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Abstract: This paper presents a model for assessing the impact of various factors on maritime
accidents. This paper discusses the issue of maritime transport and its risks. The taxonomy of
causes and consequences used in maritime transport is explained. Two mathematical principles were
used, i.e., multi-criteria decision analysis (MCDA) and principal component analysis (PCA). The
analyses were carried out using the Promethee/Gaia method. The connection between causes and
accidents constituted the decision problem. The evaluation criteria, a set of actions and preferences,
were identified based on the method principles. The results of this research include rankings of
causal chains. They were analysed in multi-criteria and single-criteria dimensions. The outcomes
are presented numerically and graphically. Such research contributes to improving safety at sea. It
allows us to understand how a particular transport system works. Conclusions can be drawn and
measures can be initiated to change the situation in the future.
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1. Introduction

Maritime transport, like any other mode of transport, can result in many casualties.
Marine casualties or marine incidents are events involving people, ships, equipment,
cargo, and environmental conditions, etc. Investigating the causes of these events is an
essential aspect for improving maritime safety. A ship is an object that is placed in a specific
environment. Its functioning is determined by many processes, such as navigation, loading,
manoeuvring, equipment operation, and management. At the centre of this system is the
human element. Casualties at sea are often caused by a chain of events. Many elements
have to be considered in multiple aspects. Therefore, investigating these circumstances is
time-consuming and often problematic.

Casualty analysis and cause identification can prevent the future loss of life, protect
against environmental pollution, and help to take better care of assets. The results of such
research can help us to understand the local or global conditions of the maritime transport
system. This can also be used to introduce new regulations, design better waterways,
optimise the deployment of search and rescue forces and resources, or focus on improving
relevant competencies [1].

The transport system structure consists of several elements (such as organisational,
regulatory, and technical elements), interacting to varying degrees. The functioning of these
elements is what makes the process run efficiently; otherwise, disruptions and accidents
can occur.

Statistics are often used when assessing safety or risk. Producing statistics requires the
collection of uniform data. In the maritime industry, national institutions collect these data
and report them to international bodies. A problem that has been encountered was the use
of different categories and groups for causes of accidents. This made it difficult to generalize
the data and compare smaller and larger water areas. Therefore, appropriate classification
schemes have been developed by the IMO (International Maritime Organisation) and
other bodjies.
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Another problem is the way the data are analysed. The information is often presented
as the number or frequency of incidents in terms of location, type of vessel, time of the
year, or consequences, etc. The research has been mostly conducted according to only one
selected criterion. Therefore, the results sometimes do not cover all aspects, as the data are
examined separately.

In order to study the factors at multiple levels, appropriate extended methods are re-
quired. The problem must be adequately described and the data collected should be precise.

The representation of more complex problems is made possible using the Multi-
Criteria Decision Analysis method (MCDA). Many aspects can be considered at the same
time. This method is often used to search for optimal solutions or preferred actions. It
uses statistics principles, so it can determine the relationships between the solutions. This
basically involves checking the correlation between elements (actions) in the selected
criteria. This method also simultaneously arranges the solutions according to all the criteria.
This method takes into account the preferences of the decision-maker.

This approach is used across several industries. The maritime sector, including mar-
itime safety and security or maritime search and rescue, can also be supported by this
approach. The author proposes the use of mathematical methods and visualisations for
the presentation of multi-layered data. It can facilitate and accelerate the identification of
the cause of marine casualties. A deeper investigation can also contribute to more effective
methods to improve the transport system and avoid future accidents. This requires the
creation of a suitable model.

In this case, the problem is to find out to what extent the causes (set of factors) affect
the maritime transport system in question (selected period and water area).

Literature overview (state-of-the-art)

Improving maritime safety is an ongoing issue. Strategies for improvement include
analysing the causes of accidents, collecting statistical data, exchanging experiences, and
using the lessons learned. Investigating the causes can be challenging, but it is possible
with the involvement of appropriate methods and institutional efforts.

In Europe, one of the institutions collecting data and carrying out investigations is the
EMSA (European Maritime Safety Agency) [2,3]. An example of a Polish institution is the
PKBWM (Paristwowa Komisja Badania Wypadkéw Morskich) [4,5]. It is important that the
same assessment methods and taxonomy are adopted. In order to collect homogeneous
data, it is necessary to use the same nomenclature, the division of waters, vessel types,
hazard categories, as well as contributing factors. Since 2014, such standards have been
applied by the EMSA and its associated countries. National and international institutions
operate on the basis of relevant regulations [6-8].

