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ABSTRACT

Most maritime accidents are caused by human error. To reduce these errors, increase safety, protect 
the marine environment, reduce the administrative burden, and optimize maritime trade, the 
International Maritime Organization (IMO) decided to implement a concept called e-Navigation. 
The term e-Navigation refers to the integration of the most modern information and communication 
systems, both on board and ashore. The research scope of this work is the safety of navigation of the 
ship during the port entrance. Particularly in this case, the elements that affect the safety of the ship 
during port entrance are analyzed in a case study of New York port. An adaptive model based on the 
Bayesian Belief Network (BBN) was created, which evaluates the decision-making elements and risk 
assessment for port entry. The model is adaptable in the context of the different port requirements. 
With the presented model, all entities (ships, shipping companies, and service providers) have insight 
into the estimated decision to enter the port based on the given elements. Further research needs 
to be continued on the issue of comparing the proposed model with similar models, and how much 
reliance on the model burdens or facilitates the Master’s decision.

1	 Introduction 

It is a fact that the crew number on modern ships is de-
creasing, but their responsibility for navigation safety has 
not changed. As a research problem of this paper, the 
question of the workload of the officers on the bridge is 
raised, considering the large amount of information dur-
ing the port entrance, as well as the possibility of supervi-
sion and assistance from the shore. According to the IMO 
[1], e-Navigation is the coordinated collection, integration, 
exchange, presentation, and analysis of all relevant mari-
time information on board and ashore using electronic de-
vices to improve “mooring-to-mooring” navigation and 
corresponding services for safety and security at sea and 
protection of the marine environment. The vision of e-
Navigation is to improve traditional navigation by better-
integrating people and machines by exploiting their 
unique skills. It also tries to connect the roles of operators 
on the shore and seafarers on board, not only for monitor-
ing but for better and joint decision-making [2, 3].

E-Navigation should not replace classic navigation but 
only facilitate decision-making to reduce the workload of 
seafarers and to make safer decisions for greater safety at 
sea and environmental protection. The e-Navigation sys-
tem improves safety and protection at sea, protection of 
the marine environment, and better organization of work 
between the ship and the port and within the ship itself. 
To achieve this, it is necessary to obtain information in the 
shortest possible time at the request of the user in one 
place. To make decisions, the officer on the bridge uses 
various information that he receives both from the ship’s 
devices and the shore. Ships use equipment such as Auto-
matic Identification System (AIS), Electronic Chart Display 
and Information System (ECDIS), An Integrated Bridge 
System (IBS), Automatic Radar Plotting Aid (ARPA), Global 
Maritime Distress and Safety System (GMDSS), another so-
phisticated navigation tools. Concerning the previously 
stated research problem, the subject of research in this pa-
per is the implementation of the e-Navigation concept by 
the IMO, and its previous projects, as well as the creation 
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of a risk assessment model during port entrance using 
BBN.

Consequently, the object of research in this paper is an 
integration of IMO e-Navigation projects related to ports, 
monitoring during the port entrance from the shore, and 
information that shapes decision-making and risk assess-
ment for port entry. Hence the analysis of the elements in-
fluencing navigational safety in the port of New York case 
study and the creation of a model based on the BBN for 
entering ports in order to increase navigation safety. The 
Port of New York is part of this research not because of the 
number of accidents that have occurred, but because of 
the large number of restrictions that the port has. In the 
Introduction of the paper, the selected research area is 
presented and the broader context of e-Navigation is giv-
en. IMO projects related to ports are presented in Section 
2 as well as relevant information about the port of New 
York. The rest of the paper is organized as follows: Section 
3 presents the mathematical and computational back-
ground of Bayesian network modeling, and the elements 
that represent the general model of risk assessment dur-
ing port entrance are presented. It provides the theoretical 
basis for the BBN used to create the model. In Section 4 
through a case study of New York port, data for the con-
tainer terminals of the port of New York are presented, 
BBN Model Verification and a Sensitivity Analysis were 
made. The final risk factors assessment based on the de-
veloped model is presented. Validation of the model on 
real case data is given in Section 5. Finally, a conclusion 
was reached in Section 6. with suggestions for further 
research.

