
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Zhang, Mingyang; Kujala, Pentti; Hirdaris, Spyros
A machine learning method for the evaluation of ship grounding risk in real operational
conditions

Published in:
Reliability Engineering and System Safety

DOI:
10.1016/j.ress.2022.108697

Published: 01/10/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Zhang, M., Kujala, P., & Hirdaris, S. (2022). A machine learning method for the evaluation of ship grounding risk
in real operational conditions. Reliability Engineering and System Safety, 226, Article 108697.
https://doi.org/10.1016/j.ress.2022.108697

https://doi.org/10.1016/j.ress.2022.108697
https://doi.org/10.1016/j.ress.2022.108697


Reliability Engineering and System Safety 226 (2022) 108697

Available online 2 July 2022
0951-8320/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A machine learning method for the evaluation of ship grounding risk in real 
operational conditions 

Mingyang Zhang , Pentti Kujala , Spyros Hirdaris * 

Department of Mechanical Engineering, Marine Technology, Aalto University, Otakaari 4, 02150, Koneteknikka 1, Espoo, Finland   

A R T I C L E  I N F O   

Keywords: 
Ship safety 
Grounding risk 
Big data analytics 
Machine learning 
Gulf of Finland 

A B S T R A C T   

Ship groundings may often lead to damages resulting in oil spills or ship flooding and subsequent capsizing. Risks 
can be estimated qualitatively through experts’ judgment or quantitatively through the analysis of maritime 
traffic data. Yet, studies using big data remain limited. In this paper, we present a big data analytics method for 
the evaluation of grounding risk in real environmental conditions. The method makes use of big data streams 
from the Automatic Identification System (AIS), nowcast data, and the seafloor depth data from the General 
Bathymetric Chart of the Oceans (GEBCO). The evasive action of Ro-Pax passenger ships operating in shallow 
waters is idealized under various traffic patterns that link to side - or forward - grounding scenarios. Conse-
quently, an Avoidance Behaviour-based Grounding Detection Model (ABGD-M) is introduced to identify po-
tential grounding scenarios, and the grounding probabilistic risk is quantified at observation points along ship 
routes in various voyages. The method is applied on a Ro-Pax ship operating over 2.5 years ice-free period in the 
Gulf of Finland. Results indicate that grounding probabilistic risk estimation may be extremely diverse and 
depends on voyage routes, observation points, and operational conditions. It is concluded that the proposed 
method may assist with (1) better identification of critical grounding scenarios that are underestimated in 
existing accident databases; (2) improved understanding of grounding avoidance behaviours in real operational 
conditions; (3) the estimation of grounding probabilistic risk profile over the life cycle of fleet operations and (4) 
better evaluation of waterway complexity indices and ship operational vulnerability.   

1. Introduction 

In recent years the influence of the economies of scale led to 
increased ship sizes, traffic intensity, and associated risks [1–3]. Ships 
are sensitive to risks associated with navigation patterns pretraining to 
grounding accidents [4,5]. Potentially disastrous consequences may 
result in loss of life and environmental damage [6–8]. A statistical re-
view of accident records in the Gulf of Finland (GoF) shows that 
grounding/stranding events dominate 41.2 % of the accident records 
from 1990 to 2017 (see Fig. 1). From 2014 to 2017, there have been 153 
grounding / stranding events accounting for 24.8 % of the accidents in 
the Baltic Sea [9]. 

Research on ship grounding risk assessment focuses on (a) probabi-
listic risk analysis models, (b) grounding consequence evaluation 
models, and (c) grounding avoidance algorithms. 

Probabilistic risk models help estimate the risk of grounding acci-
dents on the basis of accident records and expert judgment. The prob-
abilistic risk methods used in this type of analysis are statistical models 

[10–13]; Fault Tree (FT) analysis methods [14,15,69]; Bayesian 
Network (BN) methods [16–21]. These models are useful to evaluate 
grounding probabilistic risk from a macro perspective in a specific sea 
area. However, these approaches do not quantify the impact of varying 
hydro-meteorological conditions on ship motions and operational safety 
indicators. Instead, they assume that the conception of hydrometeoro-
logical risks depend on expert judgement s. Inevitably, simplified as-
sumptions limit model feasibility. Therefore it is challenging for these 
models to provide a convincing justification for grounding risk mitiga-
tion measures for ongoing ships during real shipping operations. 

Grounding consequence evaluation models combine ship structural 
dynamics, such as Fluid-Structure Interaction (FSI) analysis [22–24] and 
Finite Element Model (FEM) [25,26]. These models are extremely useful 
within the context of risk-based ship design [27,28]. Nevertheless, 
similarly to probabilistic risk analysis models, they may underestimate 
grounding risk as they do not account for real environmental conditions 
or traffic uncertainty. 

Those models that are based on grounding avoidance algorithms 
make use of evolutionary theory [29,30]; A* algorithm [31,32]; Ant 
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Colony optimization methods [33,34]; Fast Marching schemes [35,36] 
or the CADCA (Collision Avoidance Dynamic Critical Area) approaches 
[37–39]. These algorithms may be useful to determine ship routes away 
from shallow water areas. However, they often underestimate ship 
manoeuvring in real operational conditions and are over-simplified as 

they do not account for real operational conditions. Research on un-
derstanding grounding avoidance behaviour of passenger ships using big 
data is very limited and concentrates on ship manoeuvring simulations 
[37,40] or the introduction of simplistic traffic management methods 
[41–44]. Lately, Montewka et al. [40] presented a method to quantify 
traffic complexity and grounding risk around own ship. However, their 
study did not account for the influence of hydro-meteorological 
conditions. 