Many scientific papers have addressed the topics of safety at sea, accident prevention,
the impact of various factors, and the need for efforts to improve the situation. However,
there are not many scientific papers on the use of the MCDA in relation to investigations
into causes of accidents, especially in the maritime industry. Some examples of interesting
studies are given below.

Research on ship collision risk factors using multi-criteria methods was conducted in
the work presented in [9]. The authors studied evaluation criteria and other elements that
lead to accidents. An evaluation of the parameters related to collisions using the MCDA
was also conducted in the work presented in [10]. The proposal of a multidimensional
framework for assessing, predicting, and mitigating potential hazards in the maritime
sector was discussed in the work presented in [11]. The MCDA method has been used
in mapping maritime transportation risks by combining it with geospatial techniques, as
described in the work presented in [12].

Research on the relationships between traffic accident variables and the solutions to
the decision problem can be found in the work presented in [13,14]. In his own work [15],
the author investigated the suitability of rescue units for search and rescue operations using
the MCDA.
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Many statistical studies on the factors causing accidents at sea are analysed according
to only one criterion. A statistical analysis of the number of accidents and the frequency
of factors for passenger ships is presented in [16]. The influence of the human factor on
navigational accidents has been analysed using various methods in the work presented
in [17]. Statistical analysis related to groundings, hull failures, and collisions was also
carried out in the work presented in [18]. Research on shipping and industry 4.0 in relation
to maritime risk is discussed in the work presented in [19].

Organisational factors in marine accident analysis are discussed in the work presented
in [20]. The authors emphasise the importance of the human factor. Research on the
transformation of maritime technology, the impact of human error and the socio-economic
factors, as well as future directions of maritime safety are discussed in the work presented
in [21].

The application and description of the methods are presented in the following arti-
cles [22-25]. The method guide [26] was used in this article.

As demonstrated above, maritime transport is an extremely important aspect of
today’s economy:. It is a difficult topic because the maritime environment itself is usually
challenging. Human presence at sea has always been associated with high risks. Our
task is to study these phenomena and implement measures to protect life, environment,
and property.

2. Materials and Methods

The Promethee method, which is an example of an MCDA problem-solving method,
was used for this study. The MCDA method requires a precise definition of the basic
elements. The background to the definition of these elements is the official classification and
nomenclature of factors contributing to accidents. The key information is presented below.

2.1. MCDA

The proposed research model takes into account the principles of multi-criteria analysis
and statistical principles. The aim of this study is to determine to what extent selected
factors influence the occurrence of marine casualties. The Promehtee/Gaia method is an
example of a method that makes this possible. The problem under investigation is defined
by ‘actions’ (i.e., identified solutions to the problem) and ‘evaluation criteria’. The study is
carried out according to certain mathematical rules (the decision-maker’s preferences).

The Promethee II (Preference Ranking Organization Method For the Enrichment Of
Evaluations And Its Descriptive Complement Geometrical Analysis For Interactive Aid) is
the outranking method. It uses set of actions, a family of criteria, and preferences, and is
based on the principle of pairwise comparison of the actions. The method is used to solve
decision-making problems. The method examines the extent to which the actions meet
the preferences, or shows how strong their influence is. The method makes it possible to
determine which criteria are dominant. All criteria are taken into account simultaneously.
It is also possible to evaluate each criterion separately. The method has several advantages,
as follows: the criteria can be expressed in different units, there are several preference
functions to choose from, and thresholds can be used to change the calculation procedure.
This method was developed in 1984 by ]. Brans [23,24].

There are several steps in the method [26], such as: defining a set of actions, defining
the assessment criteria, creating a multicriteria table, determining preferences, perform-
ing calculations, and interpreting the results. It is assumed that A is a set of n actions
A ={ay, ap, a3,. .. ay} and a consistent family of criteria f; to f¢ is F = {f1, f2, f3. .. f¢}. Actions
are possible solutions to a problem that need to be defined. The number of actions to be
examined is finite. These actions will be assessed against each criterion. The criteria can
be quantitative or qualitative. Quantitative criteria can have arbitrary units, and a scale
should be created for qualitative criteria. These criteria are to be maximised or minimised.
The assessment is carried out using a multi-criteria table. The rows of the table contain the
actions (a1 — a;), and the columns of the table contain the criteria (f; — fi). The evaluation
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of each action f(a) is placed inside the table at the intersection of the rows and columns.
The evaluations require inserting data for each action in each criterion. For example, if the
criterion is ‘speed’, the value of speed achieved by the action (e.g., in km/h) should be
inserted in the table.