2	 Background and Literature Review

In 2008, at the 85th meeting of its Maritime Safety Com-
mittee (MSC), the IMO adopted a strategy for the develop-
ment and implementation of e-Navigation and defined the 

concept of e-Navigation. With the e-Navigation Strategy Im-
plementation Plan (SIP), the IMO gave its vision of the con-
cept. The main objective of the e-Navigation SIP is to 
implement the following five e-Navigation solutions: S1: im-
proved, harmonized, and user-friendly bridge design; S2: 
means for standardized and automated reporting; S3: im-
proved reliability, resilience, and integrity of bridge equip-
ment and navigation information; S4: integration and 
presentation of the available information in graphical dis-
plays received via communication equipment; and S5: im-
proved communication of Vessel traffic service systems 
(VTS) Service Portfolio. The SIP estimates a 65% reduction 
in navigation accidents, including collisions and ground-
ings, for SOLAS ships [1,26]. Following IMO projects are cru-
cial for the proper implementation of mentioned model:
–	 MONALISA, the general goal is to strengthen efficiency, 

safety, and environmental protection in maritime 
transport. MONALISA 2.0 is divided into four activities: 
1. STM operations and tools; 2. STM definition; 3. Safer 
ships; 4. Safety at work [4].

–	 Sea Traffic Management (STM), is a concept that con-
nects and enables real-time data exchange between 
ships, shipping companies, and service providers. Ex-
amples of services are route optimization services, 
ship-to-ship route exchange, enhanced monitoring, 
port call synchronization, and winter navigation [5].

–	 Port Collaborative Decision Making (PortCDM), as 
part of the MONALISA Port Collaborative Decision 
Making (PortCDM), is being developed to optimize port 
traffic. An application was developed that consists of 
four sub-processes, namely the approach of the ship to 
the port, mooring, cargo handling, and departure.

Research conducted in the Swedish port of Gothen-
burg, the GOT project [4], showed better synchronization 
and coordination of all involved stakeholders in the overall 
process. 

Figure 1 Scope of actions within the PortCDM research [6]
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–	 Accessibility for Shipping, Efficiency Advantages, 
and Sustainability (ACCSEAS), the goal of the project 
was to improve safety, security, and environmental 
protection in the North Sea area by developing e-Nav-
igation and harmonizing changes in electronic mari-
time information on board and ashore [7]. 
Information services are coordinated using the mari-
time security cloud (Maritime Cloud) – a secure, 
standardized way of accessing data by coastal and 
shipboard systems [8]. Some of the presented innova-
tive solutions in the ACCSEAS project are very impor-
tant for the proposed model, such as exchanging 
information on maritime safety and using the Mari-
time Cloud. It is shown later in the paper that ele-
ments for each ship stored in the Maritime Cloud 
could be used for each port to compare the ship’s lim-
itations with the port’s limitations along with other 
safety information from the proposed model. The 
concept based on the “Single window” principle was 
developed by Norway in 2019, whereby a ship enter-
ing Norwegian ports sends a single document that is 
forwarded to all competent authorities [3].

–	 EFFICIENSEA (2009-2012 Baltic Sea 2015-2018 
Baltic Arctic Region), the goal of this project was to 
enable the display of the ship’s planned route for time-
ly action and warning.

The tests carried out in the framework of this project 
related to:
–	 sending the planned route,
–	 display of the planned route of another ship on ECDIS,
–	 reduction of bureaucracy,
–	 sending a new corrected route from the coast (VTS) to 

the ship, and
–	 display of the new correct route on the ship’s ECDIS [2, 

9, 25].

