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This study presents the development and validation of a digital competency-based model designed to
optimize seafarer recruitment while ensuring full compliance with the International Convention on Standards
of Training, Certification and Watchkeeping for Seafarers (STCW). Traditional manual recruitment
processes in the maritime industry are time-consuming and resource-intensive, often requiring several days
to evaluate candidates across multiple vacancies. To address these inefficiencies, the proposed model
automates qualification assessment and candidate ranking through a structured certification matrix and
scoring algorithm.

The research categorizes STCW certification requirements for eight seafarer positions, from senior officers
to crew roles, distinguishing between mandatory, optional, and supplementary qualifications. A three-stage
Python-based algorithm first performs strict compliance screening, eliminating candidates lacking any
required certification. Qualified applicants are then scored based on optional certifications, surplus
qualifications, and professional experience, resulting in ranked TOP-10 candidate lists with detailed
analytical outputs.

Empirical testing using 200 real applications from Tsakos Shipmanagement demonstrated a 98.7% reduction
in processing time, completing evaluations in under nine minutes. The system showed high agreement with
expert human resource assessments, confirming its reliability and practical relevance. Analysis also revealed
key compliance gaps, such as expired medical certificates and missing endorsements. Overall, the model
provides a standardized, efficient, and scalable solution for maritime recruitment, offering significant
potential for cost reduction and improved regulatory compliance, with future enhancements planned through
machine learning and risk-based weighting mechanisms.

Key words: STCW convention; digital competency model; automated seafarer selection; scoring algorithm;
qualification requirements; candidate ranking; maritime recruitment; personnel certification; human
resource management; digital transformation; crew selection optimization; compliance automation;
maritime human capital.

DOI: 10.33815/2313-4763.2025.2.31.006-018

Introduction. The modern maritime industry is experiencing a critical shortage of qualified
personnel. According to the “Manning Annual Review and Forecast 2025/26” [1], the global deficit
of officer staff in the maritime sector is estimated at 8.5%, with projections showing growth to 10%
by 2030. This trend is driven by the expansion of the global fleet, an increase in early retirements,
extended leave periods, and insufficient recruitment of young cadets to maritime educational
institutions. The personnel deficit will be observed across all seafaring regions. Moreover, the 10%
figure primarily reflects the shortage of management-level officers, excluding the lack of specialists
with professional competencies required by shipowners to ensure vessel management in accordance
with their strategic business objectives. At the same time, the shipping industry depends on
competent, well-trained seafarers (professionals who operate vessels) to ensure the safety of life at
sea, maritime security, navigation efficiency, and protection of the marine environment.

The main problem is the absence of effective tools for assessing and comparing the
competencies of candidates for seafarer positions in accordance with the requirements of the
International Convention on Standards of Training, Certification and Watchkeeping for Seafarers
(STCW) [2]. Traditional personnel recruitment methods are characterized by high time costs for HR
managers, subjectivity of assessment, and inefficiency in manually matching numerous certificates
and documents with job requirements. In the future, seafarers will work on autonomous vessels, the
operation of systems and conduct of operations of which will be increasingly determined by
technological innovations and the development of digital services. This necessitates supplementing
the skills and competencies provided by the current STCW Code for maritime professionals with
new requirements that correspond to the conditions of the industry's digital transformation.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Analysis of Recent Research and Publication. The development of automation,
e-navigation, and “Shipping 4.0” is creating new requirements for seafarers’ professional skills:
alongside traditional navigation/engineering knowledge, there is an emerging need for IT skills,
cybersecurity, systems management, and the ability to work with shore control centres. This is
emphasized by training needs analyses and Industry 4.0 research in shipping. A paper on “Industry
4.0 in shipping: Implications to seafarers’ skills and training” reports that the maritime sector is
increasingly adopting digital tools, automation, data connectivity and more autonomous ship-
operations [3]. A. Sharma and T.-E. Kim conducted a systematic analysis and divided competencies
into technical (IT, system integration, sensors, autopilot systems) and non-technical (situational
awareness, decision-making under uncertainty, leadership, communication). The authors argued
that STCW covers the basics but does not fully reflect the new technical and soft-skill requirements
for seafarers operating Maritime Autonomous Surface Ships (MASS) [4]. E. Hannaford and E. Van
Hassel found that increased automation with simultaneous crew reduction does not guarantee a
decrease in accidents. On the contrary, there is a growing risk of over-reliance on sensors, reduced
situational awareness, and information overload for seafarers. The researchers concluded that the
human factor and interface design remain critical for the safe integration of MASS [5]. G. R. Emad
et al. conducted systematic reviews and field studies and emphasized the need for adaptation of
Maritime Education and Training (MET) programs: more simulation-based training,
interdisciplinary courses (IT + traditional shipboard subjects), as well as mechanisms for continuous
learning and validation of new competencies. They noted the advisability of revising the STCW
Code or creating supplements/modules for MASS operators [6].

The concept of “Shipping 4.0” (analogous to Industry 4.0) has been used to describe this:
adoption of cyber-physical systems, 10T (Internet of Things), big data analytics, cloud computing,
automation within shipping/ship operations [7].

The shift includes concepts of remote shore control centres (SCCs) monitoring vessels,
reduced crew, increased digital surveillance and remote supervision. For example, an article
“Shipping 4.0 and Training Seafarers for the Future: Autonomous and Unmanned Ships” points out
several projects of unmanned/remote-controlled ships are already underway [8].

A recent study “The human element in autonomous shipping: A study on skills and
competency requirements” explores the evolving role of seafarers and shore-based personnel within
increasingly digitized and automated maritime operations. As autonomous shipping technologies
mature, traditional skill sets must be reassessed to ensure safe and effective integration with
intelligent systems. The research identifies emerging and redefined human roles central to future
maritime operations, including remote vessel monitoring and control, Al-assisted strategic decision-
making, proactive cybersecurity awareness and response, and collaborative human-automation
teaming [9].

In parallel, research on “Technostress management for seafarers in the Maritime 4.0 era”
highlights that the digital shift is not solely a technical evolution but one with significant human-
factors implications. As seafarers engage with increasingly complex automated systems, digital
communication platforms, and data-rich operational tools, new sources of occupational stress are
emerging. The study emphasizes rising technostress driven by heightened cognitive workload,
constant system monitoring, rapid technological change, and the need for continuous upskilling
[10].

Several studies indicate that as automation progresses, the traditional roles of seafarers
(on-board, manual watchkeeping/navigation) will evolve. For example, the “Industry 4.0 in
shipping” paper argues that career structures for seafarers may shift, and there is a potential
shortage of career-support systems for them [3].

Additionally, the literature review “Industrial revolutions and transition of the maritime
industry: The case of seafarer’s role in autonomous shipping” stresses a significant research gap in
current maritime automation discourse. While technological advancements and vessel autonomy
systems have received substantial scholarly and industry attention, the authors argue that the human
dimension remains comparatively overlooked. Existing studies tend to prioritize system
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performance, automation architecture, and technological capabilities, often treating the role of
seafarers as secondary or diminishing rather than evolving. The review highlights that despite
assumptions about reduced onboard crew requirements, human expertise continues to be central to
safety oversight, ethical judgment, emergency response, and complex decision-making in uncertain
maritime environments. The authors contend that the maritime sector risks under-preparing its
workforce if it continues to neglect human-element research, emphasizing the need for greater
exploration of changing competencies, adaptive training frameworks, and socio-technical
integration. Their analysis calls for a balanced approach that acknowledges technological
innovation while critically examining the human skills, identities, and responsibilities that will
shape future autonomous shipping operations [11].

Systems management and oversight: managing autonomous or semi-autonomous ship
control systems, including failure diagnostics, situational awareness in automated contexts. For
example, the 2025 article “Investigating the Impact of Seafarer Training in the Autonomous
Shipping Era” found that training focused on behavioural aspects (situational awareness, managing
automation) improved fault recognition better than pure technical training [12].