An outranking relation is built on the basis of a preference index 7. It is used to assess
the dominance of action a over action b. The following Formula (1) applies:

k
mt(a,b) = ) wj x P;(a,b) (1)
j=1

where:

7t(a, b)—preference index for action a relative to action b considering all the criteria.
wi-the weight allocated to jth criterion.

P;(a, b)-preference function for the jth criterion, when action a is compared to b.
j—set of criteria.

There are several preference functions P;(a, b). The decision-maker shall choose the
optimal function for every criterion. The functions are the following types: usual, level,
U-shape, V-shape, linear, Gaussian. Actions will be compared r = f;(a) — f;(b) according to
the selected function. The range of function is from 0 to 1, where 0 means no preference
at all while 1 means a full preference. The linear and V-shape functions are the best for
quantitative criteria (Figure 1). The thresholds (indifference threshold q and preference
threshold p) are used for these functions. The thresholds are the values at which the
evaluation type changes. Between thresholds, the function runs in a linear way. The
indifference threshold is the largest deviation, which is considered as insignificant by the
decision-maker and no outranging between the actions occurs. Both actions are considered
to be the same. When the r is below this threshold, the function value is equal to 0. The
V-shape function has the indifference threshold always set to zero (g = 0). The preference
threshold (p) is the smallest deviation which is considered as sufficient in generating a
full preference. When the r is greater than this threshold, the better action will receive a
maximum score of 1.

P,(a,b)

L p—— _ 0 r<0
: U g <r<p
] F}(H,b) Sk r —qj il = e )

0.5 i 1 r>p;

i
I = f. - F.

v g 7 3 r= fi(a) - f;(b)

Figure 1. Linear type of preference function.

The next step is to determine the outranking flows. There are three flows: the leaving
flow (positive), the entering flow (negative), and the net flow. The leaving flow ¢ (a)
represents the preference of a given action over others. It is a global measurement of the
strengths of action a (Formula (2)). The entering flow ¢~ (a) represents the preference of all
other variants over a given action. The negative preference flow measures how much other
actions are preferred to action 4. It is a global measurement of the weaknesses of action a
(Formula (3)). The net preference flow ¢(a) aggregates previous flows. Net flow can be
positive or negative. The higher the net flow, the stronger the action (Formula (4)).

9" (a) =) m(ab) (2)
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¢~ (a) =) 7(b,a) &)
p(a) = 9" (a) + ¢~ (a) 4)

The ranking of actions (outcome) is built based on the net flow. Where ¢(a) > ¢(b),
action a is better (stronger or more preferred) over action b, the result is presented as a partial
ranking (Promethee I-single assessment) or complete ranking (Promethee II-multicriteria
single assessment).

In addition to the results obtained above, the GAIA (Geometrical Analysis for Interac-
tive Aid) approach can be applied. The GAIA approach is based on the dimension-reduction
technique PCA (Principal Components Analysis). The GAIA approach uses the graphi-
cal solution and allows the major features of decision problems to be represented. The
following information can be found:

How much are the actions similar to each other?

Are there subsets of similar actions?

Is the impact of the action the same in each criterion?
Are there any dominant criteria?

The GAIA plan is a two-dimensional representation of the multi-criteria problem. It
uses two components (U and V) that are computed and displayed. This method defines a
series of orthogonal dimensions (principal components) that keep as much information as
possible on the relative positions of the actions in the k-dimensional space. The method
uses the unicriterion net flow table, which is similar to the multi-criteria table, but contains
more data. The rows of the table contain the actions (a; — a;), the columns of the table
contain the unicriterion net flow (¢;). The net preference flow () is calculated according to
Formulas (5) and (6):

@j(ﬂ) = " i 11; [P]‘(ﬂ,b) — P]‘(b,ﬂ)} (5)
k

(a) = Z;wj x Dj(a) (6)
j=

where,

& (a)-unicriterion net flow.

P;(a, b)-preference function for the jth criterion, when action a is compared to b.
wi-the weight allocated to jth criterion.

j—set of criteria.

