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The objective of the study is to enhance maritime safety by applying a method for identifying and predicting the
qualification parameters of ship operators based on fuzzy logic. The core challenge of this research lies in the
necessity to control internal uncertainty factors of ship operator actions and develop a system that identifies
their qualification parameters to ensure safe decision-making in complex navigational conditions.

The research methodology comprises: a) an algorithm for automatic data processing of ECDIS to reduce
subjectivity in defining fuzzy membership functions related to navigational factors; b) formalization of the
structure of fuzzy functions and establishment of a rule base for identifying risks in complex navigation
scenarios; and c¢) simulation-based fuzzy modeling that investigates the influence of qualification parameters
on the overall risk index of ship motion management.

The research outcomes involve the development of an intelligent system predicting navigational risks in
intricate maritime conditions. Through simulation modeling, it has been identified that ship operators'
qualification parameters significantly impact the risk associated with vessel management. For instance, an
increase in parameters across four indicators can elevate the overall risk by 15.8%, shifting the situation into
a hazardous or critical category.

The practical significance is manifested by the efficiency of automated ECDIS data processing, which reduced
subjective errors and refined navigational risk prediction. The revealed influence of ship operators'
qualification parameters on risk levels underscores the importance of individualized forecasts tailored to each
operator. The practical value also lies in the potential to enhance maritime safety by precise risk prediction
and management, considering the human factor of each operator. Future research will focus on integrating
this method into other ship motion management systems, creating even more effective decision-support tools
for operators under conditions of inherent uncertainty. Bibl. 23 fig. 19.
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Introduction. In recent years, technologies based on artificial intelligence are increasingly
being integrated into the management tasks of marine vessels in challenging navigational
conditions. Neural network models are employed for predicting optimal maneuvering trajectories,
computer vision systems for recognizing surrounding objects and determining their dynamics, as
well as machine learning algorithms for analyzing meteorological conditions and automatically
adjusting the ship's course. These innovations substantially enhance the safety and efficiency of
maritime transport, especially in areas that are complex and hazardous for navigation [1-3].

Despite evident progress in this direction, the use of intelligent systems in various maritime
transport tasks, and the emergence of e-navigation, in the vast majority of water transport, the
decision to manage the vessel is made by the ship operator [4]. Navigational instruments, sensors,
and devices provide the information upon which managerial decisions are made, carrying full
responsibility for their consequences, regardless of the complexity and criticality of the situation
[5]. Despite the high rate of disasters attributed to human error, over 70%, intelligent, automated,
and automatic systems for trajectory forecasting, decision-making support, and optimal
management cannot cover the full spectrum of navigational situations and mitigate the human factor
throughout the ship's journey [6]. However, at the same time, the significance of the aforementioned
information systems for navigational safety is quite substantial, as noted in several leading studies
in this field [7-9].

Consequently, a contradiction arises between two concepts: the control over the situation by
the ship operator-navigator and the comprehensive information systems for situational identification
and vessel management. Distinguishing between these two concepts seems unfeasible due to the
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instability of the projected safety level as their primary objective function. While artificial
information systems have clear algorithms and can be analyzed through computer simulation under
given conditions and constraints, human decision-making processes are based on complexly
formalized processes of intellectual activity of the operator as a subject.

Problem Statement. The above discussion highlights the evident complexity in delineating
functions between the operator and the ship's information management systems. Indeed, the time it
takes to transition from manual ship control during complex, non-standard maneuvers, considering
various factors, will vary among operators [10]. At a given moment, each operator, while
performing their functional duties, has a confidence level that varies relative to their colleagues and
depends on the structural parameters of their qualifications. It is precisely the set of qualification
parameters that influences the performance of specific ship management tasks in relation to
conditions and factors defining the navigational situation.

It should be noted that in critical situations, where the operator's decision-making time is
minimal and the body is under stress, the processes of restoring qualification parameters are
severely hampered, leading to catastrophic outcomes [11].

The article [12] is concerned with the concept of human operators remotely controlling
autonomous ships, with particular focus on the design of Remote Operation Centres (ROC) and the
human factors involved in such operations. It discusses the role of automation in maritime
navigation and the challenges of keeping a human 'in the loop' for decision making. Several tasks
within a ROC are outlined, including managing the out-of-the-loop syndrome, ensuring proper
automatic control, and providing manual control when necessary. Additionally, the paper covers
tasks specific to maritime navigation like anti-grounding and anti-collision tasks and the design
considerations for effective and safe operation in these domains.

Key points covered in the article include: Discussion of “out-0f-loop syndrome,” where
operators may be unaware of the situation due to over-reliance on automation. The importance of
taking into account the appropriate qualification parameters for performing complex maneuvers is
indicated, but the algorithm for ensuring such a parameter is not shown.

The paper [13] analyzes the work of maritime officers using the Operator Function Model
(OFM) and examines recent ship accidents along the Korean coast. Introduced the concept of the
Operator Function Model (OFM), which is used to characterize worker activity in complex systems,
such as the operation of a ship. The analyzes specific OFM of ship navigation to evaluate cognitive
demands and technological innovations in ship navigation. The text discusses specific types of
errors, such as voyage planning errors, and mentions an example of a ship accident involving the
Kumho Ferry No. 3. It seems to discuss the incident as an example of failure in appropriately
identifying and responding to AtoN signals, resulting in a grounding accident. An important point is
the creation of a model of the navigator’s behavior, but the principles of its application in real time
during a navigational watch are not specified.

