a situation, the par-
ticulars of the TS and her speed would be obtained from existing navi-
gational equipment like the AIS (Automatic Identification System). Then, 
approximated ship behavior for these parameters could be sourced from 
the meta-model built using BNN (Bayesian Belief Networks) for a group of 
representative ships. The use of such a tool could deliver critical 
maneuvering areas, that may change their limits and shapes dynami-
cally in real-time. 

5. Conclusions 

This paper had three main objectives. The first was to present a novel 
indicator used in an encounter between two vessels under negligible 
environmental disturbances. The Collision Avoidance Dynamic Critical 
Area (CADCA) was introduced in a version for onboard DSS. The area 
surrounds the own ship and changes its limits for various operating 
parameters of the vessels. The results suggest that the introduced zone 
could be useful for OOWs in the determination of the critical maneu-
vering area, as well as for planning evasive action. It is worth noting that 
cases where the target ship maintains her course and speed are essential 
for the navigational safety, due to the larger area required. Additionally, 
in these scenarios knowledge about the maneuvering and hydrody-
namics of the target is not necessarily required. Future work on this 
concept could result in the development of a fully dynamic version of the 
CADCA, which adjusts its limits in real-time using data from naviga-
tional equipment. However, this could be used not only as a part of the 
onboard DSS. Another potential application of the CADCA is to create a 
collision-avoidance algorithm for MASS. The introduced zone could be 
also used in maritime traffic monitoring and risk assessment as a near- 
miss criterion. 

The second aim of the study was to introduce an algorithm to effi-
ciently determine the CADCA. The principles of its operation were 
elaborated along with a description of the MDCT calculation process. 
The method of ship positioning in the simulator was presented using 
four boundary arrangements. However, this could be improved in order 
to eliminate identified limitation, namely the sharp slip observed in the 
CADCA. In future work, the software should be also developed to include 
the remaining operational parameters of the vessels and to consider 
environmental conditions. 

The third objective was to investigate the impact of the rudder 
setting initial forward speed for a single evasive action of the own ship. 
The results of the simulations conducted confirmed that the CADCA 
varies in size for different operating parameters of encountering ships. 
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Thus, its dynamics should be considered while planning an evasive 
maneuver. For various magnitudes of rudder angles when the vessels 
proceed at the same speed, the danger zone is located ahead of the beam. 
However, for different speeds of the TS, the CADCA has two sectors of 
large MDTC values. Therefore, in some navigational scenarios, the sector 
abaft the beam should be likewise considered as a potential threat. In 
certain cases when the own ship sets the rudder to the smallest available 
angle (5◦) and proceeds slower than the target, it leads to the worst 
navigational scenario when the largest maneuvering area is required. 
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