Advances in big data analytics and the emergence of machine 
learning could offer the opportunity to develop improved grounding risk 
management models and intelligent decision support systems based on 
the combination of experience, environmental, and traffic data records 
[1,45,46]. In this paper a multi-source integration model is used to 
integrate ship trajectories, hydro-meteorological conditions, and ba-
thymetry data for the evaluation of grounding risk in real operational 
conditions. The K-means method [1,5] is used to cluster ship trajectories 
into various voyages. Dynamic Time Warping (DTW) [52,74] and 
Douglas-Peucker (DP) [2,54] methods are adopted to identify the key 
waypoints along the centre line of each of the clustered ship trajectories. 
Thus, the relationships between ship traffic behaviours and operational 
conditions under which the potential grounding scenarios may occur are 
investigated in various routes using machine learning. The timing for 
triggering grounding avoidance behaviors in various operational 

Nomenclature 

Variable definition 
ABGD-M avoidance behaviour-based grounding detection model 
AIS automatic identification system 
ARPA automatic radar plotting aid 
βi the angle between the point of shallow and heading 
BN Bayesian network 
C cluster 
ε threshold parameter of DP algorithm 
CADCA collision avoidance dynamic critical area 
COG course over ground 
CSI cubic spline interpolation 
DEM digital elevation model 
DP douglas-peucker 
DTW dynamic time warping 
FEM finite element model 
FSI fluid-structure interaction 
FT fault tree 
GEBCO general bathymetric chart of the oceans 
GT gross tonnage 
IMO international maritime organization 
depth the depth of the seafloor 
K the clustering number 
kDC distance factor 
kRR risk reducing factors 
li the horizontal distance between the AIS transponder and 

bow 
LAT, latn latitude 
LON, lonn longitude 
μ1 the defined centre trajectory in K-means 
MAIB marine accident investigation branch 
MMSI maritime mobile service identitY 
N the maximum number of iterations 
T timestamp in UTC time 
NOAA national oceanic and atmospheric administration 
PC grounding causation probability 
PG geometrical grounding probability 
PNT the annual frequency of ships misses a turn 

pj a point of ship trajectory 
θi the course of the selected ship 
ROTi rate of turn 
Safe_C safety contours corresponding to ship draft and under keel 

clearance 
SOG speed over ground 
ST ship trajectory 
Tlength the length of the ship trajectory 
Tse locations of the departure and destination ports of a ship 

trajectory 
TIMESTAMP timestamp for a data packet in UTC time 
CL the ship trajectories centreline 
UKC under keel clearance 
V and T speed, draft 
λ check frequency 
Bearing, β the bearing angle from ship to shallow waters 
CT the centreline of ship trajectories 
DisF the distance between the AIS transponder and the shallow 

waters 
DisL the minimum distance between ship lateral to the shallow 

water of voyage i 
Disi the minimum distance between ship toward the shallow 

water of voyage i 
Distance the minimum distance between the observation point 
F() the cumulative distribution function 
Isobaths the isobaths of seafloor 
N(μ, σ) normal distribution with two key parameters 
V ship traveling speed 
WP the key waypoints 
d(pj,pj+1) the distance between pj and pj+1 

dis the distance between missed turning point and the edge of 
the safety contour 

f() a complicated function on determining safety contours 
∂ ship headings 
F() the cumulative distribution function (CDF) 
Potential ship ship point during ship taking evasive action 
Potential location locations of potential grounding on safety contour  

Fig. 1. Number and type of accidents in the Gulf of Finland (1990–2017).  

M. Zhang et al.                                                                                                                                                                                                                                  



Reliability Engineering and System Safety 226 (2022) 108697

3

conditions is further analyzed to provide support information for 
grounding avoidance. The proposed approach is introduced in Section 2. 
Results and analysis based on ship operations over a 2.5 year ice-free 
period (2017-2019) in the Gulf of Finland are demonstrated in Sec-
tion 3. Conclusions on the potential application of intelligent decision 
support systems grounding risk mitigation for ongoing ships in real 

operational conditions are presented in Section 4. 

2. Big data analytics framework for the evaluation of ship 
grounding risk 

The high-level framework for the evaluation of ship grounding risk in 
real operational conditions is shown in Fig. 2. The framework aims to 
illustrate the trends, patterns, and correlations of grounding risk in real 
operational conditions by utilising big data streams. Accordingly, deci-
sion support safety criteria (safety indicators) can be provided to the 
master. Three key steps of the grounding risk evaluation framework are 
outlined:  

• In step (i) ship trajectories (STs) are reconstructed and clustered 
using AIS data. Then, the key waypoints along the centre line of each 
cluster are determined using DTW and DP algorithms.  

• Step (ii) focuses on the detection of ship grounding scenarios. For 
each cluster identified under step (i), Under Keel Clearance (UKC) 
information and ship draft are used to determine bathymetry iso-
baths and define safety contours in shallow waters. Consequently, 
forward and side grounding scenarios are identified using a proposed 
avoidance behavior-based grounding detection model. The 
grounding scenarios and associated with those hydro-meteorological 
data are stored in a database [5].  

• Step (iii) evaluates the probabilistic risk of ship grounding. For each 
of the scenarios shortlisted under step (ii), the risks are evaluated at 
various observation points along the ship route and probabilistic risk 
profiles are analysed in various hydro-meteorological conditions. 

Further details associated with each of these steps are outlined in the 
following sections. 

Fig. 2. The framework of grounding risk evaluation using big data analytics.  

Table 1 
Ship trajectories clustering method using K Means algorithm.  

Algorithm 1: K-means algorithm for ship trajectories clustering 
Input: 

Dataset D = {x1,x2 ,...,xm}, clustering number K, the maximum number of iterations 
N 
Output: 
Clustering C = {c1,c2, ..., ck}

Process: 
1. Select K trajectories as the centre trajectories {μ1, μ2, ..., μk}; 
2. Initially cluster division Ct = {c1, c2, ..., ck}; 
3. For n = 1, 2, ..., N: 
4. For i = 1, 2, ..., m: 

5. Calculate distance between the trajectory xi and μj(j = 1, 2, ..., k) dij =

⃒
⃒
⃒xi − μj

⃒
⃒
⃒; 

6. Mark category as j corresponding the smallest dij ; 
7. End for 
8. For j = 1, 2...,K: 
9. Calculate the centre trajectories based on the new clustering result 

μj =
1

|μj|

∑
x(x ∈ μj)

10. End for 
11. If the clustering result remains consistent: 
12. Go to line 17; 
13. Else: 
14. Go to line 4; 
15. End if 
16. End for 
17. Output C = {c1, c2, ..., ck}.   
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2.1. Step (i): ship trajectories clustering and key waypoints determination 

This step focuses on voyage classification and key waypoints 
extraction using AIS data. At first, ship trajectories corresponding to 
different voyages are separated. Following data filtering (i.e., error 
detection and removal of outliers) [47–49], data are interpolated [50, 
51] and then clustered into various groups [1,5]. The sub-steps of the 
process are defined as follows:  

(1) At first instance, to avoid collection, transmission, and reception 
errors, wrong timestamps or irrational speeds/locations con-
tained in AIS data are thoroughly reviewed. Consequently, static 
data (e.g., ship length, ship width, etc.) are updated in the MMSI 
format.  

(2) AIS data records are reconstructed on the basis of interpolation 
over 60 s intervals [1,51].  