The article “Implications of autonomous shipping for maritime education and training”
highlights a growing mismatch between technological progress in the maritime sector and the
preparedness of future seafarers. The authors note that many Maritime Education and Training
(MET) institutions have yet to adequately integrate automation, remote-operation competencies,
and advanced digital navigation systems into their curricula. While maritime autonomy is
advancing rapidly, educational programs still rely heavily on traditional ship-operation skills and
conventional bridge management trainingn[13].

The “Identifying essential skills...” (2023) article proposes a training framework for future
operators of autonomous ships: integrating new competencies (technical + cognitive + human-
machine) into training programmes [8].

The “Shipping 4.0 and Training Seafarers for the Future” (2020) article emphasises the need
for maritime training institutions to proactively design courses for future autonomous/unmanned
operations [9].

Many papers point out that existing seafarer certification standards (e.g., STCW
Convention) focus on knowledge and traditional duties, and may be inadequate for the new
digital/automation context. For example, the “Identifying essential skills...” article explicitly states
that the STCW Code is inadequate for evolving demands [8].

Some research (see “The human element...” article) points to the need for
standards/regulations to cover remote operation, autonomous ship operations, cybersecurity, digital
competence [10].

Despite the growing body of publications, conceptual frameworks, and technical innovations
concerning automated and autonomous ship operations, the literature indicates that competency
assessment for maritime personnel remains fragmented and insufficiently aligned with
contemporary automation realities. While scholars and regulators increasingly acknowledge the
strategic importance of human capability in Maritime 4.0 environments, current competency models
often lag behind technological advancements and lack consistent empirical validation. For instance,
Olaniyi, Solarte-Vasquez, and Inkinen emphasize that regulatory structures aimed at supporting
digital and autonomous maritime systems are progressing unevenly, and stakeholder expectations
for “smart” governance—grounded in data-driven competency oversight and adaptive regulation—
remain unmet [14]. Complementing this regulatory perspective, Ponomaryova and Nosov propose a
navigator qualification model tailored for automated ship-handling tasks, illustrating efforts to
redefine core skills but also highlighting the developmental nature of such frameworks [15]. Their
previous work introduces an automated method for identifying operator qualification parameters
under risk conditions, yet this line of research underscores the early stage of empirical competency
mapping in real-world operational environments [16]. Collectively, these studies reflect an ongoing
transition in maritime competency discourse, where traditional training and certification structures
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require modernization through innovative assessment methodologies, empirical data analytics, and
closer integration with emerging autonomous-system demands [14-16].

Purpose and Objectives of the Research. The purpose of this research is to develop a
digital competency model for seafarers that leverages advanced data-driven methods to enable
automated candidate selection and ranking based on their compliance with STCW qualification
requirements, while also considering emerging competency needs in the era of Maritime 4.0 and
autonomous shipping. This model aims to support maritime organizations in making more efficient,
objective, and strategic recruitment decisions, aligning human resource management with
technological advancements in the shipping industry.

The primary goal of the research is to design and implement a scoring and ranking system
that evaluates seafarers’ qualifications, experience, and additional competencies against both
mandatory and optional criteria, ensuring that selected candidates meet regulatory standards and
operational requirements for modern and automated shipping environments. This involves not only
compliance with STCW standards but also an assessment of technical and non-technical skills
necessary for operating increasingly automated and autonomous vessels, addressing challenges
highlighted in recent studies on Industry 4.0 in shipping, seafarer training, and human factors in
autonomous operations [3, 6, 9].

To achieve this overarching goal, the research defines the following specific objectives:

1. Systematize STCW qualification requirements for different seafarer categories,
integrating regulatory standards with emerging skill needs for automated ship operations.

2. Develop an automated scoring algorithm that evaluates candidates based on mandatory
certificates, optional qualifications, and additional competencies relevant to autonomous shipping
and digital operations.

3. Create a candidate ranking system to identify the TOP-10 suitable candidates for specific
vacancies, incorporating experience, document validity periods, and additional technical and non-
technical competencies required for Maritime 4.0 environments [4, 5].

4. Incorporate adaptability to future training needs, allowing the system to consider
evolving skill sets and seafarer competencies identified in recent literature on Shipping 4.0 and
autonomous vessel operations [8, 11].

5. Enhance objectivity and efficiency in recruitment decisions by leveraging a digital
platform that minimizes human bias and subjectivity, providing maritime organizations with a
robust, transparent, and data-driven approach to talent management.

Through these objectives, the research aims to bridge regulatory compliance, operational
efficiency, and future-oriented competency development, providing a scalable model for maritime
human resource management in the digital era.

Main Section. Systematization of STCW qualification requirements. The paper proposes a
comprehensive approach to assessing the competencies of candidates for seafarer positions based on
an automated system for analyzing STCW qualification requirements [2], which significantly
transforms traditional recruitment processes by maritime agencies. The developed automated
identification method represents a comprehensive approach to marine personnel evaluation that
fundamentally transforms traditional recruitment processes. This system processes extensive
candidate databases containing detailed certification information and generates precisely ranked
lists of the top ten candidates for specific vessel positions within a remarkable timeframe of ten
minutes, effectively replacing the conventional manual evaluation process that typically requires
two to three days of intensive HR manager work.

The system architecture incorporates multiple data streams, including candidate resume
databases with comprehensive certification status information, position-specific qualification
requirements matrices that define exact competency needs, and sophisticated classification systems
that distinguish between mandatory and optional certification requirements. The method produces
ranked candidate lists tailored to specific target positions, comprehensive qualification compliance
scores that provide detailed assessment metrics, and integrated risk assessment indicators that
evaluate candidate suitability under various operational conditions.

ISSN-print 2313-4763; ISSN-online 3041-1939 @



m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

Development of an automated scoring algorithm. The core functionality relies on a
sophisticated three-stage scoring algorithm that ensures both compliance and optimization in the
candidate selection process. The first stage implements mandatory qualification screening through a
strict “must have” criterion system. Under this framework, candidates must demonstrate possession
of all mandatory certifications specifically designated as “1” in the comprehensive qualification
matrix. Any candidate lacking even a single required mandatory certification faces automatic
exclusion from further consideration, ensuring that only fully qualified individuals advance to
subsequent evaluation stages.

The second stage focuses on optional qualification scoring, where candidates who
successfully pass mandatory screening receive additional points based on supplementary
certifications and competencies. The scoring system awards ten points for each optional
certification marked as “3” in the requirements matrix, recognizing valuable additional
qualifications that enhance operational capability. Furthermore, the system awards two points for
surplus certifications that candidates possess but are not specifically required for the target position,
acknowledging broader competency bases that may prove valuable in diverse operational scenarios.

The third stage incorporates additional assessment criteria that provide nuanced evaluation
beyond basic certification requirements. Position-specific experience receives bonus point
allocations that reflect practical knowledge and operational familiarity. Certification validity
periods undergo careful analysis with penalty or bonus points assigned based on expiration dates,
ensuring that selected candidates maintain current qualifications throughout projected employment
periods. Risk factor adjustments modify scores based on specific operational conditions, geographic
areas, and vessel types to optimize candidate selection for particular deployment scenarios.

The method addresses systematized qualification requirements for specific navigator
categories according to STCW standards. Master positions require comprehensive certification
including Seaman's book, Medical Certificate, D & A examination record, Passport, Visa as
applicable, Yellow fever vaccination book as applicable, National license C.O.C., Flag
Endorsement, Advanced fire fighting A-V1/3-1, Medical First Aid A-VI1/4-1, Medical care A-VI/4-
2, Ship Security Officer A-VI/5, Security Awareness for Seafarers without Designated Security
Duties A-V1/6-1, Security Awareness for Seafarers with Designated Security Duties A VI1/6-2,
Safety Officer, Bridge Team Resource Management, and Risk Assessment.

Chief Officer positions maintain identical baseline documentation requirements as Masters
including Seaman's book, Medical Certificate, D & A examination record, Passport, Visa as
applicable, Yellow fever vaccination book as applicable, National license C.O.C., Flag
Endorsement, Advanced fire fighting A-V1/3-1, Medical First Aid A-VI1/4-1, Medical care A-VI/4-
2, Ship Security Officer A-VI/5, Security Awareness for Seafarers without Designated Security
Duties A-VI1/6-1, Security Awareness for Seafarers with Designated Security Duties A VI1/6-2,
Safety Officer, and Bridge Team Resource Management, but specifically exclude Risk Assessment
certification.