The research article [14] presented in the screenshots deals with the enhancement of video-
based detection infrastructure for automated ship recognition and behavior analysis. Also discusses
the complexities in the interaction between human operators and the ship's information management
systems, especially during complex and non-standard maneuvers. It highlights the variability in the
operators' confidence levels and the influence of their qualifications on the management of the ship,
especially in critical situations where decision-making time is short, and stress levels are high. The
research aims to improve the immediate and understandable on-site traffic situation awareness for
operators, potentially impacting their confidence in the system's data. The article's methodology
involves manual rectification of training images and interpretation of YOLO model outputs, which
could be seen as analogous to the need for skilled operators to interpret and act upon complex
information from automated systems in real time.

The framework proposed in the article aims to provide high-fidelity, immediate maritime
traffic information, which could be crucial in high-stress situations where operators have minimal
time to make decisions. Accurate and efficient automated recognition systems can potentially
reduce the cognitive load on human operators, thus mitigating the risk of catastrophic outcomes due
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to delayed or incorrect human responses. The automated system's ability to recognize and analyze
ship behavior consistently and accurately, even in varied maritime conditions, relates directly to the
concerns about restoring qualification parameters under stress.

However, the study does not assume a prediction of the perception of the navigation
situation, taking into account the specifics of the individual model of the navigator, which requires
improvement in this part.

The article [15], discusses the complexity of delineating functions between the operator and
the ship's information management systems, emphasizing the influence of operator qualifications
and the difficulty in maintaining performance under stress during critical situations.

With more accurate models, the system could potentially reduce the cognitive load on
human operators by providing more reliable predictions of ship behavior. By training with models
that closely mimic real-world behavior, operators can develop better skills and confidence.

Just like in previous studies, the importance of maintaining the navigator’s qualifications at
a high level with the help of automated systems is emphasized. However, no method is specified to
take into account multifactorial skill levels to assess possible risks based on incomplete data.

The article [16] discusses the complexity of delineating functions between the operator and
the ship's information management systems, emphasizing the influence of operator qualifications
and the difficulty in maintaining performance under stress during critical situations. Accurate ship
response models could help in creating simulations and training programs that prepare operators for
high-stress situations. By training with models that closely mimic real-world behavior, operators
can develop better skills and confidence. The optimization of these parameters in simulations, as
mentioned in the research, could enhance the training and qualifications of operators. At the same
time, approaches are not indicated that allow the restoration of selected parameters of the
navigator’s qualifications, especially in real time conditions.

Consequently, there arises a clear need to control the internal uncertainty factors related to
the operator's actions, which is a current challenge. The creation of an automated control system for
safe decision-making by the operator will allow for forecasting, in the early stages of a ship's route,
how adequate their qualification parameters are for performing tasks under specific conditions.

However, the challenges of creating systems that identify the qualification parameters of
ship operators are significant. These challenges manifest in several categories:

1. Subjectivity of the Human Factor: The human decision-making process is difficult to
formalize. It relies on intuition, experience, and other implicit factors, making it unpredictable and
distinct from Al algorithms. Additionally, individual differences among operators should be taken
into account: varying levels of confidence and qualification parameters can lead to different
response speeds and problem-solving algorithms.

2. Human-Machine Interaction with Navigation and Ship Management Systems: The
contradiction between manual and automatic control can lead to operator errors, especially during
critical moments. Challenges also arise in determining where exactly automated system control
should start and end, and where human operator control should take over. Improper delineation can
result in errors and misunderstandings.

3. Determination of Qualification Parameters: The difficulty in defining and measuring the
qualification parameters of operators can lead to inaccuracies in forecasting and ship movement
control. This suggests that continuous updating of operator qualifications is essential for accurate
control and forecasting, which can be a complex task in the dynamic environment of ship
management.

4. Technological Constraints: At the current stage of automated and intelligent technology
development, there are challenges in designing advanced tools for accurate and timely analysis of
all necessary parameters.

The above points underscore that the stated problem is non-trivial, objectively exists, and
requires solutions through the development of specialized automated and intelligent methods and
approaches.
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Research Purpose and Objectives. The purpose of this study is to develop a method for
identifying the qualification parameters of ship operators in organizational-technical ship
management systems using intelligent systems based on fuzzy logic. To address the stated problem,
several tasks need to be accomplished:

1. Develop an algorithm for the automated processing of experimental ECDIS navigation
data in complex navigation areas with the aim of reducing the subjectivity in determining
parameters of fuzzy membership functions concerning navigation factors.

2. Based on the obtained fuzzy membership functions, describe their formal structure and
construct a fuzzy rule base for the intelligent system identifying navigation risks while managing a
ship under complex (critical) conditions.

3. Conduct simulated fuzzy modeling taking into account the model of the ship operator's
qualification parameters. Investigate, based on the acquired experimental data, the influence of
qualification parameters on the increase in the overall risk indicator when managing a ship.