(3) Ship trajectories representing different routes are clustered by the 
K-means method (see in Table 1). This approach accounts for 
static - (e.g., departure / destination ports, length of ship trajec-
tories, etc.) and dynamic - navigation features (e.g., course, 
heading, etc.) [1,71]. 

The mathematical background to this process is displayed in Eqs. 
(1)–(4) below and the pseudocode of the process is summarised in 
Table 1. For a point pi in the way of a trajectory defined as per Eq. (1), 
the locations of the departure and destination ports are defined as in Eq. 
(2). Then the length of the ship trajectory is calculated as in Eqs. (3) and 
(4). 

pi = {MMSI, TIMESTAMP, LON, LAT, SOG, COG, Draft} (1)  

Tse = {(lon1, lat1), (lonn, latn)} (2)  

d
(
pj, pj+1

)
=

(
TimeStampj+1 − TimeStampj

)
×

sogj + sogj+1

2
(3)  

Tlength =
∑n−1

j=1
d

(
pj, pj+1

)
(4)  

where (lon1, lat1) and (lonn, latn) denote the longitude and latitude of the 
departure and destination ports, respectively. d(pj, pj+1) denote the dis-
tance between pj and pj+1 (see Fig. 3). 

The ship trajectory centreline of each cluster is extracted using the 
Dynamic Time Warping (DTW) method introduced by Zhang et al. [52]. 
This is a classical distance measurement method to find an optimal 

Fig. 3. Defined ship trajectory using AIS data.  

Table 2 
DTW algorithm for the extraction of ship trajectory centreline.  

Algorithm 2: Ship trajectories centreline extraction 
Inputs: STs = {ST1, ST2, ST3, ⋯, STN}

Outputs: Ship trajectory centreline CT 
Process: 
1: Let original centreline CT1 = ST1 

2: For each ship trajectory ST i in route do 
3: Let ST i align to centre path CTi = DTW(CT, STi)

4: For each point pγ
l in CTγ do 

5: CTi =
pγ

l × i + STi

i + 1 
6: End For 
7: End For 
8: Return CTof STs  

Fig. 4. An example of ship trajectories centreline in real operational conditions.  

Fig. 5. The steps of the DP algorithm (The black line represents the original 
ship trajectories centreline, and the red line represents the simplified ship tra-
jectories centreline. The idea of the simplified ship trajectories centreline is to 
approximate the original trajectory in green.). 

Table 3 
DP algorithm for the extraction of key waypoints.  

Algorithm 3: Douglas-Peucker Algorithm 
Inputs: 

Require: CL (Points); ε (thresholds) 
Parameter d (distance), dm (maximum distance), index 
Outputs: 
Waypoints WP = {p1 ,p2, ..., pk}

Process: 
1: For i = 2 to i=(n-1) 
2: d = VD (CL[i], Line[CL[1], CL[n]]) 
3: If d > dm 
4: index = i 
5: dm = d 
6: End if 
7: End if 
8: If dm >= € 
9: WaypointLList = DP (CL[1……index], ε) 
10: WaypointRList = DP (CL[index……n], ε) 
11: Waypoints = {WaypointLList, WaypointRList} 
12: Else 
13: Waypoints = {CL[1], CL[n]} 
14: End if 
15: Return Waypoints  
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alignment between two-time varying sequences under certain 

restrictions (see Table 2 and Fig. 4). The centreline of ship traffic can be 
determined to represent the ship trajectories for the extraction of key 
waypoints. The DP algorithm is used to determine the key waypoints of 
the ship route. These key waypoints can be used to represent the 
geographical locations where the ship takes evasive action by changing 
course [53–56]. Fig. 5 and Table 3 show the steps of the DP algorithm. 
Step 1 can be used to generate an approximated line segment between 
the departure and destination points. Steps (2, 3, …,n) introduce 
sub-line segments using various threshold parameters ε (see Section 3). 

2.2. Step (ii): Detection of ship grounding scenarios 

In this step the Avoidance Behaviour-based Grounding Detection 
Model (ABGD-M) introduced by Zhang et al. [5] is used to identify po-
tential grounding scenarios in real hydro-meteorological conditions. The 
forward - and side - grounding scenarios are detected by making use of 
big data streams from AIS, nowcast data, and GEBCO. 

2.2.1. Bathymetry data analysis for safety contours extraction 
This part of the analysis makes use of GEBCO (2019) bathymetry 

data sets (see Figs. 6 and 7). Spatial data are interpolated by a generic 
mapping tool [57]. A Digital Elevation Model (DEM) [58] and a contour 
function are used to determine isobaths and define safety contours in the 
way of shallow waters (see Fig. 7). The defined safety contours reflecting 
draft and UKC are determined by isobaths; see Eq. (5). Safety contours 
corresponding to ship draft and UKC are defined according to Eq. (6). 

Isobaths = f (lon, lat, depth) (5)  

Safe C = f (lon, lat, −(draft + UKC)) (6) 

Fig. 6. Formation with seabed using bathymetry data (The point denotes the spatial data of GEBCO. The surface shows the bathymetry map of the seabed.).  

Fig. 7. The determined isobaths are based on bathymetry data, considering the safe water depth of the ship.  

Fig. 8. The minimum distance for anti-grounding between ships and 
shallow waters. 

Fig. 9. Relationship between water depth, ship draft, and UKC.  
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In the above equations f() represents a complicated function that 
determines which isobaths (sea depth) each position (longitude-latitude 
pair) corresponds with. 

2.2.2. Detection of grounding scenarios in real operational conditions 
In this step AIS and GEBCO data are combined to idealize forward - 

and side - grounding scenarios that may be in general attributed to 
adverse environmental conditions, crew negligence, or technical failure 
(see Fig. 8). For example, forward - grounding may be linked to the case 
of a ship missing a turn. So, the potential forward grounding scenarios 
are detected where the ship takes evasive actions. On the other hand, 
side - grounding may relate to the case of a ship navigating under 
adverse environmental conditions too close or along shallow waters. 
Such grounding models consider terms such as vessel acceleration, 
bearing angle from ship to shallow waters and heading, rate of turn, 
dynamic draft, vessel course, etc., that may be used to identify the 
minimum distance for grounding avoidance (see Fig. 8). 