@ (a)-net preference flow.

In the Gaia plane, the actions are represented by points, criteria are represented by
the axes, and the weight of the criteria are represented by the decision axes. The actions
that are similar to each other appear close to each other on the plane. Those actions that
are very different from each other appear far away from each other. The subsets of similar
action can be identified. The criteria are the axes drawn from the centre of the plane. The
criteria expressing similar preferences are represented by axes oriented in similar directions,
while the conflicting preferences are represented by axes oriented in opposite directions.
The length of the axis is representative of its relative discriminating power. The more
discriminating the criterion, the longer the axis. The subset of criteria expressing similar
preferences can thus be identified and the relative discriminating power of the criteria can
be assessed. The position of the actions, with respect to the criteria axes, indicate how
well the action is performing on the single criteria. Each action is projected orthogonally
on the criterion. The projections show the relative performance of the actions on the
selected criterion.
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2.2. Taxonomy

The background to the conduct of marine casualty investigations by international
institutions is the use of relevant accident categories. The following paragraphs highlight
the most important aspects of the taxonomy.

Marine casualties differ due to the severity of consequences. They are divided into
the following categories [6,8]: very serious accident (total loss of ship, loss of life, or severe
damage to the environment); serious accident (severe damage to the ship, threat to the
safety of crew, damage to the environment); less serious accident (minor impact on the
environment or ship); and incidents (the events that could potentially have a negative
impact on the safety).

A harmonised codification of the information is also used to investigate and report on
the causes of casualties as shown in the work presented in [2,3,7,8]. This enables the links
between the consequences of an event and its root causes to be explored. The assessment
taxonomy (Figure 2) is based on the Accident Events indicators and the Contributing Factors
(occurring at several levels). Indicators and factors lead to Casualty Events (such as collision,
fire, grounding, loss of control, damage, flooding, hull failure, personal injury accident,
etc.) and result in consequences (such as pollution, damage to the vessel, fatalities, etc.).
Casualty Events may have one or more Accident Events. It is a sequence of causes linked to
each other and forming an overall event. It is the undesirable situation affecting the people,
the ship, the equipment, the environment, and it directly represents a marine casualty.

Casualty Accident Contributing Factors }
Event Event
* Shipboard operation
. 1% level
e Collision «  Systemand * External Environment
+ Capsizing equipment failure
* Fire * Other agent orvessel 27 |level Structured into categories:
+ FEtc. * Hazardous materials
3 level s Human behaviour
s Environment
4™ level *  Procedures and rules
Consequences: * Tools and equipment
pollution, ship damage, fatality

Figure 2. Simplified assessment taxonomy:.

The Accident Event (AE) is an inappropriate condition occurring in a sequence of
events that led to an accident. The AEs are divided into the following indicators: human
action, system and equipment failure, other agent or vessel, hazardous materials, and
unknown (not identified). The Contributing Factor (CF) is a condition that may have
contributed to an accident event or worsened its consequence. The main groups of CFs
are: Shipboard Operation, Shore Management, and External Environment. There are
21 contributing factors at the second level of analysis, as shown in Figure 3. Meanwhile,
there are more than 180 contributing factors at the third and fourth levels of analysis.
Due to the large number of factors, the EMSA structures the lower-level factors into
unified categories: Human Behaviour, Environment, Rules and Procedures, and Tools and
Equipment. In general, a CF is a situation that may have triggered AE or worsened its
consequences (e.g., human-machine interaction, inadequate lighting). It is a factor that
helps to clarify the Accident Event.
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Inadequate tools and equipment

Crew resource management Work conditions
Maintenance
Emergency preparedness
T~ / Environmental
Personnel and mannin impact
g\‘ SHIPBOARD EXTERNAL a

OPERATION

ENVIRONMENT | -

Social environment Phenomenon

X X System acquisition
Business climate
B Safety and Environment

management

SHORE
MANAGEMENT

Operational management

Occupational health management —% R Regulatory activities

Emergency preparedness / f \ Personnel management

Maintenance Policy Design Organization and

General management

Figure 3. Contributing factors on the second level.

The shipboard operation focuses primarily on the factors related to safety on the
ship, the functioning of the crew in certain conditions, competences, the correctness of
procedures, the operation of devices and the use of equipment. Shore management focuses
on principles, legal aspects, and organising. The external environment is the impact of
environment or hydrometeorological conditions in which the ship is located.