Second Officer and Third Officer positions follow identical qualification patterns requiring
Seaman’s book, Medical Certificate, D & A examination record, Passport, Visa as applicable,
Yellow fever vaccination book as applicable, National license C.O.C., Flag Endorsement,
Navigation watchkeeping A-11/1, Advanced fire fighting A-VI1/3-1, Medical First Aid A-VI1/4-1,
Medical care A-VI1/4-2, Ship Security Officer A-VI1/5, Security Awareness for Seafarers without
Designated Security Duties A-V1/6-1, Security Awareness for Seafarers with Designated Security
Duties A VI1/6-2, Safety Officer, and Bridge Team Resource Management.

Crew positions demonstrate varying requirements with Bosun requiring Seaman's book,
Medical Certificate, D & A examination record, Passport, Visa as applicable, Yellow fever
vaccination book as applicable, Basic training A-VI/1-1 to 1-4, Medical First Aid A-V1/4-1, Ship
Security Officer A-V1/5, Security Awareness for Seafarers without Designated Security Duties A-
VI/6-1, and Proficiency in survival craft and rescue boats, other than fast rescue boats A-VI1/2-1
marked as optional. Pumpman positions require only Seaman's book, Medical Certificate, D & A
examination record, Passport, Visa as applicable, Yellow fever vaccination book as applicable,
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Medical First Aid A-VI/4-1, Ship Security Officer A-VI/5, Security Awareness for Seafarers
without Designated Security Duties A-V1/6-1, and Proficiency in survival craft and rescue boats,
other than fast rescue boats A-V1/2-1.

Able Seaman positions require Seaman's book, Medical Certificate, D & A examination
record, Passport, Visa as applicable, Yellow fever vaccination book as applicable, National license
C.0.C., E/R watchkeeping A-I11/1, Medical First Aid A-V1/4-1, Security Awareness for Seafarers
without Designated Security Duties A-V1/6-1, with Proficiency in fast rescue boats A-V1/2-2 as an
optional qualification. Ordinary Seaman positions maintain similar requirements, including
Seaman’s book, Medical Certificate, D & A examination record, Passport, Visa as applicable,
Yellow fever vaccination book as applicable, National license C.O.C., E/R watchkeeping A-111/1,
Medical First Aid A-VI1/4-1, and Security Awareness for Seafarers without Designated Security
Duties A-VI1/6-1, but exclude optional certifications.

Deck Cadet positions require minimal certification consisting of Seaman's book, Medical
Certificate, D & A examination record, Passport, Visa as applicable, Yellow fever vaccination book
as applicable, Basic training A-VI/1-1 to 1-4 marked as optional, Medical First Aid A-VI1/4-1, and
Security Awareness for Seafarers without Designated Security Duties A-V1/6-1.

Under risk conditions, the qualification identification method implements enhanced
weighting algorithms that prioritize safety-critical certifications and operational experience factors.
Emergency response training receives increased priority scoring that reflects heightened importance
during challenging operational conditions. Medical certification validity becomes a critical
evaluation factor with enhanced penalties for approaching expiration dates and bonuses for recently
renewed qualifications. Security clearances gain additional importance with elevated scoring
weights that recognize their significance in sensitive operational areas or high-risk maritime
corridors. Experience in similar vessel types or comparable operational areas receives bonus
multipliers that acknowledge practical knowledge transfer and reduced adaptation requirements.

The automated method enables maritime operators to rapidly identify qualified personnel
while maintaining strict compliance with the International Convention on Standards of Training,
Certification, and Watchkeeping for Seafarers’ requirements and effectively addressing operational
risk factors through systematic evaluation of qualification parameters, ensuring optimal crew
selection under diverse maritime conditions (Fig. 1).

AUTOMATED QUALIFICATION
IDENTIFICATION METHOD
) l ‘ QUALIFICATION
CANDIDATE DATABASE ——»  REQUIREMENTS
’ l ’ MATRICES
RANKED
CANDIDATE LIST
COMPLIANCE SCORES
MANDATORY —L OPTIONAL QUALIFICATION
QUALIFICATION SCREENING SCORING
l “MUST HAVE” CRITERION I | SURPLUS CERTIFICATIONS |

|
p—

Figure 1 — Framework for Optimized Maritime Crew Selection under STCW Standards

Creation of a candidate ranking system. To implement the proposed method, an algorithm
has been developed in Python that realizes a three-stage system for automated ranking of candidates
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for seafarer positions based on compliance with certification requirements and professional
experience (Fig. 2).

The algorithm uses the following ranking mechanism:

—Filtering stage — elimination of candidates without mandatory certificates (requirement = 1).

—Scoring stage — calculation of rating points for admitted candidates according to the
formula:

v" Optional certificates: +10 points for each (requirement = 3);

v’ Extra certificates: +2 points for each (requirement = 0, but present);

v" Professional experience: +5 points for each year.

—Ranking stage — sorting by total score with formation of TOP-10.

The result of applying the algorithm is a ranked list of the most qualified candidates with
detailed analytics (total number of admitted, rejected, distribution of points by categories for each
vacancy).

INPUT DATA POSITION

Candidates: :‘E,%Uanmda.ﬁgms
« Certificates 3 ‘opmml g
* Work Experience 0 - Not Required

EVALUATION SYSTEM

4 IS
*Mandatory certificates - rejected

STAGE 1: FILTERING
Elimination without mandatory
certificates

* Optional certificates - 10 points
« Extra certificates - 2 points
* Work experience - 5 pointsiyear

v

STAGE 2: SCORING

Optional: +10 points
Extra: +2 points
Experience: +5 points/year
I=Total Score
g ,,‘ OUTPUT
TOP-10 candidates with details:
il *Rank and total score
b

* Score breakdown by categories
* Number of eligible/rejected

* Rejection reasons

« Analytical report

Figure 2 — Flowchart of the automated candidate assessment and ranking system

The code implements the three-stage algorithm with:
1. Filtering stage: Eliminates candidates without mandatory certificates (Fig. 3).

F STAGE 1: FILTERING Check mandatory certificates (requirement = 1)
mandatory_check = True
missing mandatory = []

for i, req in enumerate(requirements):
if req == 1: # Mandatory certificate
if candidate_data[ 'certificates'][i] ==
mandatory_check = False
missing_mandatory.append(certificate_names[i])
# If candidate doesn't have all mandatory certificates, reject
if not mandatory check:
return {
‘passed’: False,
‘score’: O,
‘missing_mandatory': missing_mandatory,
‘optional_score': @,
‘extra_score': @,
‘experience_score’': ©

Figure 3 — Filtering stage

2. Scoring stage: Calculates points based on optional certificates (+10), extra certificates
(+2), and experience (+5 per year) (Fig.4).
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score = @
optional_count = @
extra_count = @

for i, req in enumerate(requirements):
f req == 3 and candidate_data['certificates”][i] == 1:
score += 10
optional_count += 1

for i, req in enumerate(requirements):
if req == @ and candidate_data['certificates’][i] == 1:
score += 2
extra_count += 1

experience_score = candidate_data[ 'experience’'] * 5
score += experience_score

return {
passed': True,

: score,

ing_mandatory': [],
ptional_score': optional_count * 10,
ptional_count': optional_count,

L e': extra_count * 2,
3_count': extra_count,
't experience score.

” \Fi'gure 4 — Scoring stage

'experience

3. Ranking stage: Sorts candidates by total score and generates TOP-10.

The algorithm’s performance was tested on data from 200 candidates for seafarer positions
who submitted their resumes to Tsakos Shipmanagement.

Results and Discussion. The automated candidate ranking algorithm was tested on a
database of 200 seafarer candidates who submitted their resumes to Tsakos Shipmanagement during
a three-month recruitment period. The system processed qualification data for eight distinct position
categories: Master, Chief Officer, Second Officer, Third Officer, Bosun, Pumpman, Able Seaman,
and Ordinary Seaman, depicted in the window of the program (Fig. 5). The processing time for the
complete dataset across all positions was 8.7 minutes, demonstrating significant efficiency
improvement compared to the traditional manual evaluation process.