Ship grounding scenarios are detected in the following three sub- 
steps:  

• At first, safety contours are determined in the way of shallow waters 
by bathymetry data charts. Safe water depths or safety contours for 
the operation of the selected ship are based on draft and UKC cor-
responding to each voyage (see Fig. 9). It is noted that (10% × draft) 
is considered adequate for ships operating at port. However for 
navigation in waterways (20% × draft) is considered essential ([75, 
76]). Accordingly, in this paper safety contours are defined accord-
ing to Depth=-(draft + UKC) for UKC=20% × draft [59]. Conse-
quently, the safety contour can be extracted from the factor of the 
ship to safety contour - Safe C defined in Eq. (6).  

• At second stage ship traffic data from shallow water observations 
within the 6 nautical miles conventional radar range are collected [1, 
60–62] and the ship coordinate system is converted in relation to the 
direction and positioning of the grounding target (see Fig. 10). The 
bearing angles and distances are calculated from ship to safety 
contour Safe C along different ship trajectories as shown in Fig. 10. 
The minimum distances for ship grounding evasion in real conditions 
are identified to determine the waypoints where ships usually make a 
turn. For side grounding scenarios, the minimum distance is calcu-
lated while the bearing angles are located into the interval [85, 95] or 
[265, 275], as shown in Eqs. (7) and (8). After this point, the ship 
moves away from shallow waters. Thus, the critical points are 
defined as the time of evasive action taken to avoid side grounding. 

DisL
(
Tri, Safe Cj

)
= Dist

(
loni

n, lati
n, lonj

m, latj
m|Bearing

)
, Bearing

∈ [85, 95] ∩ [265, 275] (7)  

DisMi
L = Min.

[
DisL

(
Tri, Safe Cj

)]
(8)   

For forward grounding scenarios, the minimum distance is calcu-
lated based on Eqs. (9) and (10), while the bearing angles are located 

Fig. 10. The relationship between the shallow water and the spatial AIS data of a selected ship (Red dot line denotes ship trajectory, and red scatters denote the 
potential geographical locations of ship forward/side grounding.). 

Table 4 
The pseudocode for potential grounding scenarios detections.  

Algorithm 4: Potential grounding scenarios detections 
Input: 

Dataset C = {c1,c2, ...,ck}, ci = {μ1,μ2, ...,μn}, μi = {p1,p2, ...,pm}, ship trajectories 
clusters number K; the maximum number n of voyages in each cluster; the maximum 
number of points mof the ship trajectories μi. 
Output: 
Side grounding avoidance action DisL = {DisL1,DisL2, ..., DisLn}

Forward grounding avoidance action DisF = {DisF1, DisF2, ..., DisFn}

Process: 
1. Determine the safety contour near to shallow water {S1, S2, ..., St}

2. Select the first cluster fromC = {c1, c2, ..., ck}; 
3. For K = 1, 2, ...,k; 
4. For i = 1, 2, ..., n; 
5. For q = 1, 2, ..., t; 
6. Calculate distance between ship point pi and μj(j = 1, 2, ..., m) dmtwithin 6 nm; 
Select ship trajectory point pi, if the bearing angle is between [355,0] and (0,5], and 
saved as Dfn; 
Select ship trajectory point pi, if the bearing angle is between [85,95] or (265,275], 
and saved as Dln; 
7. Calculate minimum distance for anti-grounding DisL = Min.(Dln) and DisF = Min.

(Dfn) − li While bearing angles Δβ is maximum. 
8. End for 
9. For q = 1, 2, ..., t: 
10. End for 
11 For i = 1, 2, ...,n: 
12. End for 
13. For j = 1, 2...,K: 
14. Output DisL = {DisL1, DisL2, ..., DisLn};DisF = {DisF1,DisF2, ..., DisFn}

Fig. 11. A probabilistic risk model for the estimation of ship grounding along a 
selected route (At observation point 2, the ships may underestimate evasive 
actions due to a missed turn or late turn, leading to forward grounding on 
shallow water 1; At observation point 2, side grounding accidents may occur on 
shallow water 2 due to imprecise navigation resulting from the human factor, 
external conditions, etc.). 
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into the interval (355, 360) or (0, 5). To further analyse grounding 
avoidance behaviours, the critical point associated with the maximum 
rate of bearing angles Δβ before the point with minimum distance is 
determined and defined as the time of evasive action taken to avoid 
forward grounding. 

DisF
(
Tri, Safe Cj

)
= Dist

(
loni

n, lati
n, lonj

m, latj
m|Bearing

)
, Bearing

∈ [355, 360] ∩ [0, 5] (9)  

Disi = Min.
[
DisF

(
Tri, Safe Cj

)]
− li (10)    

• In the final stage bathymetry data are cross-checked for water depths 
below the originally safe water depths and isobaths are calculated 
(see Fig. 7). For various voyages, the extracted Safe C is different due 
to the dynamic ship draft. Thus, the process of grounding scenario 
detection is carried out of each ship trajectory. For example, as 
shown in Fig. 10, a ship sails on the red track, encountering shallow 
water based on her dynamic draft. At Ti, the ship is ahead of shallow 
waters and the rate of bearing angle Δβ is at its maximum, showing 
that the ship starts to change course for grounding risk mitigation. In 
this case the forward grounding event will occur if the ship does not 
take any grounding evasive actions in time. At Ti+1, the bearing angle 

is out of the interval (355, 360) or (0, 5). This indicates that the 
evasive action works to avoid forward grounding and coming to the 
next stage. At Ti+2, the bearing angle is located into the interval (85,

95), and the distance from ship to shallow water is minimum. Side 
grounding may occur due to imprecise navigation resulting from 
adverse hydro-meteoritical conditions, etc. At Ti+3, the bearing angle 
is out the interval (85, 95), and the ship is away from the shallow 
water. Consequently, the mentioned critical points of ship trajectory 
at Ti and Ti+2 and corresponding geographical locations on safety 
contour are stored as shown in Eqs. (11) and (12) for grounding 
behaviour analysis. 

Fig. 12. Positions of the groundings in the Gulf of Finland between the years 1997 and 2017 (Red scatters represent the location of grounding accidents. There have 
been 10 grounding / stranding events accounting for Ro-Pax ships). 

Table 5 
Bathymetry data fields available for the presented model  

Data field Unit Description 
Position - Latitude and longitude 
Depth value m Delivered from GEBCO database 
Source identifier grid - The way of depth value collected  

Fig. 13. Ship trajectories mapping on bathymetry map.  

Fig. 14. Big data integration of AIS, bathymetry data, and hydro- 
meteorological data for grounding risk evaluation. 
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Potential ship = Tr(dynamic data, static data)|potential Scenarios)

(11)  

Potential location = f (lon, lat, −(draft + UKC)|potential Scenarios)

(12)   

The overall avoidance mechanism of grounding behaviour is ana-
lysed by AIS, GEBCO, speed, and bearing angles suitable for the iden-
tification of the forward and side grounding scenarios using the 

pseudocode shown in Table 4. 