The ship (along with the crew, equipment, cargo) performs many activities, like bunker-
ing, mooring, loading, sailing. The ship operates in some certain environmental conditions
(e.g., storm, fog, strong current) and must meet certain requirements (e.g., collision regula-
tions, fuel economy, schedule keeping). The failure of any of these components can result
in an accident. A detailed description of the actions and criteria developed for the model
under study is given in p. 3.2.

The ships are classified according to their purpose: cargo ship, passenger ship, fishing
vessel, service ship and others. A cargo ship is designed for the carriage of various types of
cargo, goods or products, and up to a maximum of 12 passengers. A passenger ship is a
ship designed to transport more than 12 passengers. A fishing vessel is a vessel equipped
or used commercially for catching fish or other living resources at sea. A service ship is a
ship designed for special services (towing, dredging, search and rescue tasks). Other ships
are, e.g., inland waterway vessels, recreational crafts, navy ships.

3. Case Study
3.1. Case Characteristics

This case study includes 23,814 marine casualties reported to the EMSA between 2014
and 2022 and considers ships flying the flag of one of the 27 European Union countries. The
average number of events per year is around 2600. During this period, 2.7% of events were
considered to be a very serious accident, 28.5% were considered to be a serious accident,
almost 54% were considered to be a less serious accident, and 15% were considered to be
incidents. More than 27,000 vessels were involved in these events, of which 184 suffered a
total loss and almost 550 situations resulted in pollution. In total, 604 people lost their lives.
The data and various analyses are included in the report presented in [3], and this source
was mainly used in this study.

This study will verify how the chain causes are related to each other according to the
different accident indicators and what their overall impact on the problem is. Statistical
data and the assessment taxonomy adopted by the EMSA were used for this study. This
study uses the assumptions of the MCDA method and the PCA method. The results are
analysed in two ways (multi-criteria and single criteria analysis).
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3.2. Assessment Criteria and Actions

In accordance with the selected methodology, the author identified seven actions
(i.e., solutions to the problem) and defined four evaluation criteria.

The actions (A1-A7) represent the respective groups of causes. They are associated
with the contributing factors. They represent a combination of the different levels of
the accident causal sequence. The root causes from the fourth, third, and second levels
are structured into four categories. They may have an impact on the main contributing
factors. The list of actions is shown in Table 1, and are as follows: action Al is a set of
errors caused by the behaviour of a person onboard the vessel; action A2 is a set of causes
also triggered by a person, but outside the vessel; action A3 is the negative impact of the
surroundings on the vessel; action A4 is the negative impact of the surroundings on the
management element outside the vessel; action A5 represents the destructive impact of
external environmental conditions; action A6 represents the causes related to inadequate
shore management procedures and rules; and action A7 represents the causes related to
defects or the failures of the ship’s facilities and equipment.

Table 1. Description of the actions.

Action Contributing Factors Structured Sub-Factors

Al Shipboard operation .

A2 Shore Management Human behaviour

A3 Shipboard operation

A4 Shore Management Environment

A5 External Environment

Ab Shore management Rules and procedures

A7 Shipboard operations Tools and equipment
Shipboard operation; Shore Management; External Environment.

Colour coding was used for graphical solutions. The actions related to ship operations
are colour-coded in pink, the actions related to shore management are colour-coded in grey,
and the actions related to the external environment are colour-coded in green.

Human behaviour causes affect both the crews on board and the shore teams operating
the vessels. Some examples include emergency responses and decision-making skills.
Incorrect decisions can result in a vessel accident. The environment affects all three factors.
Some examples include hydrometeorological conditions and phenomena, physical stress,
fatigue, and working conditions. The causes related to rules and procedures are mainly
linked to the law, management, and regulatory activities, as well as the training of shore-
based personnel. The tools and equipment used on board are also an important aspect.
Their failure can contribute to an accident.