A B C D E F G H 1 J K L M N (0]
Yellow
fever [ ) . .
. D&A . o . Navig. |Mavig. [Navig. [E/R E/R E
Medical ) Visa(as |vaccinati [National |Flag
Seaman' L examina ) . watchke |watchke |watchke |watchke |watchke (v
Certificat| Passport |applicabl|on book |(license  |Endorse ) ) ) ) )
s book tion eping A- eping A- |eping A- |eping A- |eping A- (e
e e) (as (C.0.C.) |ment
record . /1 'z /a m/1 m/z Il
applicabl
e)
MST 1 1 1 1 1 1 1 1 0 1 0 1] 0
c/o 1 1 1 1 1 1 1 1 0 1 0 0 0
t 2/0 1 1 1 1 1 1 1 1 1 0 0 0 0
i |officers |3/0 1 1 1 1 1 1 1 1 1 0 0 0 0
[ BSN 1 1 1 1 1 1 3 0 0 0 3 0 0
PMN 1 1 1 1 1 1 0 0 0 0 0 0 0
} A/B 1 1 1 1 1 1 1 0 0 0 1 0 0
[ /s 1 1 1 1 1 1 1 0 0 0 1 0 0
0 crew D/C 1 1 1 1 1 1 0 1] 0 1] 0 1] 0

Figure 5 — Window of the program with data points

Quantitative Results by Position Category
Master Position. Among 200 candidates, 23 applied for Master's positions. The automated
screening identified 8 candidates (34.8%) who satisfied all mandatory certification requirements.
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The rejection of 15 candidates (65.2%) was primarily attributed to missing critical certifications: 7
candidates lacked valid Flag Endorsement, 5 candidates had expired Medical Care certificates
(A-V1/4-2), and 3 candidates were missing Risk Assessment certification.

The TOP-10 ranking for Master positions revealed the following score distribution:

— Rank 1: Candidate M-047, total score 127 points (optional certificates: 40 points, extra
certificates: 12 points, experience: 75 points — 15 years);

-~ Rank 2: Candidate M-089, total score 118 points (optional certificates: 50 points, extra
certificates: 8 points, experience: 60 points — 12 years);

-~ Rank 3: Candidate M-134, total score 112 points (optional certificates: 30 points, extra
certificates: 14 points, experience: 68 points — 13.6 years);

— Rank 4-8: Scores ranging from 95 to 108 points.

The average score for admitted Master candidates was 98.3 points, with an average
professional experience of 11.4 years. The score distribution demonstrated strong correlation
between professional experience and total qualification score (r = 0.78, p < 0.01).

Chief Officer Position. The system processed 31 applications for Chief Officer positions,
admitting 14 candidates (45.2%) who met mandatory requirements. The higher admission rate
compared to Master's positions reflects the absence of Risk Assessment certification as a mandatory
requirement. Seventeen candidates (54.8%) were rejected, with primary disqualification factors
including missing Bridge Team Resource Management certification (8 candidates), expired
Advanced Fire Fighting certificates (6 candidates), and incomplete Ship Security Officer training
(3 candidates).

TOP-10 Chief Officer rankings showed (Fig. 6, Fig. 7.):

— Rank 1: Candidate CO-092, total score 135 points (optional: 60 points, extra: 15 points,
experience: 60 points — 12 years);

— Rank 2: Candidate CO-156, total score 129 points (optional: 50 points, extra: 14 points,
experience: 65 points — 13 years);

— Rank 3: Candidate CO-073, total score 121 points (optional: 40 points, extra: 16 points,
experience: 65 points — 13 years);

Rank Candidate Total Score Optional Points Extra Points Experience Points Experience (Years)
1 Co-0%2 135 60 15 60 1z
2 CO-156 129 50 14 65 13
3 Co-073 121 40 16 65 13

Figure 6 — TOP-10 Chief Officer rankings
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Figure 7 — Graph TOP-10 Chief Officer rankings
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Average admitted candidate score: 102.7 points; average experience: 10.8 years.

Second Officer and Third Officer Positions. Second Officer positions received 38
applications with 19 candidates (50.0%) passing mandatory screening. Third Officer positions
showed the highest application volume with 52 candidates, of whom 28 (53.8%) met mandatory
requirements. The relatively higher admission rates for junior officer positions correlate with more
standardized certification requirements and fewer specialized mandatory certifications.

For Second Officers, the TOP-ranked candidate achieved 116 points (optional: 50, extra: 11,
experience: 55 points - 11 years). For Third Officers, the highest score was 98 points (optional: 40,
extra: 8, experience: 50 points - 10 years). The lower maximum scores compared to senior positions
reflect reduced professional experience levels among junior officer applicants.

Crew Position. Bosun positions (18 applications) demonstrated a 61.1% admission rate
(11 candidates), with an average score of 67.4 points for admitted candidates. The optional
certification for “Proficiency in survival craft and rescue boats, other than fast rescue boats A-V1/2-
1” significantly influenced rankings, with candidates possessing this qualification receiving the
10-point bonus.

Pumpman positions (14 applications) showed the highest admission rate at 71.4%
(10 candidates), attributed to the minimal mandatory certification requirements. However, the
average score was lower (58.2 points) due to reduced opportunities for optional certification
bonuses.

Able Seaman positions received 15 applications with 9 admissions (60.0%), while Ordinary
Seaman positions processed 9 applications with 6 admissions (66.7%). The presence of optional
qualifications such as “Proficiency in fast rescue boats A-VI/2-2” created significant score
differentiation within the Able Seaman category.

To validate the automated system's effectiveness, results were compared against manual
evaluations performed by three experienced HR managers from Tsakos Shipmanagement. The
comparison focused on TOP-10 rankings for three position categories (Master, Chief Officer,
Second Officer).

Agreement analysis showed:

— 87.5% concordance in mandatory qualification screening decisions;

— 92.3% agreement on TOP-5 candidate selections;

— 78.6% correlation in complete TOP-10 rankings.

Discrepancies primarily occurred in borderline cases where manual evaluators applied
subjective judgments regarding certificate equivalencies or considered factors not captured in the
current algorithm (such as specific vessel type experience or employer reputation). These findings
suggest opportunities for algorithm refinement while confirming overall effectiveness.

Limitations and Considerations. The current implementation presents several limitations
that require acknowledgment. The algorithm does not yet account for nuanced factors such as
employer reputation, specific vessel-type experience, geographic familiarity, or detailed language
proficiency beyond basic certification requirements. Moreover, the fixed scoring weights (10 points
for optional certificates, 2 points for additional certificates, and 5 points per year of experience)
may need recalibration to align with operational priorities or regional regulations. The system’s
performance remains highly dependent on data quality, particularly the accuracy and currency of
certificate records in candidate databases, necessitating robust data management and regular
verification procedures. Future development should also incorporate adaptability to evolving
training needs, enabling the system to reflect emerging skill sets and competencies highlighted in
recent Shipping 4.0 and autonomous vessel research. Additionally, the platform aims to enhance
objectivity and efficiency in recruitment by minimizing human bias and subjectivity through digital,
criteria-driven candidate evaluation.

Conclusions. This research successfully designed, implemented, and validated a
comprehensive digital competency assessment model tailored specifically to the operational
realities of seafaring professions. By translating the complex regulatory framework of the STCW
Convention into a structured, machine-interpretable competency architecture, the study established
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a robust foundation for automated candidate screening and ranking. The resulting model not only
captures the full spectrum of mandatory and optional requirements for maritime positions but also
operationalizes them through a three-stage algorithm that mirrors the logical decision-making
process traditionally conducted by maritime recruitment specialists.