2.3. Step (iii): Estimation of the probability of ship grounding 

The estimation of the probability of ship grounding is meaningful 
before and after a ship takes evasive actions. In this paper, the well- 
established approach proposed by COWI (2008) [63] was adopted to 
evaluate ship traffic distributions for grounding risk assessment at 
various observation points (key waypoints) determined in Step (i) in real 
operational conditions (see in Fig. 11). 

Side grounding accidents often occur due to imprecise navigation 

Fig. 15. The seabed level with the recorded denoised ship trajectories of the selected ship delivered from AIS data (top and side view).  

Fig. 16. The selected ship trajectories of clustered results on the bathymetry map.  

Fig. 17. The determined ship navigation lanes between Helsinki and Tallinn using DTW.  
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resulting from adverse hydro-meteorological conditions, crew negli-
gence, technical failure, etc. This grounding type often occurs in various 
water areas when the route channel is complex and the crews onboard 
are not aware the ship is navigating toward shallow waters [5,64]. This 
may result in the underestimation of evasive actions in real operational 
conditions. The geometrical grounding model is established by 

evaluating the ship travel behaviors a few nautical miles before they 
pass shallow water. The geometrical probability of this type of 
grounding can be evaluated based on the bearing angle distributions as: 

PG = F(β1) − F(β2) (13) 

A Normal distribution N(μ,σ), Log-normal distribution Ln(μ1, σ1
2) or 

Fig. 18. Key waypoints determination using DP algorithm with the various threshold parameters.  

Fig. 19. The seabed level with the recorded ship trajectories delivered from AIS data (The red continuous line outlines the ship trajectories between Helsinki 
and Tallin). 

Fig. 20. The relationship between isobaths and ship trajectories near shallow waters.  
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Fig. 21. Draft cumulative distributions and the corresponding safety contours for the selected ship.  

Fig. 22. The ship trajectory and the corresponding safety contours (the red line denotes a ship trajectory from Tallinn to Helsinki.).  

Fig. 23. The coordinate system of ship and safety contour from own ship perspective (The black line denotes the yellow safety contour 3 in Fig. 22(c).).  
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combination is usually fitted to present the bearing angles from ship to 
shallow waters (see in Fig. 11). Consequently, the parameters of the 
best-fitted distributions are calibrated at each observation point. F()

denote the cumulative distribution function (CDF) of bearing angle with 
regard to clockwise angle β. And β1 and β2 are critical bearing angles in 
the ship heading towards the grounding location indicated in Fig. 11. 
The annual grounding frequency of scenarios at an observation point x is 
presented as: 

Px = NPGPCkDCkRR (14)  

PR =
∑

x=1
(Px), x = 1, 2, 3, 4, ⋯ (15)  

where N denotes the number of ships passing the route covering one year 
period, PC denotes the causation probability that ships do not take 
grounding avoidance behaviors; kRR denotes risk-reducing factors (i.e., 

pilotage effect, operational instructions, and procedures by the shipping 
company), which often is defined 0.5 (COWI 2008); kDC denotes distance 
factor presented as 

kDC =
x

distance
(16)  

where distance denotes the minimum distance between the observation 
point and the boundary of the safety contour; x is defined as 10 nm [63, 
64]. 

A forward grounding scenario relates to a missed turn or late turn of a 
ship in shallow waters. The frequency of the forward grounding scenario 
is calculated as: 

PX = NPNT PGPCkRR (17)  

where PG is geometrical grounding probability computed in Eq. (13). 
PNT is the annual frequency of ships missing a turn. According to COWI 
(2008) [63], a missed turn frequency is defined as: 

PNT = e−λdis
V (18)  

where λ is the check or observation frequency of crew (0.5–1 min) [64]; 
dis is the distance between missed turning point and the boundary of 
safety contour; V is ship traveling speed. 

Table 6 
Summary of the shallow water areas and detected potential grounding hotspots.  

Shallow waters Grounding type Helsinki to Tallinn Tallinn to Helsinki 
6 Forward grounding 4 hotspot areas* 6 hotspot areas 

Side grounding 6 hotspot areas 6 hotspot areas 
*For shallow waters 1 and 3 in Fig. 22, we did not detect any forward grounding from 

Helsinki to Tallinn.  

Fig. 24. Identification of potential forward grounding scenarios (The geographical locations of possible grounding points were identified as shown by the blue points 
on safety contours. Red points denote locations of grounding avoidance.). 
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3. Case study 

Variable bathymetry in mild or extreme environmental conditions 
may result in grounding accidents (see Fig. 12). A case study is carried 
out by using AIS data, bathymetry data and environment data in the Gulf 
of Finland. The Gulf of Finland may be ice-covered in December, 
January, February. Thus, the ice-free period between 2017 and 2019 is 
considered here as dominating in the paper. 

3.1. Data sources and integration 

The case study presented in this paper makes use of available AIS big 
data records from VesselTracker, FleetMon, and MarineTraffic for a typical 
Ro-Pax ship cruising between 2017 and 2019 during ice-free period. And 
the sea bottom was mapped using GEBCO (2019) data (see 

Table 5 and Fig. 13). Shallow waters were determined in the vicinity 
of ship operational areas using available bathymetry, draft, and UKC 
information. Now-cast hydro-meteorological data, covering the study 
area, are downloaded from the records made available by the providers 
1. 

Following the review of historic AIS, and bathymetry records data 

and environmental data were interpolated and integrated into ship 
trajectories for the evaluation of grounding risk (see Fig. 14). As a result, 
Fig. 15 presents the varying bathymetry and shallow waters, which may 
result in grounding accidents in the study area. 

3.2. Results and analysis 

3.2.1. Ship voyage classification and key waypoints extraction 
Ship trajectories for the selected vessel were extracted from the AIS 

database and then separated based on the distribution of time intervals 
for each voyage [73,74]. The vector format of ship motion parameters 
(e.g., ship speed, course, bearing angle to shallow waters, etc.) were 
updated every 6 min using Radar and ARPA records [3,38]. The fre-
quency of AIS transmission depends on ship behavior and at port, the 
frequency of AIS transmission is higher than 6 min [67,70]. To address 
this point 360 s time intervals between two ship points (defined as start 
and end of the voyage) were set as a threshold, and ship trajectories were 
separated into various voyages [51,52]. After separating ship trajec-
tories and deleting white noises or errors, ship trajectories were recon-
structed using AIS data records interpolated over 60 s intervals [1,52]. 