Primary Research Material. In accordance with the first research task set, we will develop
an algorithm for processing experimental ECDIS navigation data based on software tools for
parameters of fuzzy membership functions concerning navigation factors.

To address this task, data was extracted from the TRANSAS simulator system [17] as
follows. Authorization was performed in the capacity of an instructor, and from the main system
menu, "Tools" was selected followed by the "Logs" section. This allowed access to the "Track
History", a key section for analyzing the chronology of the ship's passage. Focusing on our desired
time interval, the "Export™” function was activated, choosing the CSV format. After saving the data,
a detailed check of the exported file (Fig. 1) was carried out to ensure that all necessary data were
successfully extracted and are ready for further analysis. Where: LAT — Latitude; LON —
Longitude; COG - Course Over Ground - the direction of a vessel's movement relative to the base;
SOG - Speed Over Ground - the speed of the vessel relative to the ground; HDG - Heading - the
actual course the vessel is on; LOG - Log (or lag) - the distance the vessel has traveled from the
start of navigation; SET - Direction of the current; DRIFT - Speed of the current; SPD F - Forward
speed or speed by the bow; SPD A - Aggregate speed or speed by the stern.

Figure 1 — Fragment of data extracted from the ECDIS TRANSAS system

The Bosphorus location was chosen for analysis, which is characterized by specific features
of its passage. The qualification indicators of a shipmaster play a critical role in the safe passage
through the Bosphorus strait [18]. Experience in navigating ships under complex and restricted
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conditions, knowledge of local current features, as well as the ability to make quick decisions under
challenging circumstances are essential. A lack of sufficient experience, inadequate preparation, or
overestimation of one's abilities by the shipmaster can significantly increase the risks when crossing
the strait. Each mistake or delay in decision-making can lead to catastrophic consequences, such as
collisions or grounding of the ship, resulting in environmental, economic, and human losses.

Based on the presented data about the ship's speed and course, one can infer that the ship
maintained a stable speed for most of the time.

However, there were moments of abrupt deceleration. This may indicate unexpected
obstacles or maneuvers needed to avoid collisions. The ship's course also experienced fluctuations,
suggesting challenges in navigation due to currents or other ships (Fig. 2).

Figure 2 — Ship's trajectory in the Bosphorus location

The analysis of data based on the trajectory and numerical characteristics of the ship's
movement allows for the formulation of fuzzy membership functions through automated means. For
this purpose, we will develop software for processing numerical navigation data of the route, based
on which the corresponding fuzzy membership functions will be constructed.

The program, developed in Python [19] (Fig. 3), analyzes data from a CSV file containing
Speed Over Ground (SOG) values. Based on this data, the program performs two primary tasks:

1. Data Categorization: SOG values are divided into various categories such as "Very Slow",
"Slow", "Medium", "Fast", "Very Fast", and "Critically Fast". The distribution of these categories is
then displayed, and the program generates a bar chart to visualize this distribution.

2. Fuzzy Membership Generation: The program determines the membership functions for
each speed category based on trapezoidal functions. These functions illustrate the degree to which
each SOG value corresponds to different categories. The program then displays a graph showing the
membership functions for each category. Subsequently, the program calculates and displays the
degree of membership of each SOG value to each category.

Thus, the program analyzes the speed data and applies fuzzy logic to it for categorization
and determination of the degree of membership to various categories. Let's consider a code
fragment and the programming result based on the ship's Speed Over Ground (SOG) parameter:

Based on the software code, relevant graphs were generated that illustrate the ship's
movement indicators based on its experimental data (Fig. 4).
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Figure 3 — Software code for processing ECDIS experimental data

Figure 4 — Graphs of categorization and formulation of membership functions

The graphs depict two results of the program's operation:

1. Distribution of SOG values by categories.

The bar chart shows the distribution of Speed Over Ground (SOG) values across various
categories. The "Critically Fast" category has the highest number of entries, making it the most
prevalent in the presented data. The next most frequent categories are "Very Fast" and "Fast". The
categories "Slow" and "Very Slow" are the least represented in the data.

2. Membership functions for SOG:

The graph displays the trapezoidal membership functions for different speed categories.
Each line (color) represents a specific speed category, and their intersections indicate the fuzziness
of a speed value's membership to one or another category. For instance, a speed of 5 knots has a
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certain degree of membership to the "Slow" and "Medium" categories, as can be seen from the
intersection of the green and red lines.

Thus, the first research task has been accomplished, allowing us to proceed to the next steps
within the overall objective.