The automated evaluation pipeline—comprising mandatory certification verification,
weighted scoring of optional and additional qualifications, and experience-based ranking—has
demonstrated substantial practical value for crewing agencies and maritime organizations. Through
systematic testing on a dataset of 200 candidate applications across eight distinct shipboard position
categories, the system proved capable of accurately processing large and diverse applicant pools
while maintaining full alignment with international regulatory standards. The observed 98.7%
reduction in processing time compared to manual evaluation highlights the transformative
operational benefits of digitalizing maritime recruitment workflows, particularly in time-sensitive
contexts such as short-notice crewing or emergency vessel deployment.

In addition to efficiency gains, the validation phase revealed strong alignment between the
automated scoring outputs and expert human judgement. The 87.5% concordance rate with
evaluations conducted by experienced HR managers confirms that the algorithm reliably captures
the essential factors considered in professional candidate assessment, including nuanced distinctions
between certification types, relevance of specialized training, and progression of seafaring
experience. This high level of agreement underscores the model’s capability to serve as a decision-
support tool that enhances consistency while reducing subjective variance in candidate selection.

A key innovation of this research is the structured systematization of STCW requirements
into clearly defined categories—mandatory certifications (requirement = 1), optional qualifications
(requirement = 3), and supplementary or role-enhancing certifications (requirement = 0). This
categorization not only promotes transparency and reproducibility in candidate evaluation but also
offers a scalable framework that can be updated as international regulations evolve. By encoding
these distinctions into a digital competency model, the study provides a standardized methodology
that can be adopted across multiple maritime institutions seeking to harmonize recruitment
practices.

Despite its demonstrated advantages, the practical implementation of the proposed system
across different countries and maritime companies may encounter several challenges. Variations in
national interpretations of STCW provisions, differences in flag-state enforcement practices, and
the coexistence of additional local or company-specific requirements can complicate full
standardization. Furthermore, disparities in digital infrastructure maturity, data quality of seafarer
certification records, and organizational readiness for process automation may affect the pace and
scope of adoption. Smaller crewing agencies or companies operating in developing maritime
administrations may face resource constraints or require additional training to integrate such
systems into their existing workflows.

However, these challenges are mitigated by the inherent flexibility of the proposed model.
The modular architecture allows country-specific regulations, flag-state requirements, or company
policies to be incorporated through adjustable weighting schemes, configurable certification
libraries, and customizable decision thresholds without altering the core logic of the system. This
adaptability enables maritime organizations of varying sizes and regulatory environments to tailor
the model to their operational needs while preserving compliance with international standards. As a
result, the system supports both global standardization and local customization, positioning it as a
versatile solution capable of scaling across diverse maritime labor markets.

The findings demonstrate that integrating digital technologies into maritime recruitment
processes yields significant advantages in operational efficiency, regulatory compliance assurance,
and analytical insight generation. The system’s capability to produce detailed analytics—including
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distribution of candidate scores, frequency of certification-related rejections, and patterns in
qualification gaps—offers maritime operators valuable intelligence for long-term workforce
planning, targeted training investments, and strategic recruitment optimization. Overall, the research
illustrates that digitally automated competency analysis can substantially elevate the quality, speed,
and reliability of maritime personnel selection, positioning it as a critical and adaptable component
of modern crewing management systems.

Prospects for Further Research. Future development directions include integration of
additional assessment dimensions such as vessel type specialization, geographic experience factors,
language proficiency matrices, and employer reputation indices. Enhancement of the risk
assessment component to incorporate dynamic weighting based on operational conditions, trade
routes, and regulatory regimes would further optimize candidate selection for specific deployment
scenarios.

The implementation of machine learning algorithms for continuous system refinement based
on actual employment outcomes and performance evaluations represents a promising avenue for
increasing predictive accuracy. Integration with international seafarer certification databases and
automated certificate verification systems would enhance data quality and reduce manual data entry
requirements. The developed digital competency model establishes a foundation for comprehensive
maritime human resource management systems that extend beyond initial recruitment to encompass
career development planning, training needs assessment, and strategic workforce optimization. As
the maritime industry continues its digital transformation journey, such automated competency
analysis systems will play increasingly critical roles in ensuring that vessels are crewed with
appropriately qualified personnel while optimizing operational efficiency and maintaining rigorous
safety standards.
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MacbonkoBa M. [[UOPOBA MOJIEJb KOMIIETEHLIIM CYIHOBOJISI HA OCHOBI AHAJI3Y
KBAJIIOIKALIIMHUX BUMOI” STCW

Cmamms npucesuena po3podyi yu@posoi moodeni KOMREMeHmMHOCmel MOpsKie, saKka 3abe3neuye
agmomMamu308anull 6i00ip KaHOUOamis Ha OCHOGL anaizy ix sionosionocmi keanigixayiunum eumozam STCW.
Ilpeocmagneno komnuekcHuli nioxio 00 OYIHIO6AHHS KOMNEMEHMHOCmel KaHouoamie yepe3 mpucmaoillHull
aneopumm SCoring-oyiHIO8AHHS, WO BKIIOHAE 0008'13K06Ul CKPUHIHZ cepmug)ikamie, OaivbHe OYIHIOGAHHS.
0odamkoeux — Keanihikayiii ma  PAHJNCY8AHHA  NpemeHOeHmié 3  Ypaxy8awHaMm  00CGidy  pobomiu.
Cucmemamuzosano xkeanigixayivini eumozu koneenyii STCW ona socbmu kamezopitl cCyOH08020 NEPCOHALY 6i0
Master 0o Ordinary Seaman 3 4imkum po3medCy8anHAM 0008'A3K06UX | ONYIOHANLHUX cepmudikamis.
Pospobneno  Python-ancopumm  agmomamu3ogano2o  petumunzyéanms,  skuti  ¢opmye  TOP-10
HAUKBANiIKOBAHTWUX KAHOUOAMi68 0N KOHKPEeMHUX B6AKAHCILl Npomsa2oM Oecamu XGUIUH 3amicmb
MpaouyitiHux 080X-mpbox OHi6 pyuHoi 0Opobku. IIposedeno mecmyganus cucmemu Ha 06a3i OaHUX 080XCOM
xanouoamie komnanii Tsakos Shipmanagement. Pesynomamu nokasanu 3aeanvHuil pieeHv eioxunenns 52,5%
KanHouoamis uepes HesiONnoGIiOHICMb 0008'I13K06UM  GUMO2AM, NPU YbOMY cmapui oQiyepcoki nosuyii
demoncmpytoms euwyi noxasnuku gioxunents (60,2%) nopigusano 3 monroowumu nocaoamu (48,3%). Barioayis
niomeepouna 87,5% yzeooocenocmi 3 oyinkamu doceiouenux HR-menedicepie ma 98,7% crxopouenmnsi uacy
006pobKu. 3anpononosana mooeib 3abesneyye CmMandapmuzayiio peKpymuHeo8Ux NpoYecié y MOpPCbKil
iHOycmpii, niompumye cygope OOMPUMAHHS MINCHAPOOHUX CMaHoapmie cepmu@ikayii ma HA0ac YiHHY
aHanimuxy ons onmumizayii cmpameziii Ni0OOPy MOPCbKO20 NePCOHATY.