For each ship trajectory, the dynamic and static data were used to 
cluster ship trajectories as explained in Section 2.1 (Fig. 3 and Table 1). 
The process concluded on two main clusters, namely: (a) Cluster 1 
containing 2,059 complete voyages from Helsinki to Tallinn; (b) Cluster 
2 containing 1,980 complete voyages from Tallinn to Helsinki (see 
Fig. 16). The side view of ship trajectories and bathymetry map shown in 
Fig. 16 demonstrates that waterway traffic nearby Helsinki and Tallinn 
ports is complex and bathymetry restricts ship operations. 

For each main cluster, the ship navigation lanes (ship trajectories 

Fig. 25. Identification of potential side grounding scenarios. (The geographical locations of possible grounding points were identified as shown by the blue points on 
safety contours. Red points denote locations of grounding avoidance.). 

1 Now-cast hydrometeorological data were accessed from the following data 
bases (i) USA National Oceanographic and Atmospheric Administration (htt 
ps://www.noaa.gov/) for wind speed and direction; (ii) Tidetech (https: 
//www.tidetech.org/) for wave height, period, tidal currents and water 
levels; (iii) Mercator Ocean (https://www.mercator-ocean.fr) for ocean 
currents. 
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centreline) were extracted using DTW and the key waypoints of ship 
navigation lanes were determined using the DP algorithm (see Section 
2.1, Fig. 4 and Tables 2 and 3 for the theoretical concept and Fig. 17 for 
the application of the method). As part of this process sub-line segments 
were extracted using the DP algorithm with ε = 0.35 (see Fig. 18) [56]. 

3.2.2. Detection of grounding scenarios 
The ship safety contours were extracted based on the dynamic ship 

draft and UKC. Fig. 19 outlines a sample seabed level map. 
The observation distance of 6 nm radar radius was set to draw safety 

contours in way of shallow waters [16,40]. The depths of safety contours 
were determined based on the ship dynamic draft (see Figs. 20 and 21) 
and UKC = 20% × draft (see Scully and Young [75]; Orseau et al. [76]; 
Verwilligen et al. [59]). The cumulative distributions of ship drift T over 
the 2.5 years of operations are shown in Fig. 21. 

GEBCO (2019) and AIS data were used to identify shallow water 
encounters (see Fig. 22). The isobaths boundaries of safety contours 
were determined according to Eqs. (5), (6) and (19). For the route be-
tween Helsinki and Tallinn, 6 shallow water areas were observed within 
6 nm around the complex waterway (see in Fig. 22). Results were based 
on the following draft cumulative distributions: 

Isobathsboundary = (Isobath1, Isobath2, ⋯Isobatht), t = 1, 2, 3, 4, ⋯ (19) 

As shown in Section 2.2, to analyze grounding avoidance behaviours 
and the potential grounding locations, the ship coordinate system was 
converted from earth- to ship-fixed points of reference. Fig. 23 presents 
the safety contour (see Fig. 22 (c)) from the own ship perspective at 
various observation points. The processed data led to the identification 
of key grounding risk areas corresponding to forward and side 

grounding. The grounding avoidance behaviours were identified using 
the proposed ABGD-M method for the detected 6 shallow waters (see 
Fig. 22) by comparing the operational characteristics of the main two 
traffic clusters (see Section 2.2 and Step (ii) of the procedure outlined in 
Fig. 2). As shown in Fig. 16 the analysis accounted for 2059 voyages 
from Helsinki to Tallin and 1980 voyages in the opposite direction. The 
detected potential grounding scenarios were concentrated in several 
areas, defined as hotspots. The results were summarized in Table 6. 
Specifically, for side grounding 6 hotspots were identified from Tallin to 
Helsinki and vice versa. However, for forward grounding hotspots be-
tween Helsinki and Tallin where 4 against 6 in the opposite direction 
(see Figs. 24 (a), (b) and 25 (a), (b)). This is because, for the same 
shallow water, the grounding situations were diffident among the main 
two traffic clusters. Forward grounding events from Helsinki to Tallinn 
in way of hotspots 1 and 3 were not evident. In principle, these results 
indicate that waterway complexity and grounding risks may be diverse. 

3.2.3. Analysis of grounding avoidance behavior 
As part of this process, ship grounding avoidance behaviors of po-

tential forward / side grounding scenarios were analyzed for various 
shallow water areas in various hydro-meteorological conditions. The 
safety distance to shallow waters along different ship routes was sort 
listed using (i) a violin plot to represent the probability density distri-
bution of the data at different values, (ii) a box plot in violin plot to 
indicate the interquartile ranges (Fig. 26 (a)). Notable, for the detected 
potential forward grounding scenarios from Helsinki to Tallinn hotspots 
2 and 4 were used for the analysis of grounding avoidance behaviours. 
This is because hotspots 1 and 3 contain very few critical scenarios 
(Fig. 24 (a)). 

Fig. 26. Safety distance to shallow waters of the forward grounding scenarios in various hydro-meteorological conditions (The blue points on the bathymetry map 
denote the geographical locations of possible forward grounding scenarios if the evasive action was underestimated.). 
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To understand the impact of hydro-meteorological conditions, the 
potential forward grounding scenarios were classified into two groups. 
The first group included scenarios assuming that the ships sail against 
the directions of wind and waves and therefore ship bow dynamics 
dominate sea traffic induced dynamics. The second group assumed that 
the ships sail along the waves and wind and hence stern ship dynamics 
are dominant. The distributions of safety distances of two groups were 
plotted on the two sides of the violin plot. For forward grounding big 
data analysis led to the following observations:  

• Between Helsinki and Tallinn, the distances to avoid grounding 
ranged between 5500 m and 7500 m with a 98% confidence interval 
in hotspot 2 and between 5300 and 7300 m with a 98% confidence 
interval in hotspot 4. In both hotspots the distributions of the dis-
tances under the impact of hydro-meteorological conditions on the 
bow direction were larger (see Fig. 26 (a)).  

• Between Tallinn and Helsinki, the distance intervals to avoid 
grounding varied (see Fig. 26 (b)). For example, the distances to 
avoid grounding ranged between 1800 m and 4500 m with a 98% 
confidence interval in hotspot 1 and between 6000 m and 9000 m 
with a 98% confidence interval in hotspot 4. Similarly, the 

distributions of the distances under the impact of hydro- 
meteorological conditions on the bow direction also were larger. 
For hotspot 3 located in the port the influence of hydro- 
meteorological conditions may be considered negligible. 