The subsequent challenge is to formally describe the structure of the obtained fuzzy
membership functions and to construct a fuzzy rule base for an intelligent system that identifies
navigational risks in ship management. For this, types of membership functions [20-22] were
analyzed and identified that can best describe a series of the following navigational parameters:

Proximity of oncoming vessels (Fig. 5):
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Figure 5 — Membership function: trapmf
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2. Technical condition of the vessel (Fig. 6):
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Figure 6 — Membership function: pimf

3. Proximity to dangerous isobaths and separation lines in straits (Fig. 7):
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Figure 7 — Membership function: gaussmf
4. Currents (Fig. 8):
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Figure 8 — Membership function: gbellmf
5. Wind (Fig. 9):
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Figure 9 — Membership function: trimf
6. Visibility (Fig. 10):
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Figure 10 — Membership function: dsigmf
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7. Current vessel speed (Fig. 11):
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Figure 11 — Membership function: trapmf
8. Difficulty in maintaining the vessel's course (Fig. 12):
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Figure 12 — Membership function: gaussmf

9. Time of day (Fig. 13):

0, if x <—0.36 0, if x<0,09
_X+0,36 it ) 36<x<_004 X=0.09 40 09<x<0,13
0,04+ 0,36 0,13-0,09
Hpay (X) =11, if —0,04<x<0,16 ; flgyeng (X)=11, if 0,13<x<0,21
_016-X 0 04<x<0,16 038X 46621 x<0,34
0.16-0,04 0.34-0 21
0 if x>0.16 0 if x>034
0, if x<0,31 0, if x<0 49
X=0.31 4 310x<0.36 X=049 460 49 < x<0,55
0.36-0,31 0.55-0,49
Hous (X) =11, if 0,36 <x<0,44; s4, (X)=11, if 0,55<x<0,65;
058X 40 44<x<058 078X 40 65<%x<0.78
0.58—0,44 0.78-0.65
0 if x>0 58 0 if x>0.78
0, if x<0,68 0, if x<0,81
_X=0.68 6 68<x<076 X=0.81 081 x<0,02
0,76-0,68 0,81-0,68
Honignt (X) =41, if 0,76 <x<0,86; fppm(X)=11, if 0,92<x<1,01.
092X 4 86 <x<0,92 38X 469 01<x<138
0,92-0,86 138-101
0 if x>0,92 0 if x>138

Figure 13 — Membership function: trapmf
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10. Shipping intensity at the current route point (Fig. 14):
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Figure 14 — Membership function: gbellmf

Thus, based on the experimental data, formal expressions of fuzzy membership functions of
the type depicted in Figures 5-14 were obtained. Subsequently, fuzzy modeling will allow for the
identification of factors stemming from the combination of basic qualification parameters
concerning operations with navigational devices. Moreover, considering an individual qualification
model will enable the determination of an individual level of danger in relation to the navigational
situation based on fuzzy membership functions.

From the above, it follows that it is essential to transition to the task of simulation fuzzy
modeling, taking into account the qualification model of the operator-navigator. In this context, it is
necessary to investigate, based on the obtained experimental data, the influence of qualification
parameters on the increase in the overall risk indicator during operations performed by the operator-
navigator. For structuring, the language of fuzzy sets and fuzzy logic was utilized to determine risk
and the number of factors based on various conditions and parameters. The rules are written in a
structured format, commonly used for fuzzy control systems. This format allows for easy
interpretation of how the system responds to different input parameters. The language used is
represented by the syntax of the MATLAB Fuzzy Logic Toolbox software package for fuzzy
modeling.

Let's formulate fuzzy rules regarding the Bosphorus location, based on observations:

IF (Proximity == Very_Far) OR (Technical == Excellent) OR (Isobaths == Very Far) OR
(Currents == Weak) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Very_Slow) OR (Course
== Very_Easy) OR (Time == Day) OR (Shipping_int == Very Low) THEN (Risk = Low) AND
(Number_of_factors = Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Far) OR (Currents
== Moderate) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Very_Slow) OR (Course ==
Critically Difficult) OR (Time == Dawn) OR (Shipping_int == Critical) THEN (Risk = V_High) AND

(Number_of_factors = Medium)
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IF (Proximity == Very_Far) OR (Technical == Satisfactory) OR (Isobaths == Far) OR (Currents
== Weak) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Slow) OR (Course == Difficult)
OR (Time == Dawn) OR (Shipping_int == Very_Low) THEN (Risk = High) AND (Number_of factors =
Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (lIsobaths == Far) OR (Currents
== Moderate) OR (Wind == Moderate) OR (Visibility == Good) OR (Speed == Slow) OR (Course ==
Critically Difficult) OR (Time == Critical) OR (Shipping_int == Critical) THEN (Risk = High) AND
(Number_of_factors = Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Close) OR
(Currents == Moderate) OR (Wind == Moderate) OR (Visibility == Good) OR (Speed == Average) OR
(Course == Difficult) OR (Time == Day) OR (Shipping_int == Medium) THEN (Risk = Moderate) AND

(Number_of_factors = Medium)

IF (Proximity == Close) OR (Technical == Good) OR (lIsobaths == Close) OR (Currents ==
Moderate) OR (Wind == Strong) OR (Visibility == Good) OR (Speed == Fast) OR (Course == Moderate) OR
(Time == Dusk) OR (Shipping_int == High) THEN (Risk = V_High) AND (Number_of factors = High)

IF (Proximity == Close) OR (Technical == Poor) OR (lIsobaths == Very Close) OR (Currents ==
Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Very_Fast) OR (Course ==
Very Difficult) OR (Time == Night) OR (Shipping_int == Very High) THEN (Risk = Critical) AND
(Number_of_factors = Critical)