All actions are assessed in each criterion (C1-C4) and compared to each other, ac-
cording to the established preferences (described in p. 3.3). The model examines the
degree to which a given set of factors influences the occurrence of marine accidents. The
assessment criteria are represented by AE indicators. These criteria are defined as follows:
human action (C1); system and equipment failure (C2); other agent or vessel (C3); and
hazardous materials (C4). The criterion C1 defines the interaction between a human and
other components of the system. This criterion refers to inappropriate individual action that
results in an error. It concerns technical, environmental, and organisational areas. Criterion
C2 occurs when all or part of the system or device stops working correctly and causes
disruption. The causes can be a technical error, hardware, or software failure. Criterion C3
describes situations where another object causes an accident, such as improper navigation
by another ship. The criterion determines the impact of the cargo carried by the ship. The
cargo can have different physical and chemical properties (e.g., explosive, corrosive) and
require appropriate packaging, stowage, and segregation [27]. Adverse reactions of these
substances can lead to human death, damage to the ship, and environmental pollution.

The source data included in the work presented in [3] are presented in various forms
and include information on marine casualties, indicators, and factors. The accidents usually
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have several causes. More than one vessel is often involved in an accident. For this study,
the data of each ship involved in accidents were used. On this basis, a multi-criteria table
was developed (Table 2). This table shows the percentage of each action in the assessment
criteria. The data represent the distribution of CFs in different types of AEs. The values are
expressed as a percentage of contributing factors. These data were analysed separately for
each vessel. For example, the set of CFs labelled A5 (External Environment) occurred in
48.8% of cases for criterion C3 (Other agent or vessel).

Table 2. Assessment of the actions.

Criteria
c1 S Stcezm N c3 ca
Action Human E }1,.1i ment Other Agent Hazardous
Action 1 .p or Vessel Materials
Failure
Al 50.8 441 12.9 21.0
A2 2.8 12.2 5.4 6.5
A3 18.2 13.7 10.0 33.8
A4 5.5 3.7 5.0 8.9
A5 3.6 3.0 48.8 1.6
A6 11.6 14.9 15.9 16.1
A7 7.5 8.4 2.1 12.1

3.3. Assessment Features and Preferences

According to the MCDA approach, the preferences (such as: the weight and the
direction of the criterion, the thresholds, and the type of preference function) are determined
for each criterion.

For this case study, the V-shape function is used for all criteria. As explained earlier,
the linear functions are the most favourable for numerical data. Such functions allow a
proportional comparison of values. The indifference threshold is set to 0 and the preference
threshold is set to the maximum score of the criterion assessment. In such a configuration,
the function will run linearly from the lower limit to the upper limit. All criteria are
maximised. The weights of the criteria (C1-C4) correspond to the proportion of each AE
indicator (respectively: 67.7%; 19.9%; 8.1%; 4.3%, as determined on the basis of the EMSA
report [3]).

4. Results

The results of the calculations are presented numerically and graphically in the form
of the rankings: Table 3, Figure 4, as well as the plains: Figure 5a,b and Figure 6a,b. The
Promethee ranking sorts the actions in relation to the net flow (¢) obtained during the
calculation. The ranking range is from —1 to 1. The higher the (¢) value, the more the action
meets the preferences. This means that it has the lager impact on the problem, considering
all criteria simultaneously. The ranking order, together with the value of (¢), is shown in
Table 3. The weakest actions are placed on the left, the strongest are placed on the right.

Table 3. Ranking of the actions.

A2

A4 A5 A7 A6 A3 Al

—0.2200

—0.2178 —0.1765 —0.1635 0.0331 0.0794 0.7315
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Figure 4. Promethee ranking.
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Figure 5. GAIA Plane: (a) Multicriteria assessment; (b) Single assessment of criterion C1.
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Figure 6. GAIA Plane: (a) Single assessment of criterion C3; (b) Single assessment of criterion C4.

Figure 4 allows for a quick assessment of the dominance of an action over the others.
The actions are distributed along the ¢-axis. Larger gaps indicate a greater difference in
the final evaluation. The actions located close to each other obtained similar results. Their
impact is also similar. Action Al (ship operations affected by human behaviour) comes
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first. It has a big lead over the next action. Action Al is the strongest factor. It has the
greatest impact on the occurrence of accidents. In second place is action A3 (the impact of
the environment on ship operations). A short distance away is action A6 (the impact of
rules and procedures on shore management). These three groups of causes dominate and
are responsible for the occurrence of the highest number of casualty events. The remaining
actions (A7, A5, A4 and A?2) scored almost equally lower. They have less influence on the
occurrence of the problem.