On the other hand, the potential side grounding scenarios also were 
classified into two groups based on the encountered hydro- 
meteorological conditions, i.e., the directions of the wave, wind, and 
current in relation to the ship port and starboard [66]. The first group 
included scenarios assuming that the directions of the wave, wind, and 
current came from the starboard. The second group assumed that the 
directions of the wave, wind, and current came from the port of the ship. 
The results/ findings were summarized as follows:  

• Fig. 27 (a) displays side ship grounding avoidance patterns from 
Helsinki to Tallinn. The distances for the first group to grounding 
distributions when shallow waters are on the ship starboard are 
larger than that for the second group (see the locations of hotspots 1, 
4, 6 in Fig. 27, and compare the first groups against second groups of 
hotspots 1, 4,6 in Fig. 22). The opposite seems to be evident when 
shallow waters are on the port of the ship among the two groups (see 
the locations of hotspots 2, 3, 5 in Fig. 22 and compare the first 
groups against second groups of hotspots 2 and 5 in Fig. 27 (a)). The 
results show that open drift forces become dominant except for 
hotspot 3 (see hotspot 3 dynamics in the way of port area). 

• Fig. 27 (b) presents ship grounding avoidance behaviours from Tal-
linn to Helsinki. The results indicate that open drift forces under the 
impact of external environments become dominant to influence the 
distribution of the safety distances, which are similar to that from 
Helsinki to Tallinn in Fig. 27(a). 

These results indicate that the distances to avoid grounding may be 
extremely diverse among voyages and hydro-meteorological conditions 
may impact the ship grounding avoidance behaviour. Understanding the 

Fig. 27. Safety distance to shallow waters of side grounding scenarios in various hydro-meteorological conditions (The red points on the map denote the 
geographical locations of the possible side grounding scenarios due to hydro-meteorological conditions, crew negligence, or technical failure.). 

Table 7 
Hydro-meteorological parameters cumulative distributions for traffic flow 
classification.   

Hydro-meteorological condition (cumulative distribution) 
Calm sea condition Adverse sea condition 
<50% >50% 
25% 50% 75% 99% 

Wave height(m) 0.219 0.552 0.977 2.816 
Current speed(m/s) 0.008 0.0278 0.061 0.398 
Wind speed(m/s) 4.856 6.741 8.969 16.323 
Swell height(m) 0.111 0.182 0.343 1.391 
The Gulf of Finland may be ice-covered for several weeks. The ice period (December, 

January, February) is not considered here as dominating in this area.  
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distance to grounding distribution in safety contours depicted for 
different routes could improve safety in navigation [68,72]. 

3.2.4. Ship grounding probabilistic risk evaluation 
The DP algorithm was used to evaluate ship grounding probabilistic 

risk. The analysis considered main waypoints of ship routes as obser-
vation points (see Fig. 17). Traffic flow scenarios were classified into two 
groups corresponding to adverse and calm seas (Table 7). Previous 
research demonstrated that the correlations between ship motion be-
haviours and swell are low [52]. Hence swell was ignored 

Fig. 28 (a) shows the locations of observation points and the dis-
tances in between them. Fig. 28 (b) shows that bearing angles were fitted 
to meet the probabilistic distribution of grounding risk. The bearing 
angle distribution and the best-fitted distribution (Normal distribution) 
in both adverse and calm sea conditions are presented in Fig. 28 (c). 
Shallow waters were located on the port side of the ship route. The 
critical bearing angles β1 and β2 at the observation point towards the 
shallow waters was estimated to be 359.42◦ and 0.58◦. This indicates 
that a small number of ships sail in shallow waters (Fig. 28 (b)). The 
value 0.58◦ denotes the cumulative bearing angles from the ship to the 
boundaries of safety contour (see in Fig. 28 (a)). 

The geometric probability of grounding PG at the observation point 
was estimated as 6.06 × 10−4 in adverse conditions and 2.81 ×10−5 in 
calm conditions (see Eq. (13) and Fig. 28 (c)). The distance factor kDC 
was calculated as 2.08 for 4.8 nm distance between the observation 
point and the boundaries of safety contour (see Eq. (16) and Fig. 28 (a)). 
The causation probability and risk reduction factors for this navigation 
area are known from [65] as Pc = 1.62 × 10−5 and kRR = 0.5. Based on 
AIS data records 1980 complete Ro-pax ship trajectories were consid-
ered over 2.5 years (see Fig. 16). On this basis the annual grounding 
frequency was computed as Px = 8.09 × 10−6 in adverse sea conditions 
and Px = 3.73 × 10−7 in calm sea conditions. Differences could be 

attributed to distinct ship behaviours in different environmental 
conditions. 

Fig. 29 (a) displays that the maximum probability of grounding in 
adverse and calm sea conditions (see Table 7) for the route from Tallin to 
Helsinki is 0.04 accidents per year. In the opposite route, this vaue is 
0.0138 in adverse conditions and 0.0134 accidents in calm seas. Overall 
comparisons for various environmental conditions indicates that (i) risks 
may be diverse (see Fig. 28 versus Fig. 29 (a),(b)) and (ii) the highest 
value of grounding probabilistic risk from Tallinn to Helsinki is almost 
3.07 times more than that of in way of the opposite route. Fig. 30 
demonstrates that ship grounding probabilistic risk may be higher 
before a ship takes an evasive action. In this sense, an observation point 
can be regarded as a reference warning (see in Section 3.2.1). 

To validate the results of grounding probabilistic risk estimates, 
historical grounding accidents in the Gulf of Finland were reviewed (see 
Fig. 12). According to casualty reports of FMA, BMEPC and HELCOM 
over 21 years 10 Ro-Pax ship grounding accidents manifested in 8 wa-
terways (or 16 routes of Ro-Pax ships) [1]. This corresponds to 2.976 ×

10−2 accidents / year; a value that is in good agreement with the results 
predicted (0.04 accidents / year from Tallin to Helsinki and 0.0138 / 
year in the reverse direction). 