IF (Proximity == Very_Close) OR (Technical == Average) OR (Isobaths == Very Close) OR
(Currents == Average) OR (Wind == Average) OR (Visibility == Satisfactory) OR (Speed == Average) OR
(Course == Moderate) OR (Time == Dusk) OR (Shipping_int == Medium) THEN (Risk = Moderate) AND
(Number_of_factors = Medium)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Moderate) OR
(Currents == Moderate) OR (Wind == Noticeable) OR (Visibility == Satisfactory) OR (Speed ==

Moderate) OR (Course == Very_Difficult) OR (Time == Night) OR (Shipping_int == High) THEN (Risk =
High) AND (Number_of_factors = High)

IF (Proximity == Moderate) OR (Technical == Minor_Hull_Deformation) OR (lIsobaths ==
Moderate) OR (Currents == Moderate) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed ==
Moderate) OR (Course == Difficult) OR (Time == Dusk) OR (Shipping_int == High) THEN (Risk = High)
AND (Number_of_factors = Medium)

IF (Proximity == Too_Close) OR (Technical == Minor_Hull_Deformation) OR (lIsobaths ==
Moderate) OR (Currents == Moderate) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed ==
Moderate) OR (Course == Very Difficult) OR (Time == Evening) OR (Shipping_int == Very_High) THEN

(Risk = V_High) AND (Number_of_factors = High)

IF (Proximity == Very_Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Strong) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed == Very_Fast) OR (Course ==
Very_Difficult) OR (Time == Evening) OR (Shipping_int == Very_ High) THEN (Risk = High) AND
(Number_of_factors = High)

IF (Proximity == Very_Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Strong) OR (Wind == Noticeable) OR (Visibility == Satisfactory) OR (Speed == Moderate) OR (Course
== Very_ Difficult) OR (Time == Dawn) OR (Shipping_int == Critical) THEN (Risk = V_High) AND
(Number_of_factors = Medium)

IF (Proximity == Too_Close) OR (Technical == Minor_Hull_Deformation) OR (lIsobaths == Close)
OR (Currents == Noticeable) OR (Wind == Strong) OR (Visibility == Very_ Poor) OR (Speed == Fast) OR
(Course == Critically Difficult) OR (Time == Night) OR (Shipping_int == Critical) THEN (Risk =
V_High) AND (Number_of_factors = Medium)

IF (Proximity == Moderate) OR (Technical == Medium) OR (lIsobaths == Close) OR (Currents ==
Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Very_Fast) OR (Course ==
Critically _Difficult) OR (Time == Night) OR (Shipping_int == High) THEN (Risk = V_High) AND

(Number_of_factors = Medium)

IF (Proximity == Too_Close) OR (Technical == Minor_Hull_Deformation) OR (lIsobaths ==
Moderate) OR (Currents == Noticeable) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Fast)
OR (Course == Very_ Difficult) OR (Time == Evening) OR (Shipping_int == Very_High) THEN (Risk = High)
AND (Number_of_factors = Medium)

IF (Proximity == Very_Close) OR (Technical == Minor_Hull_Deformation) OR (lIsobaths ==
Moderate) OR (Currents == Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed ==
Very_Fast) OR (Course == Critically Difficult) OR (Time == Night) OR (Shipping_intensity ==
Very_High) THEN (Risk == Very_High) AND (Number_of_ factors == High)

IF (Proximity == Too_Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Very _Strong) OR (Wind == Very Strong) OR (Visibility == Satisfactory) OR (Speed == Moderate) OR

(Course == Critically Difficult) OR (Time == Night) OR (Shipping_intensity == Critical) THEN (Risk
== Very_High) AND (Number_of_factors == High)
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IF (Proximity == Too_Close) OR (Technical == Medium) OR (Isobaths == Very Close) OR
(Currents == Strong) OR (Wind == Very_Strong) OR (Visibility == Satisfactory) OR (Speed == Poor) OR
(Course == Fast) OR (Time == Deep_Night) OR (Shipping_intensity == Very_High) THEN (Risk ==

Very_High) AND (Number_of_factors == High)

IF (Proximity == Very_Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Noticeable) OR (Wind == Very_Strong) OR (Visibility == Very Poor) OR (Speed == Fast) OR (Course
== Critically_Difficult) OR (Time == Deep_Night) OR (Shipping_intensity == Critical) THEN (Risk ==
Very_High) AND (Number_of_ factors == High)

IF (Proximity == Close) OR (Technical == Medium) OR (Isobaths == Very_Close) OR (Currents ==
Strong) OR (Wind == Very_Strong) OR (Visibility == Very_Poor) OR (Speed == Fast) OR (Course ==
Very Difficult) OR (Time == Dusk) OR (Shipping_intensity == Very_High) THEN (Risk == High) AND
(Number_of_factors == High)

IF (Proximity == Too_Close) OR (Technical == Medium) OR (lIsobaths == Very Close) OR
(Currents == Very_Strong) OR (Wind == Strong) OR (Visibility == Critical) OR (Speed == Fast) OR
(Course == Critically Difficult) OR (Time == Dawn) OR (Shipping_intensity == Critical) THEN (Risk ==
Very_High) AND (Number_of_factors == High)