Through this project, it was shown how to increase the 
security of communication and exchange of information. 
The human factor is the leading cause of accidents in mari-
time traffic. Due to this fact, Machine to Machine (M2M) 
communication and actions that can potentially be per-
formed by machines better than humans require more  
attention. New Information and communication technolo-
gies (ICT) and concepts (Internet of Things (IoT), Artificial 
Intelligence (AI), Cloud Computing, etc.) imply and rely 
heavily on M2M communication. M2M communication 
needs to be standardized [10]. The proposed model works 
on the principle of using the facts, and it is up to the Mas-
ter to assess based on his acquired experience and make 
the final decision. In this work, through the elements of 
the e-Navigation system that have been previously tested 
through various projects, it is attempted to achieve all 
those elements that affect the safety of navigation are dis-
played through a unique model that will make it easier for 
the Master to make a quality decision about entering the 
port. Many authors dealt with the safety of the ship navi-

gation from point A to point B in different areas and con-
ditions, as well as risk analysis [11-15]. A study [11] 
investigated risk assessment of maritime accidents on 
passenger’s vessels in non-linear coastal navigation. In a 
paper [12] authors investigated the risk factor correla-
tion of maritime traffic under Arctic sea ice status associ-
ation with a Bayesian Belief Network. According to 
research [13], the authors propose a data-driven Baye-
sian network for the construction of a risk analysis mod-
el to quantify the impact of different types of maritime 
accidents. According to research [14], the risk assess-
ment of navigation safety for ferries was discussed. Arti-
cle [15] proposes a Bayesian network based risk analysis 
approach in the main route of the Maritime Silk Road to 
analyze its relevant maritime accidents. The crew is con-
centrated on the navigation to the final destination, when 
approaching the port there is fatigue and a drop in con-
centration as well as relaxation due to routine actions, 
therefore this paper emphasizes the necessity of increas-
ing safety during the approach and port entrance. How-
ever, numerous accidents occurred during the port 
entrance.

To demonstrate the applicability of the port entering 
model based on BBN, a case study of the New York port 
was conducted. This port was chosen precisely because of 
its many constraining factors during the port entrance, 
such as demanding waterways approaching the port and 
restrictions on the height and draft of the ship. Additional-
ly, the pronounced influence of external factors such as sea 
currents, wind, frequently reduced visibility, and large am-
plitudes of tides that greatly affect traffic in the port was 
taken into consideration. Despite numerous restrictions, it 
should be emphasized that the port of New York is the 
largest port on the east coast of the USA [19] with a signifi-
cant concentration of maritime traffic and a tendency for 
the maritime traffic to increase. 

The port is divided into six terminals as shown in Fig-
ure 2, and each terminal has its defined restrictions. Pilot-
age is mandatory for a specific port, as in most cases in 
practice, thus the mandatory items will not be part of the 
considered model.

Container ships were taken into account because of 
their strong expansion during the last decade, in which 
the dimensions of ships have grown significantly and 
their capacities have increased many times compared to 
previous periods. This greatly reduced the maneuverabil-
ity of these types of ships and increased the influence of 
external factors such as wind on the extremely large out-
er surface, height restrictions, increased draft, as well as 
the width of the ships, which makes maneuvering in nar-
row channels difficult and at the same time increases the 
possibilities of “bank effect”. On the other hand, the port’s 
configuration conditions, as well as their readiness to re-
ceive new generations of container ships, mostly cannot 
be fully adapted at the same speed as ship dimensions. 
However, due to market demands, pressure is often put 
on the entry of such ships into the port. Reduced number 
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of crew, various savings, increasing requirements and 
maritime regulations, and crew fatigue, caused recent 
maritime accidents precisely on these types of ships 
when approaching the port and passing through the 
straits. In the given model, it is understood that the ship’s 
equipment enables the ship’s berthing, as well as that the 
ship thrusters help with the maneuver, and that ship’s 
mooring is prepared. 

3	 Methodology

In this paper, the Bayesian Belief Network graphical 
network based on probability and uncertainty was used. 
Probability theory is primarily concerned with practical 
problems and represents the theoretical basis of statistics.

Bayes’ theorem justifies a way of thinking that states 
that the truth of a theory is confirmed by new evidence. It 

Figure 3 New York Harbor Map [23]

Figure 2 Terminals port of New York [20]
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is a conditional probability, the probability that one as-
sumption is true provided that the other assumption is 
true. The fundamental goal of Bayes’ theorem is to formal-
ize information about how one event can help in under-
standing another. Therefore, to find the probability of an 
earlier event provided that a later event has occurred, a 
BBN enables it to operate with incomplete data and con-
clude reasoning from uncertain knowledge or informa-
tion. BBN is widely used in various problems such as 
decision-making, scenario analysis, and probability pre-
diction [16, 17].