A small number of actions (decisions or solutions to the problem) allows for quick
analysis. This is the case here. The number of actions is only seven. This also be very useful
to identify subgroups of actions when analysing a larger number of actions. A subgroup is
a group of actions that have obtained close results. This approach can also be applied in
this case. Three subgroups were identified: the first subgroup contains only one component
A1, the second subgroup contains components A3 and A6, and the third subgroup contains
components A7, A5, A4, and A2.

Figures 5 and 6 show the results of the GAIA calculations. The plain presents three-
dimensional evaluation in a two-axis dimension. The main element is the resultant vector
(red), which leads into the north-eastern quadrant. It is the outcome of a multi-criteria
assessment of the actions and shows the direction of the preference. The actions (A1-A7) are
represented by points. The criteria (C1-C4) are represented by axes (blue). The plain allows
several things to be checked at the same time. First of all, the different relationships between
the actions in both multi-criteria and single-criteria evaluations are visible. This includes
verifying whether the action is equally strong in all criteria and in the final assessment, as
well as whether there are subgroups of actions. This will help to find the causes that are
strongest for a given problem or dominate only in certain areas of the problem.

The final ranking is determined by the order in which the actions are distributed along
the resultant vector (Figure 5a). This can be obtained by an orthogonal projection of the
action on an extended axis of the preference vector. The ranking begins on the side where
the end of the vector is located. The order is as follows: A1-A3-A6-A7-A5-A2-A4. Action
Al is located near the end of the resultant vector and the criteria axes C1 and C2. It is the
strongest action and has the greatest impact on the multi-criteria assessment. Action A3 is
located near the end of the C4 criterion axis. Action A6 is located in the centre. These two
actions have a medium impact on the multi-criteria evaluation. The weakest factors are A7,
A5, A4, and A2. Action A5 is located near the end of the C3 criterion axis. The remaining
factors form a subgroup, located in the south-west quadrant. Moreover, the actions Al,
A3, A6, and A5 are distributed far apart from each other and in different quadrants. This
indicates that they do not have congruence in the individual criteria. Their strength varied
in the single criteria assessments.

The Criteria C1 and C2 are dominant. They are located close to each other and run
similarly to the resultant vector. An examination of the positions of all actions in relation to
each axis of the criterion is called a single analysis. The result of this analysis for criterion
C1 and C2 is similar. The other two criteria go in opposite directions, which implies
different preferences.

Figure 5b shows the single analysis of criterion C1. By projecting the actions onto the
extended axis, we obtain the order of the actions in this criterion. The closer to the eastern
side, the greater the importance of the action. The actions A1, A3, and A6 are the strongest
in this criterion. Action A1 also has a large distance from the next actions. This confirms its
strength in the criterion. The other actions are at the end of the axis. As the axis of criterion
C2 runs almost identically, the outcomes are similar to C1.

Figure 6a shows the single analysis of criterion C3. The most significant action here is
action A5. Itis located closest to the end of the criterion axis. It is followed by the actions A6
and Al. There is a large distance between action A5 and the subsequent actions. However,
action A5 is considered weak in the overall assessment.
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Figure 6b shows the analysis of criterion C4. The actions Al and A3 are located at the
beginning of the axis. The next significant action is A6 (lies on the axis). Further away are
the actions A7, A2, and A4. Action A5 has the lowest impact in this criterion.

The use of the PCA method in GAIA is related to the quality of the data presented. The
quality can be reduced depending on the mapping of the graph. In this case, the quality is
high enough that to rely on the results. However, a deviation from the Promethee ranking
was noted. The positions of the last two actions (A2 and A4) are swapped. Their final
values are almost identical, so discrepancies are possible in this case. This hardly affects the
final assessment. Both actions can be treated as a subgroup.

5. Discussion

It can be noted that both the ranking and the plains enable the identification of the
most important and less important contributing factors to maritime casualties. Based on
the results obtained, a flowchart was developed (Figure 7). It provides an overview of
the outcomes. The rankings are arranged vertically. The first column is the ranking of the
actions in the multi-criteria (MC) assessment. The next columns are the partial rankings for
each criterion (single assessment). The connections indicating a new position were used
between actions. Key findings include the following;:

- In terms of actions:

o  Theset of causes related to human behaviour on board (action Al) has the greatest
impact on the occurrence of casualty events. Action Al was ranked first in the
overall assessment and in most criteria.

e  The influence of environmental factors related to shipboard operations and shore-
based management related to procedures and rules is also noticeable. The actions
A3 and A6 are almost always at the top of the rankings.

e  Theimpact of weather phenomena (action A5) is strong in relation to the criterium
C3 (other agent or vessel). However, action A3 has little significance in the other
criteria as well as in the overall assessment.

o The lowest values were observed in shore management related to human be-
haviour and the environment. The actions A2 and A4 appear at the bottom of
most partial rankings and the overall ranking.