IF (Proximity == Very_Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Critical) OR (Wind == Very_Strong) OR (Visibility == Critical) OR (Speed == Very_Fast) OR (Course ==
Difficult) OR (Time == Evening) OR (Shipping_intensity == High) THEN (Risk == High) AND
(Number_of_factors == High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Strong) OR (Wind == Very_Strong) OR (Visibility == Critical) OR (Speed == Very_Fast) OR (Course ==
Critically Difficult) OR (Time == Night) OR (Shipping_intensity == Critical) THEN (Risk ==
Very_High) AND (Number_of_factors == High)

IF (Proximity == Very_Close) OR (Technical == Severe_Damage) OR (Isobaths == Far) OR
(Currents == Critical) OR (Wind == Noticeable) OR (Visibility == Very Poor) OR (Speed ==
Critically_Fast) OR (Course == Difficult) OR (Time == Dusk) OR (Shipping_intensity == High) THEN

(Risk == Medium_High) AND (Number_of_ factors == High)

IF (Proximity == Close) OR (Technical == Severe_Damage) OR (lsobaths == Far) OR (Currents ==
Critical) OR (Wind == Strong) OR (Visibility == Very Poor) OR (Speed == Very Fast) OR (Course ==
Very Difficult) OR (Time == Evening) OR (Shipping_intensity == Very High) THEN (Risk == Medium_High)
AND (Number_of_factors == High)

IF (Proximity == Too_Close) OR (Technical == Severe_Damage) OR (lIsobaths == Close) OR
(Currents == Critical) OR Wind == Noticeable) OR (Visibility == Very Poor) OR (Speed ==
Critically_Fast) OR (Course == Difficult) OR (Time == Night) OR (Shipping_intensity == Critical)

THEN (Risk == Medium_High) AND (Number_of_factors == High)

IF  (Proximity == Very_Close) OR (Technical == Minor_Damage) OR (Isobaths == Far) OR
(Currents == Very_Strong) OR (Wind == Noticeable) OR (Visibility == Very_Poor) OR (Speed == Fast) OR
(Course == Very Difficult) OR (Time == Dusk) OR (Shipping_intensity == High) THEN (Risk == Medium)
AND (Number_of_factors == Medium)

IF (Proximity == Close) OR (Technical == Minor_Damage) OR (Isobaths == Far) OR (Currents ==
Strong) OR (Wind == Noticeable) OR (Visibility == Critical) OR (Speed == Very_Fast) OR (Course ==
Critically_Difficult) OR (Time == Evening) OR (Shipping_intensity == High) THEN (Risk == Medium) AND
(Number_of_factors == Medium)

IF (Proximity == Too_Close) OR (Technical == Minor_Damage) OR (lIsobaths == Close) OR
(Currents == Very_Strong) OR (Wind == Very_Strong) OR (Visibility == Very Poor) OR (Speed ==
Critically_Fast) OR (Course == Difficult) OR (Time == Night) OR (Shipping_intensity == Critical)

THEN (Risk == Medium_High) AND (Number_of_factors == Medium)

The formulated rules will be incorporated into the Mamdani rule base [23] (Fig. 15, 16):
1. Fuzzy Rule Activation (1):

Foreachrule R,1=12,...,30, the degree of truthfulness of the rule is determined:

o :T(IuAi(Xl),lqu (X,) oo b, (xm)), (1)
where T is the T-norm (the "and" operation in fuzzy logic),
Ha, is the membership function for the input variable xi,
Xi the i-th input variable.

2. Fuzzy Implication (2):
Using fuzzy implication, we derive the conclusions for each rule:
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B =1(.B), )
where B’ the conclusion or output for the i-th rule after its activation,

I is the implicational function (often, the Minimum or Product is used),
B, the i-th output set or variant.

3. Aggregation of All Conclusions (3):
All individual conclusions are aggregated into a single overall membership function:

B"=5S(B;,B;....B;), (3)

where B” the overall aggregated membership function for all conclusions,
S is the S-norm (the "or" operation in fuzzy logic).

4. Defuzzification (4):
Using a defuzzification method, we obtain a crisp output value. Typically, the Center of
Gravity (COG) method is used:

. ymg (y)dy
y =7
J e (y)ly
where y* is the crisp output value,

- (y) the aggregated membership function for the output value y,
y the output value being integrated over all possible variants.

(4)

|
[ = ——
[ ——
[ —— | Management of risks_5+ Risk
[ .
/ (mamdani)
[ — /
[ = ———
[ —= Number_factors
FIS Mame: Management of risks_5+ FIS Type: mamdani
And method min w Current Variable
Name .
Or method max w Proximity
. Type input
Implication min w
Range [01]
Aggregation max w
Defuzzification centroid w Help Close
System "Management of risks_5+": 10 inputs, 2 outputs, and 30 rules

Figure 15 — Construction of the fuzzy inference system
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Figure 16 — Formation of the fuzzy rules system

Let's consider the first waypoint in the Bosphorus strait and the risk formulation concerning
a neutral situation, with indicators of 0,5 and 0,636 related to the factors (Fig. 17 a, b) to trajectory
(Fig. 18).