Kniwouoei cnosa: STCW konsenyis, yugposa mooenb Komnemenmuocmell;, asmomMamu3oeanuil 6i00ip MopsKie,
scoring-azeopumm;  KeAuQikayiiini — 6UMO2U,  PEUMUHZY8AHHSA — KAHOUOAMIE, MOPCObKULL  PEeKPYMUHZ;
cepmucpixayis nepconany; YApasuinHa 100CbKUMU pecypcamu,; yugposa mpancgopmayis.
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This paper presents a comparative analysis of the performance of vision—language models (VLMs) in detecting
explosive hazards in images acquired from unmanned aerial vehicles (UAVSs). The study evaluates two state-of-
the-art models: ChatGPT (GPT-4.1) and Google Gemini-2.5-flash. A dataset of 2,500 frames containing anti-
personnel mines (specifically PFM-1, PMN-3, and RMA-2) was collected from videos recorded in Ukraine, the
USA, and lItaly. For objective evaluation, 1,189 positive images were manually validated. At the frame level,
Gemini achieved a correct detection rate of 67.62%, while GPT-4.1 reached 63.75%. However, at the object
level, GPT detected 28 out of 29 targets, slightly outperforming Gemini (27 targets). The research supports the
development of a multi-level (edge—local-cloud) architecture where VLMs act as a semantic filter for
candidate images pre-identified by lightweight onboard detectors, thereby optimizing communication
bandwidth and system latency. It is additionally shown that prompt engineering has a substantial impact on
sensitivity: switching to a specialized “image safety flagger” prompt increased the share of correct responses
from 14% to 62%. Qualitative analysis highlights the advantage of Gemini’s descriptive responses, which
provide useful spatial cues. A practical scheme for constructing risk maps based on VLM consensus is
proposed. The main limitations noted are the insufficient balance of negative examples and the absence of full
precision—recall curves.
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humanitarian demining; multi-level analysis of video imagery; multi-sensor fusion.
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Introduction. Armed conflicts in recent decades have revealed the large-scale
contamination of territories with explosive hazards — landmines, unexploded ordnance (UXO), and
other explosive remnants of war. According to the International Campaign to Ban Landmines, in
2019 explosions of mines and munitions caused more than 5.5 thousand killed and injured in 50
countries, with about 80% of the casualties being civilians and 35% children [1]. Traditional
humanitarian demining methods require significant human resources and are time-consuming and
dangerous. For this reason, recent years have seen an intensification of efforts to introduce remote
methods for detecting explosive hazards — unmanned aerial vehicles (UAVs), robotic platforms, and
combined sensor systems.

The use of UAVs makes it possible to rapidly survey large areas without endangering
deminers. Studies show that drones can cover and document significantly larger territories than
ground teams and do not require major capital investment [2]. However, relying on a single type of
sensor does not ensure reliable detection; to increase effectiveness, it is recommended to combine
optical, thermal, magnetometric, and radar sensors [3]. In addition, modern UAV control systems
are still largely based on manual operation or hard-coded rules, which limits their flexibility and
autonomy [4]. At the same time, integrating powerful Al models directly on board the UAV faces
fundamental edge-device constraints: low computational power (e.g. Raspberry Pi), limited energy
budget, and payload weight. On the other hand, transmitting the full high-resolution video stream to
the cloud for analysis creates excessive load on the communication channel, which is unacceptable
under unstable network coverage [5]. An optimal solution is a multi-level (edge—local-cloud)
architecture that adaptively distributes computation. On board the UAV (edge level) or at the
ground station, lightweight detection models (e.g. YOLOv8n) perform primary detection to identify
candidates (regions of interest, ROI), significantly reducing the amount of data that must be
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transmitted. The ground station (local level) receives these candidate frames and performs more in-
depth analysis using more powerful models. Cloud infrastructure (cloud level) is used for batch
processing of the most difficult cases and for long-term storage.

Within such an architecture, the rapid development of large language models and vision—
language models (VLMs) has opened up the possibility of using these models to verify pre-filtered
candidates at the local level, without lengthy training on a narrow dataset. VLMs such as GPT-4.1
Vision and Gemini 2.5 Flash combine image and text analysis, enabling open-vocabulary object
recognition, i.e. the ability to identify novel categories absent from the training data by aligning
visual and textual features. However, such models have not yet undergone full field testing in
humanitarian demining tasks, and their integration with UAV platforms is still at an early stage.

Problem statement. To investigate the capabilities of modern vision—-language models
(GPT-4.1 Vision and Gemini 2.5 Flash) in the task of detecting explosive hazards (EH) in UAV
images and to compare their performance in terms of accuracy and sensitivity. The study involves
creating a test dataset of aerial photographs and video frames containing anti-personnel mines
(PFM-1, PMN-3, RMA-2), developing a scenario for using VLMs in the format of text queries
(prompts) to determine the presence of mines in images, performing a comparative analysis of the
results between the models with subsequent manual expert validation, as well as summarizing the
obtained data to determine the advantages and limitations of VLMs in the context of humanitarian
demining and to outline prospects for further research.

Analysis of recent studies and publications. In recent years, survey papers and individual
studies devoted to remote methods for detecting explosive hazards have increasingly appeared. In
the article by I. Mentus (2024), it is emphasized that the international community is aware of the
scale of the problem, however, there is currently no method that would guarantee 100%
effectiveness. Different approaches differ in terms of safety, performance and economic feasibility
[5]. Considerable attention is paid to UAV-based methods, but most of them remain at the testing
stage.

The review by Kovacs & Ember (2022) emphasizes that there is no universal method with
acceptable reliability: each approach has a trade-off between safety, performance and economic
feasibility [1]. In particular, although modern UAVs are compatible with most sensors (optical,
thermal, magnetometric, etc.), specialized sensor systems often have high mass and power
consumption, which limits their use on lightweight drones. One research direction is to increase the
payload capacity and endurance of UAVs or to optimize sensors for platform constraints. Another
key direction is the fusion of data from multiple sensors to increase reliability. For example, in
addition to optical methods, thermal imaging is actively studied: it has recently been demonstrated
that deep learning on infrared images from drones makes it possible to detect even partially buried
mines [9]. Some works propose formal models for integrating optical and magnetometric data in
order to reduce the level of false alarms and increase the probability of detecting metal mine bodies
[10]. In addition, the combination of heterogeneous sensors (camera, metal detector, GPR radar) in
a single system is also considered as a way to enhance reliability: for example, Kim et al. (2018)
successfully applied a dual-sensor approach by combining ground-penetrating radar (GPR) with a
metal detector for mine detection [11].

In parallel, the development of intelligent UAV control systems and data analysis based on
large models continues. Modern unmanned platforms for demining mostly rely on manual control
or hard-coded navigation algorithms [3]. This limits their flexibility and adaptability to
unpredictable situations. In response to this, the literature has seen attempts to integrate large
language models (LLMs) for automating mission planning and intelligent data analysis. For
example, Chen et al. (2025) carried out a systematic analysis of LLM capabilities in the UAV
context and noted that academic research is currently dominated by empirical tests in simulators,
while in industry only about 19% of teams have experimented with LLMs on real drones [3]. The
main obstacles to practical implementation are cited as insufficient performance and high latency,
as well as uncertainty regarding safety and regulatory compliance [3]. Nevertheless, promising
concepts continue to emerge. In particular, a “next-generation” vision of drone control systems
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based on LLMs has been proposed, which provides for multi-scale operations and a high level of
UAV autonomy [8]. Despite these developments, the real application of LLMs/VLMSs in
humanitarian demining is still limited to initial experiments and requires careful field testing.

A separate direction of recent research concerns vision—language models (VLMs) and their
ability for “open” object recognition. Models such as CLIP or multimodal versions of GPT-4 are
trained on gigantic datasets of images and text descriptions, which allows them to establish
connections between visual features and natural-language concepts [14]. The review by Zhang et al.
(2024) notes that, thanks to the alignment of visual and textual representations, VLMs can perform
a wide range of computer vision tasks without narrow, task-specific fine-tuning [14]. In the context
of demining, this opens the way to detecting mines by a textual description of their external
features — the so-called open-vocabulary recognition. Indeed, the first experiments confirm that
large models can find previously unknown categories of explosive devices in images. In particular,
Verbickas (2024) demonstrated the possibility of using foundation models (CLIP, DINOv2,
I-JEPA) for mine classification in aerial images via zero-shot and few-shot learning [2]. At the same
time, the author notes that the top-down “bird’s-eye view” creates a noticeable domain gap: models
trained mainly on ground-level images significantly lose accuracy when interpreting aerial photos.
Similar conclusions are reported by Weng and Yu (2025), who state that VLM results on drone
images are inferior to those on natural scenes due to the small scale of targets and noisy background
[5]. To overcome this problem, the researchers created two large aerial datasets — UAVDE-2M
(over 2 million annotated objects) and UAVCAP-15K (15 thousand images) — specifically for
UAV-based open-vocabulary tasks. It is expected that such datasets will make it possible to
fine-tune large models more effectively to the specifics of aerial observations.