3.3. Uncertainty analysis 

Inaccuracies in data streams, modelling assumptions and method 
procedures may influence the results. So, the uncertainty analysis (U) 
should be carried out to quantify the variability of the results due to the 
variability of inputs. To this end, various uncertainty assessment 
methods have been proposed [77,78]. In this paper, the commonly 
applied qualitative approach has been employed, see more applications 
in [51,69,77]. As shown in Table 8, the uncertainty ratings are defined 
for uncertainty analysis. Table 9 shows the uncertainty of the various 

Fig. 28. Grounding probabilistic risk evaluation at an observation point from Tallinn to Helsinki.  
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factors (data, method, and modelling assumption). It shows that there 
are generally low uncertainties related to data sources, assumptions, as 
well as method procedures. Thus, the uncertainties of inputs on the re-
sults were judged to be low. On the other hand, the grounding behav-
iours and probabilistic grounding risks are diverse in various 
hydro-meteorological conditions and ship voyages, indicating that the 

hydro-meteorological condition and ship voyages are important influ-
encing risk factors ignored in traditional methods. 

In this section, uncertainty analysis is carried out to quantify the 
probability of grounding as a function of the UKC. The method is tested 
for a scenario corresponding to the case of a Ro - Pax passenger ship, 
with a design draft of 7.2 meters that travels from Tallinn to Helsinki 
(see Figs. 28 (a) and 31(a)). At first, the UKC was set to vary from 10 % to 
50 % of the dynamic draft [75,76], and the safety contours corre-
sponding to this variation is shown in Fig. 31 (b). Then, for various 
safety contours, the grounding probabilities were calculated by 
following the methodology of Section 3.2.4. Table 10 summarises the 
variation rates were calculated, indicating that the values of UKC affect 
the results of the probability of grounding within 5%. The analysis 
shows that the probabilistic grounding risk has low uncertainty due to 
the assumption of UKC. This is because the variability of UKC has little 
effort for the area of shallow waters, see Fig. 31 (b). 

Fig. 29. Ship grounding probabilistic risk evaluation along a ship route.  

Fig. 30. Ship grounding probabilistic risks before taking evasive action from 
Tallinn to Helsinki. 

Table 8 
Interpretation of uncertainty ratings for uncertainty analysis [78].  

Aspect Rating Interpretation 
Uncertainty L Many reliable data are available; The phenomena involved 

are well understood, models are known to give predictions 
with the required accuracy. 

M Conditions between those characterizing low and high 
uncertainty. 

H Conditions opposite to those characterizing low 
uncertainty.  
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4. Conclusions 

This paper presented a machine learning method for the evaluation 
of grounding risk in realistic operational conditions. Big data records 
(AIS, GEBCO, and hydro-meteorological data) of relevance to a Ro-Pax 
ship operating in the Gulf of Finland over a 2.5-year ice-free period 

were used to validate this method. 
Various forward - and side - grounding scenarios were detected be-

tween Tallinn and Helsinki (see Figs. 24 and 25). The analysis of 
grounding avoidance behaviours has shown that probabilistic risk and 
timing for triggering grounding avoidance actions may be sensitive to 
traffic patterns, route, shallow water encounters and environmental 
conditions (see Fig. 29), which were ignored in traditional methods. The 
findings may provide important support to the master onboard, as part 
of an intelligent decision support system for grounding avoidance in real 
operational conditions. These results are in good agreement with real 
accident records (see Fig. 12). 

It is concluded that big data analytics methods may provide novel 
insights into grounding risk evaluation and in turn may lead to better 
evaluation of waterway complexity indices and critical operational 
scenarios not currently accounted for by existing accident databases. 
Additionally, they may also provide inputs for the ship motion simula-
tions and design of experiments for use in ship functional safety man-
agement. Future work could focus on the use of visual data mining 
techniques with the aim to understand the influence of ship type, size, 
visibility etc. on ship traffic behaviour and probability of grounding risk. 
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Table 9 
The uncertainty assessment for grounding avoidance behaviors analysis (U in-
dicates the interpreted rating of uncertainty as outlined in Table 8).   

Model element U Justification 
Input factors AIS data L Uncertainties may relate to the 

collection, transmission, and 
reception of errors [48]. In this 
case AIS data were reconstructed 
by trajectory separation, data 
filtering (i.e., outliers removal), 
and interpolation over 60 s 
intervals [1,51] over 2.5 years of 
shipping operations in the Baltic. 
Only 4.71% of the used AIS data 
were filtered and regarded as 
noising data. This confirms the 
high quality of data sample [48]. 

Bathymetry data L GEBCO bathymetry data was 
used to determine safety contours 
as explained in Section 2.2. 
Despite the high accuracy of 
bathymetry data, it is noted that 
information on tidal data has not 
been available for the case study 
considered. 

Hydro-meteorological 
data 

L Hydro-meteorological conditions 
are based on ocean now-cast 
records from various providers 
(see Section 3.1). Their accuracy 
is high as discussed in [48]. 

Big data 
analytics 
models 

Ship trajectories 
clustering method 

L Results demonstrated that 
different ship trajectories are 
grouped well into various clusters 
and therefore the accuracy of this 
method is rather high (see  
Section 3.2.1). 

Key waypoints 
determination 

L A thorough literature survey 
indicated that the method is 
efficient enough (see Section 
3.2.1 and [2]). 

Ship grounding 
scenarios detection 
model 

L A 6-DoF maneuvering Fluid- 
Structure Interaction (FSI) model  
[23] was adopted to validate the 
results of the detected potential 
grounding scenarios. This 
approach indicated that 99% of 
the detected grounding scenarios 
are linked with unsafe navigation 
passages [79]. 

Probabilistic risk 
model 

L The probabilistic risk model 
utilized is based on realistic 
distributions of ships sailing 
across unsafe navigation passages 
[63,64]. The high accuracy of the 
ship grounding scenarios 
detection model can also confirm 
that the probabilistic risk model 
has low uncertainty. 

Assumptions UKC is 20% of the 
dynamic draft 

L The literature indicates that UKC 
always may varyfrom 10 % to 50 
% of the dynamic ship draft [59, 
75,76].The paper assumes that 
the UKC of large RoPax ships is 
20% of the dynamic draft. The 
values of UKC affect the results of 
the probability of grounding 
within 5%, showing that the 
probabilistic grounding risk has 
low uncertainty (see Fig. 31 and  
Table 8).  

Fig. 31. Uncertainty analysis for a potential grounding scenario.  

Table 10 
The results of uncertainty analysis of the definition of UKC.  

UKC 10% ×
draft 

20% × draft 
(default) 

30% ×
draft 

40% ×
draft 

50% ×
draft 

Grounding 
probability ( ×

10−6)

8.37 8.46 8.60 8.67 8.85 

Variation rate -0.97% 0 1.67% 2.43% 4.7%  
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