The conditional independence and joint probability 
distribution are the basic rules of the BBN and can be ex-
pressed by formulas (1) and (2):

P(V1, V2, … , Vk/v) = ∏1
kP(V/v)i (=1, 2,…, k)	 (1)

P(V1, V2, … , Vk) = ∏1
kP(Vi/Parent Vi)i (=1, 2…, k)	 (2)

where Vi represents the variable, k is the number of the 
variables, P (V1, V2,…, Vk/v) is the conditional probability 
function, P(V1, V2,…, Vk) is the joint probability function, 
Parent (Vi) represents the parent nodes of Vi [15].

For the construction of BBN, the first requirement is to 
define the problem domain through the identification of 
the relevant set of variables that defines the modeled 
problem. Further, the relationships between the variables 
are established to define the graphical structure of the 
model. In the next step, they assign the states of the varia-
bles and their initial probabilities [11, 16].

In this chapter, a division of elements whose interde-
pendency affects the decision-making process according 
to different criteria and using the BBN was made. Figure 4 
shows all the elements that are important for decision-
making for the port entrance as well as choosing a termi-
nal for mooring the ship concerning the given parameters. 
It is assumed that ports are previously defined for certain 
classes of ships. For this research, the classes of ships that 
have previously entered the port to load/unload cargo 
were defined. Therefore, the characteristics of the ship 
correspond to the conditions and configuration of the 
port, and it is not necessary to analyze that aspect, be-
cause they are known parameters to determine the risk 
analysis. The basic elements of the ship are indicated in 
Figure 4, assuming that the officer on the bridge knows 

Figure 4 The elements of the general model of decision-making on entering the port

Source: Authors
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the maneuvering abilities of the ship. Further, the ele-
ments that define terminal characteristics and hydromete-
orological conditions are shown. All these elements should 
be clearly defined and displayed in the maritime security 
cloud during ship entrance in port. The elements that de-
fine the ship as a result of the ship’s conditions are defined 
by the Master on board, while the elements of the terminal 
are defined by the port authorities. Elements representing 
hydrometeorological conditions would be obtained from 
various sensors located in the port and devices already in-
stalled on the ship, as shown in the already tested e-Navi-
gation projects. The items from the model listed in Figure 
4 are defined based on the studied and processed litera-
ture [11, 18] and will be used later in the proposed model.

4	 BBN Model Verification

This model does not consider the psychophysical state 
of the operator, but only the factual parameters that influ-
ence the analysis of the risk of navigation as previously 
stated. Each port is defined by its characteristics, hence it 
is most important to recognize and define them, thus Ta-
ble 1. was created based on processed literature and pub-
licly available data for the specified port [21, 22] and 
based on the experience of Masters who entered the speci-
fied port. It represents the general framework used by 
seafarers during the port entrance. Each of the character-
istics is divided into mutually exclusive sub-characteris-
tics. Eight characteristics of the distribution (A, B, C, D, E, F, 

G, H) were proposed, which were used when creating the 
model shown in Figures 5, 6 and 7. The GeNIe Academic 
[27] program was used to create the proposed model. 
Once vessel size has been selected, adjustment is done for 
specific nodes which represent the vessel’s actual loading 
condition and external factors stated in accordance with 
the proposed distribution described in Table 1. For this 
purpose, 2300 TEU, 8000 TEU, and 16000 TEU vessels are 
used. As described in Figure 2, the port of New York has 6 
different container terminals and each has its own limita-
tions in respect of depth, height, and cargo gear capabili-
ties. By selecting vessel size and loading condition, the 
model automatically provides a risk assessment of enter-
ing each available terminal according to the terminal’s re-
strictions, while by changing external factors, the model 
calculates if port entering is safe or not. Terminal selection 
mainly belongs to port management in terms of berth 
availability, but the purpose of the model is to calculate the 
probability of docking at each terminal so that after re-
ceiving the terminal confirmation from the port, the safety 
of entering the port can be checked in the model. Testing 
results are given for the following conditions:
–	 Port entering with the empty condition and favorable 

external factors Figure 5.
–	 Port entering with light condition and unfavorable ex-

ternal factors Figure 6.
–	 Port entering with heavy condition and unfavorable ex-

ternal factors Figure 7.