In terms of modeling results for the first waypoint, the following groups can be
distinguished:

1. Rule activation: Many rules are activated at the given input values, especially those
corresponding to input data equal to 0,5. This is indicated by yellow triangles in the respective
columns for each rule.

2. Risk distribution: Risk varies depending on the activated rules. Some rules lead to a
higher level of risk (closer to 1), while others result in a lower risk level (closer to 0).

3. Parameter activation: "Proximity", "Technical”, and "Isobaths" are mostly activated at the
0,5 level. "Currents”, "Wind", and "Visibility" also have activations, but not in all rules. "Speed",
"Course”, "Time", and "Shipping_int" are activated at various levels in different rules.

4. Overall risk: Considering the provided input data, the overall risk is 0,575. This value
might be the result of aggregation or defuzzification of the outcomes from individual rules.
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b

Figure 17 — Fuzzy risk analysis at the first waypoint of the Bosphorus strait:
a - average risk indicators within 0.5 at the beginning of the route
b - risk indicators in the central Bosphorus strait within 0.636 of the risk range

Figure 18 — Position of the vessel in the Bosphorus Strait relative to the trajectory of the vessel's route

Next, let's consider a situation where deviations in the qualification parameters of a
particular shipmaster are evident. The operator's model code concerning key navigational factors is
as follows: [0,7; 0,63; 0,63; 0,55; 0,55; 0,63; 0,7; 0,7; 0,52; 0,7]. This code describes the
qualification level regarding each parameter, developed during training, simulator courses, and
shipmaster experience in similarly complex sailing areas.

Despite the overall qualification level changing only slightly to 0,636, the risk has increased.
This could classify the situation as "dangerous™ since the factors demand high qualification values
that are evidently lacking at this particular point in the strait. Deviations from the average value of
0,5 for each navigational parameter are accounted for by adding the missing fractions relative to the
qualification parameter, thereby increasing the risk.
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Overall, based on the presented chart (Fig. 18), the risk management systems indicate a
relatively high risk (evaluated at 0,733) for the given set of input data. Active rules, especially in
categories such as "Proximity of oncoming vessels”, "Wind", "Speed", and "Course", highlight their
significant influence on the overall risk assessment. Consequently, we will investigate these
indicators separately (Fig. 19 a-d).

Risk

wind 0o 0 Course

C d
Figure 19 — Surface plots of primary factor categories influencing overall risk
a — attitude Course and Proximity; b — attitude Isobaths and Course;
¢ — attitude Wind and Course; d — attitude Speed and Shipping

As evidenced by the surface plots (Fig. 19), the qualification factor for the ability to manage
the course, termed "Course”, is pivotal and typically amplifies the risk in most scenarios. The
interplay of other factors such as "Proximity", "Isobaths", "Wind", and "Shipping_nt" also play a
crucial role in determining the overall risk, as affirmed by the dynamics of the surfaces depicted in
the presented graphs.

It's essential to note that not all of the 30 available rules are activated, highlighting the
specificity of the situation under consideration. The indicator for the number of navigational
equipment demanding attention at this particular route point has also remained unchanged.

Conclusion. Within the scope of this research, and in line with its objectives, the automated
processing of ECDIS experimental data in complex navigational areas was achieved. This phase
helped reduce subjectivity in determining parameters of fuzzy membership functions concerning
various navigational factors. Consequently, this allowed for the construction of a fuzzy forecasting
system. Based on the derived fuzzy membership functions, their formal structure was identified,
and a fuzzy rule base was established. This base is utilized by an intelligent system for identifying
navigational risks while managing vessels under challenging conditions.

To determine the efficacy of the proposed fuzzy system, a simulation-based fuzzy modeling
was conducted, taking into account the qualification model of the ship operator. Analysis of the
experimental data revealed how qualification parameters impact the escalation of the overall risk
index during vessel management.
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As a result, it can be inferred that the navigator's qualification readiness significantly
influences the criticality of a situation, introducing an element of uncertainty into the tasks of vessel
safety and reliability. Modeling outcomes demonstrated that with a minor increase in individual
parameters, the overall risk could surge by 15,8%, categorizing the situation as "dangerous" or even
"critical.”

All these findings indicate that risk forecasting is dependent on the specified segment of
qualification parameters of a particular navigator-operator. By generalizing qualification parameters
for each route waypoint, there arises the potential for anticipatory data retrieval about predicted
hazards, thereby enabling risk management amidst the uncertainty of human factors.

The study successfully confirmed the feasibility of identifying qualification parameters of
ship operators in intricate navigational situations using intelligent systems based on fuzzy logic.
The findings can be leveraged to refine ship management systems and enhance maritime safety.

Prospects for further research might involve the collaborative use of the developed
system with other artificial intelligence-based systems to establish more sophisticated management
structures. Additionally, analyzing and modeling the behavioral aspects of ship operators aims to
refine the risk identification system and, consequently, optimize and enhance existing algorithms
considering new data and studies in the field of fuzzy logic.