- In terms of criteria:

e  Human actions and system or equipment failures (C1 and C2) are dominant. The
rankings are in the same order. The distances between the actions are equiv-
alent. The results also coincide with the multi-criteria evaluation. Shipboard
operations, in relation to human behaviour and environment of the shore man-
agement, interact to the greatest extent. At the end of the ranking are the sets
of causes linked to shore management in relation to human behaviour and the
external environment.

e  Other agent or vessel (criterion C3) has a radically different ranking order. How-
ever, the weight of this criterion is not great, and it does not significantly affect
the overall outcome.

Human errors related to ship operations were the biggest problem in European waters
between 2014 and 2022. The following main chains of the causes can be identified: crew
resource management, emergency preparedness, maintenance, personnel and manning,
design, and system acquisition. There were also other factors causing a significant number
of accidents. In particular, it is the impact of the shore management in terms of the environ-
ment, principles, and rules. The following important aspects were noted: physical stress,
social environment and workplace conditions, emergency preparedness, maintenance pol-
icy, occupational health management, operations management, organisation, and general
management, as well as regulatory activities.
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Figure 7. Rankings flowchart.

Generally, the first-level factors are present to varying degrees in the criteria. The bar
chart (Figure 8a) shows the percentage share of each CFs. This chart does not take into
account the weight of the criterion or other preferences. The values are determined based
on the frequency of occurrence of the factor. The shipboard operations account for the
largest percentage in three criteria. The share of shore management is almost equal in each
criterion. The external environment has a high share in the criterion related to other ships.

(a) Hazardous (b) Human action
materials 0.55
Ohter agent 0.4
orvessel
0.25
System & Haqztardcius System &
equipment failure IMBtEnaS. 0.1 equipment failure

Human action
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Shipboard operation M Shore management m External Environment Ohter agent or vessel

Figure 8. Distribution of contributing factors: (a) percentage share in criteria; (b) strength in criteria.

The radar chart in Figure 8b presents the strength with which a given CF affects the
model. This radar chart takes into account the importance of a given AE indicator. One can
see the great strength of shipboard operations in the overall assessment (size of the entire
pink field) and in the criterion C1 (numerical value).

6. Conclusions

The human element is a key factor in maritime safety. The IMO takes the view that:
“The human element is a complex multi-dimensional issue that affects maritime safety,
security and marine environmental protection involving the entire spectrum of human
activities performed by ships’ crews, shore-based management, regulatory bodies and
others. All need to co-operate to address human element issues effectively” [28]. Corrective
actions should be primarily directed to improve the skills of crews, improve working
conditions, and train shore personnel. There is a need to improve safety and working
standards. The activities of international organisations and the exchange of experience
should be supported. Research activities to minimise risks should continue.
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The proposed research model takes into account different computational methods.
The approach can be applied to varying degrees in safety improvement efforts. Both the use
of MCDA and PCA can help to solve the research problem. The concept is flexible. It has
its limitations but also many advantages. The computational model is able to cope when
data are missing or uncertain. It is possible to analyse many actions in different respects.
Key limitations of the method include the need to collect a large amount of data. The data
must come from verified sources. An accurate causal taxonomy must be maintained. A
family of consistent criteria should be carefully considered when developing other models.
This will ensure a complete evaluation of the model. The model proposed in this study
can be applied to the conditions of a water area. It can be applied to both large and small
transport systems. The search for relationships between factors can support efforts to
improve conditions in the maritime shipping sector and identify system weaknesses.

A review of the literature indicates that the MCDA method has been used effectively
in transport research. The approach proposed by the author is also based on known
methods, but the method of presentation is new. The creation of causal sequences based
on an accident taxonomy provides a wide range of research possibilities. The possibility
of selecting evaluation criteria by experts allows different aspects of the problem to be
investigated. Each problem can be seen from multiple points of view and existing links
between the factors can be identified. The results allow new solutions to be developed,
which leads to the protection of human life and the environment.
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