Table 1 Proposed distribution of characteristics of the port of New New York [21, 22]

A – Windage area
a1 ≤ 6000 m2 LOW
a2 6000–12000 m2 MEDIUM
a3 12000–18000 m2 HIGH

B – Draft
b1 ≤ 10 m LOW
b2 10–13 m MEDIUM
b3 13–15 m HIGH

C – Wind
c1 ≤ 10kts CALM
c2 10–20 kts MODERATE
c3 20–30kts STRONG

D – Tide
d1 (draft ≤ 10 m)LOW
d2 (draft 10–13 m)MHW
d3 (obligatory for draft 13–15 m)HIGH

E – Visibility
f1 >1NM (no transit ) POOR
f2 ≤ 1 NM GOOD

F – Vessel class
e1 2300 TEU (LOA 185 m, width 30 m, max draft 9,5m, air draft on max draft 42m)
e2 8000 TEU (LOA 300 m, width 46 m, max draft 15,1m, air draft on max draft 52m)
e3 16000 TEU (LOA 396 m, width 54 m, max draft 16m, air draft on max draft 58 m)

G – Depth
g1 0 – 6 m
g2 6 – 12 m
g3 12 – 18 m

H – Tugs TWO, THREE, FOUR, FIVE
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Figure 5 A model for New York port study case 1st example (work in GeNIe Academic [27])

Source: Authors

Figure 6 A model for New York port study case 2nd example 

Source: Authors

Figure 7 A model for New York port study case 3rd example

Source: Authors
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It can be observed that the safety of port entering is 
highly sensitive to factors that belong to the vessel’s load-
ing condition as well as the size of the vessel. As shown in 
Figure 5, entering to port is not recommended despite fa-
vorable weather and empty condition due to height re-
strictions in the port. In Figure 6. despite unfavorable 
external factors, the safety margin for port entering can 
still be maintained by requesting additional tugs, while 
port entering isn’t recommended in combination with un-
favorable weather factors and heavy loaded vessels as 
shown in Figure 7. However, some external factors can be 
crucial for approval of entering the port despite vessels 
condition, for example in case of dense fog and poor visi-
bility incoming traffic will be suspended till visibility 
improves. 

Model Sensitivity Analysis

Sensitivity analysis is a widely used method to analyze 
the sensitivity of related variables to identify the influenc-
ing factors that can reduce the uncertainty of the target fac-
tor [28]. All the formulas for sensitivity analysis are 
calculated with the software package GeNIe Academic [27]. 
The sensitivity analysis confirms whether the model as-
sumes the correct behavior of the modeled system, i.e. 
checking the sensitivity of the model shows that the model 
is sensitive to parameters and scenarios to which the ob-
served system should be sensitive. An example of the sensi-
tivity analysis is shown in Figures 8 and 9. The target nodes 
are: “SAFE” and “NOT RECOMMENDED”. The sensitivity dia-
gram in Figure 8 shows the most sensitive parameters for 

Figure 8 Sensitivity diagram for node “NOT RECOMMENDED”

Source: Authors

Figure 9 Sensitivity diagram for node “SAFE”

Source: Authors
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selected states of the selected node. They are ranked from 
most sensitive to least sensitive. With the help of the divid-
er, it is possible to determine the percentage of change in all 
parameters. The horizontal axis shows the absolute change 
in posterior probability when all parameters are changed 
by a certain percentage. Positive derivation values are 
shown in red-green, and negative derivations are shown in 
green-red. This kind of display enables quick identification 
of the state of “target nodes” that will increase or decrease 
their posterior when the value of the parameter for which 
the sensitivity test is made increases.