The primary focus will be exploring the possibilities of integrating the devised automated
system with other onboard systems, such as automatic control systems or collision avoidance
systems.
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IlonomaproBa _ Bikropisi, Hoco IlaBio METOJ ABTOMATU30BAHOI  IJIEHTU®IKALIIT
KBAJIDIKAIIMHUX ITAPAMETPIB JIS1 MOPCBKUX OITEPATOPIB B YMOBAX PU3UKY

Mema Oocniodcennss — nioguwyerns: benexu Mopeniascmed WisiXom 3acmocy8ants Memooy ioeHmuikayii
ma npocHO3Y8aHHs KEANIQIKAYIIHUX napamempie onepamopie-cyoH0800iie Ha OCHOGI HewimKoi 102IKu.
OchosHa npobiiema 00CNiOJNCeHHs NoAseac y HeoOXIOHOCMI KOHMPOMO HAO SHYMPIWHIMU DAKmMopamu
HegusHayeHocmi Oill onepamopa-cyoOHo800is ma CMEOPEHH CUcmemu, aKa i0eHmugikye 11020 Keanipikayiuni
napamempu 0715 3a0e3nedens: 6e3nexu NPUIHAMMmS piieHs y CKIaOHUX HAGI2ayitiHux YMOBAx.

164K DYOpUKU 6KII0OUEHO cCmammi 3a MEeMAmuyHoI0 CRPAMOBAHICIMIO «Asmomamu3sayis ma KOMn’iomepHo-
iHmezpoeani mexnonoziin
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HayxkoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOPChKOi akaaeMii NSl RPITr i Rp {1 rL]

Memoouka Oocniodcenns exuouae 6 cebe: a) aneopumm aemomamuunoi o0opobrxu oanux ECDIS ons
BMEHWeEeNHsl CYO'eKMUBHOCME Y  BUBHAYEHHI HewimKux (OYHKYill NPUHANENCHOCME GIOHOCHO HAGI2AYIUHUX
Gaxmopis; 6) opmanizayiro cmpykmypu Heuimkux QyHKyil ma nodyoosy dasu npasui 015 i0eHmugikayii
PUBUKI6 NpU Kepy8aHHi CYOHOM Y CKIAOHUX YMOBAX WIAGAHHs, I 6) IMimayiliHe HeuimKe MOOeNI08AHHS, SIKe
0ocniodicye 6naUe KEANIQPIKAYIIHUX NApamMempie Ha 3a2albHULl NOKAZHUK PUSUKY KEPYBAHHS PYXOM CYOHA.
Pesynomamu docnidsicenns noasearoms y CMEOPEHHI IHMeIeKMYaibHOl CUcmeMu, Wo NPOSHO3YE HABIAYIHI
PUBUKU Yy CKIAOHUX YMOBAX NAAGAHMS. 3a O00NOMO2010  IMIMAYitiHo20 MOOENI0BAHHA BUABNEHO, WO
KeaniQhikayitui napamempu onepamopie-cyoH0800ii6 iCmomuo enIuearomy Ha PU3UK Npu YAPAGIIHHI CYOHOM.
Hanpuxnao, niosuwennsn napamempis 3a 4omupma ROKAZHUKAMU MOXHCE 3HAYHO 30II6WUUMU 302ANbHUL PUSUK,
Ha 15,8%, nepesoosiuu cumyayiio 8 nebe3neuny abo KpumuuHy Kamezopiio.

Tpaxkmuuna 3nauywicme npedcmasnena pe3yibmamusHicmio agmomamusosanoi 0opooxu danux ECDIS, axa
SMeHWUNa cy0'eEKMUBHI NOMUTKU MA YOOCKOHANULA NPOZHO3VEAHHA HABI2AYIlIHUX pU3uKie. Busenenuil enius
Keanigikayitinux napamempie onepamopie-cyoH0800ii6 HaA piGeHb PUSUKY NIOKPECTIOE  BANCTUBICMb
iHOugiOyanizayii npocHo3y, Wo aoanmosano 00 KOHKpemHoz2o onepamopa. IIpakmuuna yinHicms maxodc
Nons2ac 8 NOMeHYIaNi NOAINUeHHs be3NeKu MOpeniascmea 3a60AKU MOYHOMY HPOSHO3YBAHHIO MA YNPAGIIHHIO
PUBUKAMU, 8PAXOGYIOUU JHOOCLKULL  hakmop KodcHoz2o onepamopa. Maubymui Odocniodcenns 6yoymo
HanpaeieHi Ha iHmezpayilo mMemoody 6 I[HWil Cucmemu YNpasiiHHs PYXOM CYOHd, CMEOPIoIOHU uje OLibul
egpekmueHi  IHCMpYyMeHmu — NIOMPUMKU — NPUUHAMMS  piuleHb  Onepamopa 6 YMO6ax 6HYMPIWHbOT
HeeusHauenocmi. bion. 23 puc. 19.

Kniouosi cnoea: asmomamusayisi, oOpeani3ayitiHO-mMexHiYHi cucmemu, PpusuK, IHMENeKmyanibHi CUCmeMu;
Keanigikayitni napamempu, idenmugikayis, Heuimka 102iKa, He8UHAYEHICMb.
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