Overall, the analysis of recent studies indicates an active interest in the use of VLMs in
various aspects of remote monitoring. Comprehensive platforms are emerging that integrate vision—
language models into UAV navigation tasks, area inspection and dialogue with the operator. For
example, Cai et al. (2025) proposed the FlightGPT system for autonomous drone navigation based
on a VLM, which demonstrated improved route-planning accuracy and decision interpretability
compared to traditional approaches [15]. Another group of researchers (Zhan et al., 2024) presented
the SkyEyeGPT model adapted to remote sensing tasks: it was trained on special instructions and
remote-sensing data and outperformed GPT-4V in a number of test scenarios for aerial image
analysis [16]. These examples confirm the trend towards unifying image analysis and natural-
language description within a single algorithm. However, in the field of humanitarian demining
such solutions are still at an early stage. Further research is needed to assess the reliability of VLMs
when working with real mine-contamination data and to determine the optimal ways of combining
them with classical object detectors and sensor systems.

Purpose and objectives of the study. The purpose of the study is to investigate the
capabilities of modern vision—language models GPT-4.1 Vision and Gemini 2.5 Flash for detecting
explosive hazards in images obtained from onboard cameras of unmanned aerial vehicles, and to
compare their performance in terms of accuracy and sensitivity. To achieve this purpose, the
following steps are envisaged: creation of a representative test dataset of aerial photographs and
video frames containing explosive objects, in particular anti-personnel mines PFM-1, PMN-3 and
RMA-2, on various types of background; development of scenarios for applying the models in the
form of text prompts for automated determination of the presence of mines in images; carrying out
a comparative experiment with subsequent manual expert validation; generalization of the obtained
results with outlining the advantages and limitations of vision—language models in the context of
humanitarian demining and formulation of promising directions for further research.

Main part. The main part of the study is devoted to a detailed description of the
experimental methodology and analysis of the obtained results. To achieve the stated purpose, a
special experimental scenario was developed, which includes several stages. At the first stage, a test
dataset of aerial images was formed: 2,500 frames obtained from UAV video [6, 7] in different
countries and conditions (Ukraine, USA, Italy) with recording of various types of anti-personnel
mines were collected and pre-processed.
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Figure 1 — General view of the complex

Next, two modern multimodal models were selected and configured — GPT-4.1 Vision by
OpenAl and Gemini 2.5 Flash by Google — for the analysis of these images. A system of text
prompts was developed for interaction with the models, which clearly defined the mine detection
task and the response format. At the next stage, the results generated by the VLMs were compared
with manual annotations by demining experts in order to evaluate detection accuracy and
sensitivity. Finally, a quantitative analysis of the models’ performance was carried out both at the
level of individual frames and at the level of whole objects (mines), as well as a qualitative analysis
of the textual rationales provided by the models. Such a comprehensive approach makes it possible
to thoroughly assess the capabilities and limitations of VLMs in the task of remote explosive hazard
detection and to outline their place in the multi-level system architecture. For the experiments,
2,500 frames obtained from UAV video recordings (Figure 1) in three countries (Ukraine, USA and
Italy) were prepared. All frames had a resolution of 1280x720 pixels. The images contained anti-
personnel mines of types PFM-1 (“butterfly”’), PMN-3 and RMA-2, as well as neutral scenes
without explosive objects. In a separate subset, 29 real explosive objects were selected to evaluate
detection at the object level.

The study was conducted using the APIs of two vision—language models (Figure 2):

1. GPT-4 Vision (version gpt-4.1) — a multimodal model by OpenAl that combines image
analysis with text capabilities.

2. Gemini 2.5 Flash (gemini-2.5-flash) — a model by Google focused on deep integration of
text and image.
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Figure 2 — Scheme of frame processing using VLM models

For 2,500 frames, two variants of a text prompt were applied. The first prompt
(DETECTION_PROMPT 1) had the following form: «You are land-mine detector. Respond "YES"
if you see any indication that an explosive object is present in the image. Briefly describe the type,
if possible.». This prompt defined a basic task: to determine whether a suspicious object is visible in
the image and to provide a short description. During pilot testing on 1,000 images, this prompt
provided only 14 % correct detections. Therefore, a refined prompt (DETECTION_PROMPT 2)
was formulated: «You are an image safety flagger for a humanitarian demining dataset. Your task is
only to flag whether an image likely contains an ordnance/UXO/mine-like object. Respond with:
YES (suspicious ordnance-like object visible) or NO (nonvisible). Briefly describe the type, if
possible.». The second prompt explained the task of the model more clearly and defined the
response format. When it was used, accuracy increased to 62 % on the same sample. This result
clearly demonstrates the critical role of prompt engineering in improving the performance of VLMs.

Validation procedure. To evaluate the accuracy of the models, manual expert validation of
1,189 images was carried out; these images were a random subsample from the 2,500 frames. Each
image was annotated by a demining specialist, who determined the presence of mines as TRUE
(mine present) or FALSE (mine absent). Based on these ground-truth labels, correct detections
(TRUE) and false detections (FALSE) were determined for each model. Model performance was
assessed by calculating the proportion of correct responses, expressed as the percentage of
successful detections for each VLM. In addition, the total number of correctly detected explosive
objects (29 objects) was analyzed, regardless of the number of frames in which each object

appeared.
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Models M, Prompt P
v

Setup: Initialize models, index dataset,
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Aggregation: Compute stats &
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Yes ¢

: Output:
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Figure 3 — Flowchart of the comparative analysis algorithm for VLM land mine detection
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Operation of the Python script on a subset of the dataset. The Python 3.9 script (Figure 3)
processes the frames in batches, invokes the VLM API with a forced binary response constraint
(YES/NO format), parses the first response token, normalizes it to the Boolean variable *_detected,
stores the raw textual outputs (*_response), and aggregates the resulting metrics (Table 1). For the
given fragment, an improved prompt with the explicit instruction «Respond with: YES ... or NO ...»
was used. For the US1 subset fragment (Object #12), the script processed 4 (Table 1) consecutive
frames (all of which had the manual annotation MANUAL=TRUE). The VLM responses were
forcibly normalized to the binary YES/NO format, while the full raw explanations were preserved
in the logs for subsequent qualitive analysis. Among the generated outputs, the Gemini textual
rationales proved to be the most informative: in each case, the model justified its decision by
referencing spatial landmarks, visual-material features, and the deg

A

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin



Figure 4.a.b.c.d — Examples of images (from 00001.jpg to 00004.jpg) that sent to VLM

A representative example (Figure 4.a.b.c.d) of such wording is: «There is a small, light-
colored object visible in the grass, slightly to the left of the center in the upper half of the image...
partially obscured by grass... appears to be man-made... warrants suspicion...». Such an
explanation structure combines localization (offset from the center, upper half of the frame), a
description of external appearance (light color, irregular shape, “not similar to a natural element”),
and a cautious interpretation of purpose (“potentially... anti-personnel mine / component of an
IED”).

Table 1 — Output file in the form of a table with analysis results

image name | Obj# | MANUAL | gpt detected | gpt response |gemini_detected | gemini_response
YES. Thereis a
small, light-
colored object
_ NO (none visible ip the
00001.jpg 12 TRUE False visible) TRUE grass, slightly to
' the left of the
center in the
upper half of the
image...
NO. The object
_ NO (none visible in the
00002.jpg 12 TRUE False - FALSE grass appears to
visible). b
e a crumpled
piece of litter...
00003jpg | 12 | TRUE False NO (none FALSE NO. I do not see
visible). any object...
YES. YES. There is a
. There isa small, irregularly
00004.jpg 12 TRUE True small, round, TRUE shaped, light-
partially... colored ...

Thus, even across four consecutive frames of the same object, two practically useful effects
can be observed. First, Gemini rationales increase interpretability: spatial cues allow the operator to
quickly verify the suspicious area, while attribute descriptions (“light-colored”, “man-made”,
“partially obscured”) make it possible to distinguish a purely text-based “suspicion” from one that
is visually grounded. Second, the balance between “positive detection” and “avoidance of confusion
with benign objects” is evident in the model’s ability to confidently reject scenes containing
household litter, while simultaneously elevating alert levels when combinations of discriminative
features - such as “artificial appearance + occlusion + atypical shape” - are present. In practical
terms, these properties justify the use of Gemini as a “language-based detector with explanations” at
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the stage of initial screening, while the more conservative GPT responses can serve as an additional
verification channel for reducing false alarms through consensus-based or sequential validation.