As shown in Figure 8, the diagram of sensitivity to the 
risk of entering the port, the nodes “AIR DRAFT” and “VIS-
IBILITY” have the highest sensitivity for the selected ship 
class, then “EXTERNAL FACTORS” and then the others as 
shown.

Figure 9 the sensitivity diagram shows the sensitivity 
analysis for a specific case when all conditions for entering 
the port are favorable and the final result is “SAFE”. For 
this case, the ship class 2300 TEU was selected, and the 
sensitivity diagram in this case has the highest sensitivity 
node “EXTERNAL FACTORS”, this sensitivity changes de-
pending on the selection of the number of tugs. In this way, 

the Master can reduce the risk and influence the node “EX-
TERNAL FACTORS” by increasing the number of tugs.

5	 BBN Model Validation

The developed model is validated against real world 
case: On May 17, 2018, around 5 p.m. a very large contain-
er (VLC) ship was involved in an accident at the New York 
port, Newark. The data [29] is about container ship TU-
CAPEL, IMO 9569970, dwt 94707, capacity 8000 TEU, 
built in 2012, flag Liberia (LOA 300 m, width 46 m, draft 
12.8 m) According to [30, 31] the ship broke the mooring 
lines during the active arrival at the mooring. The ship was 
forced to drop anchor in order to help arrest movement 
and was subsequently stabilized and secured with the as-
sistance of four tugs.

The node “EXTERNAL FACTORS” was very bad (86%), 
the weather worsened rapidly, and thus the node “VISIBIL-
ITY”, but according to the forecast, visibility was good be-
fore the port entering maneuver. Port entering was not 
recommended according to the model (80%). We can only 
assume that the intention was to berth before the storms. 
As shown in Figure 10, if the developed BBN model had 

Table 2 Newark weather history for May 15, 2018 [32, 33].

Time Weather Wind Visibility
14:51 Broken clouds. 17.3 kts 8.6 NM
17:05 Thunderstorms.

Broken clouds.
24.8 kts 8.6 NM

17:21 Thunderstorms.
Mostly cloudy.

22.2 kts 1.6 NM

17:32 Strong thunderstorms. Fog. 11.88 kts 1 NM

Figure 10 Model validation of maritime accident for container ship ‟TUCAPEL”

Source: Authors
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been used immediately before the accident, according to 
the available evidence, its response would have issued a 
warning, which is in line with one of the goals of develop-
ing the model.

6	 Conclusion

Based on all available information, the authors propose 
the implementation of a risk assessment model for port 
entering based on BBN and elements of the e-Navigation 
concept. The model integrates previous IMO projects 
based on the concept of e-Navigation and port entry risk 
analysis. As mentioned earlier, due to market demands, 
the Master and crew are often under pressure to enter the 
port despite the fact that the weather conditions and the 
terminal proposed by the port authority are not suitable 
for conducting safe port entry and docking. As well due to 
the constant growth of the ships, and the implementation 
of new technologies and systems, the crew is often over-
whelmed with various data and information in combina-
tion with fatigue and stress, which causes a potential loss 
of control and lack of situational awareness. The purpose 
of the model would be to establish decision-making sup-
port for the ship’s command where all information and re-
sults would be available in one place to improve situational 
awareness based on the state of the ship’s embarkation 
and real external factors, providing a clear risk assessment 
of refusals or approvals for entering the port.

According to the above, we can establish the fact that 
despite all the elements of the system offered by e-Naviga-
tion and the proposed model to facilitate the Master’s de-
cision, the Master still has the discretionary right to decide 
based on his experience at a certain moment.

Consequently, stakeholders would have an integrated 
system that collects, analyzes, exchanges and presents all 
maritime information for entering the port to protect the 
safety of the ship and the marine environment.

The authors emphasize that using this model would re-
duce human error. Moreover, by monitoring the situation 
from the coast in real-time with the possibility of action, 
potential errors would be reduced to the smallest extent. 
It is very important that the presented model can be ap-
plied and adapted for each port.

The authors suggest further research in model com-
parison to similar proposed models for entering the port. 
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