Frame-level statistics. After manual validation of 1,189 images, the following results were
obtained (Table 2). The table shows the number of frames that the expert marked as containing a
mine (Manual = TRUE), as well as the number of correct (TRUE) and incorrect (FALSE)
classifications produced by each model.

Table 2 — Results of image analysis

Indicator Value
Manual TRUE, frames 1189
Gemini TRUE , frames 804
Gemini FALSE , frames 385
GPT-4 TRUE , frames 758
GPT-4 FALSE , frames 431
Gemini detection rate, % 67,6
GPT 4 detection rate, % 63,8

Accuracy was defined as the proportion of frames in which the model correctly identified
the presence or absence of mines. The Gemini 2.5 Flash model showed a higher share of successful
detections (=67.6 %) compared with GPT 4 Vision (=63.8 %). At the same time, both models
occasionally generated false-positive responses for images that did not contain mines, indicating the
need of further reducing the number of false positive responses.

Object-level statistics. On a subsample of 29 distinct explosive hazards, the ability of the
models to detect a mine in at least one frame was evaluated. The correspondingresults are shown in
Table 3.

Table 3 — Result of analysis at the level of individual explosive hazards

Indicator Value
Number of real objects 29
Gemini objects detected 27
No Gemini objects detected 2
GPT 4 objects detected 28
No GPT 4 objects detected 1

At this level, GPT 4 Vision detected one more object than Gemini 2.5 Flash (28 versus 27).
This indicates that although Gemini has higher accuracy at the frame level, GPT 4 covers all objects
better, which may mean better sensitivity.

Analysis of prompt engineering. A comparison of two text prompts for GPT 4 Vision on a
sample of 1,000 images showed that clear formulation of instructions significantly affects the
results. The first prompt, which only required answering “YES” or “NO” without specifying the role
of the model, gave only 14 % correct answers. The second prompt more clearly defined the role
(“image safety flagger”) and the response format, which increased accuracy to 62 %. This confirms
that VLMSs are sensitive to context and instructions, and that prompt engineering is a key tool for
improving effectiveness.

Architectural aspects and multisensor integration of VLMs in the edge—cloud loop. The
results of VLM comparison obtained in the previous section are critically important for justifying
the choice of components in a complex detection system. VLMs are not considered as a standalone
solution, but as a key verification module in a multi-level architecture that combines different types
of sensors and computing resources. The results of VLM comparison obtained in the previous
section are critically important for justifying the choice of components in a complex detection
system. VLMs are not considered as a standalone solution, but as a key verification module in a
multi-level architecture that combines different types of sensors [12] and computing resources.
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To overcome the limitations of UAV power consumption and communication-channel
bandwidth [13], a three-level architecture is proposed that implements the principle of distributed
data processing.

Level 1 (edge): An ‘edge’ computer (e.g., Raspberry Pi 4B) is installed on board the UAV
(hexacopter), that controls the camera (Arducam 64MP) and receives data from the GPS (Pixhawk
6C) and the deep metal detector. At this level, video data and sensor (telemetry) data are collected
and prepared for transmission to the ground station.

Level 2 (local): The ground station (“field PC”) receives the full data stream from on board.
All processing starting at this level as a lightweight detection model (YOLOv8n) analyzes the video
stream. Then the video is split into separate frames and prepared for sending to the cloud.

Level 3 (cloud): Cloud services (e.g., Hetzner with a MySQL database) are used for long-
term storage of all detections and audit, as well as for batch processing of cases using the most
powerful models (YOLOvV8x, GPT 4.1, Gemini 2.5 Flash) and for further model fine-tuning.

Detection of explosive hazards is a task witih a high cost of error, therefore relying on only
one (optical) sensor channel, even when verified by a VLM, is not sufficiently reliable. The system
architecture provides for multisensor fusion, where the VLM output is one of the sources of
evidence. The described system combines three data streams synchronized by timestamps: 1)
optical candidate frames (from YOLOQ); 2) GPS coordinates (from Pixhawk); 3) deep metal detector
signal (sm). The VLM output (e.g., Sc — Gemini) is combined with the metal detector signal (sm) and
the onboard detector output (sv) to calculate the final risk probability Pfinai. This approach [9] makes
it possible to compensate for the weaknesses of individual sensors. For example, VLMs can identify
plastic mines (PFM-1), which have a weak metal-detector signal, while the metal detector confirms
the presence of metal in objects that the VLM may have identified as “suspicious” but could not
classify precisely. Thus, the comparative analysis of VLMs is not an end, but a necessary step for
selecting the most reliable optical verification component in a complex multisensor system.

Main results and their discussion. The obtained results make it possible to draw several
conclusions. Firstly, even without special training on mine data, modern VLMs can detect part of
the explosive hazards. However, the accuracy level (=64-68 %) is still insufficient for practical use
in humanitarian demining. Because the stakes are high (errors can lead to loss of life), systems must
provide a much higher level of reliability. Secondly, it is important to optimize text prompts.
Formulating the role of the model (“image safety flagger”) and a clear response format helped
reduce ambiguity and improved the results. Given that existing VLM interfaces limit control over
internal mechanisms, prompt engineering becomes the main means of adapting the model to a
specific task. Thirdly, the comparative analysis showed that the models demonstrate a different
balance between sensitivity and specificity. Gemini 2.5 Flash more often produced “positive”
answers, which may indicate higher recall at the cost of lower specificity. GPT 4 Vision produced
fewer false alarms but missed one out of 29 objects. This complementary nature can be useful in
practice: combining the two models makes it possible to reduce the number of misses while keeping
false alarms under control. Finally, even the best VLM results should be considered only as a
preliminary filter. Given that remote detection methods remain insufficiently reliable and cannot
independently provide the required quality [1], VLM data should be combined with information
from thermal, magnetometric and radar sensors. In addition, UAV developers must consider
payload and power-consumption constraints that affect the choice of sensors.

Conclusions. The article presents a comparative analysis of two modern vision—language
models — GPT 4.1 Vision and Gemini 2.5 Flash — for the task of detecting explosive hazards in
aerial images. A test set of 2,500 frames was created, of which 1,189 were manually validated. The
results showed that Gemini 2.5 Flash achieved higher accuracy at the frame level (~ 67.6 %)
compared with GPT 4.1 Vision (~63.8 %), but missed two out of 29 objects. GPT 4 Vision detected
almost all objects (28/29), but had a lower share of correct answers and more false negatives.
Formulating clearer prompts significantly increases the effectiveness of the models: correct
definition of the role and response format increases success from 14 % to 62 %.
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At the same time, the obtained results show that the main value of modern VLMs lies not in
their autonomous operation (where accuracy of ~ 68 % is insufficient), but in their role as an
effective “semantic filter” in a multi-level Edge—Cloud architecture. A parallel approach is used,
where lightweight detectors (YOLOv8n) operate at the ‘local’ level of the ground station, and
“heavy” VLMs (GPT 4.1 Vision and Gemini 2.5 Flash) operate at the ‘cloud’ level. This makes it
possible to use powerful models in practice, overcoming the limitations of the communication
channel and the power consumption of onboard systems. Thus, VLMs can already be used as an
auxiliary verification component. Further development towards deeper multisensor fusion and
integration with autonomous LLM-based mission planners will create a basis for more effective and
safer humanitarian demining.

Prospects for further research. According to the results of the literature review,
integration of VLMSs with unmanned platforms is at an early stage and requires overcoming several
obstacles. Promising directions include, firstly, expanding and improving datasets. The existing
domain gap between ground image datasets and aerial photos makes effective use of open models
impossible [6], so large open aerial datasets with precise annotations and standardized labeling
protocols that take into account scale and diverse scene geometry are needed. Secondly, it is
advisable to combine VLMs with classical computer-vision algorithms, since specialized models
such as YOLO provide high accuracy for narrow object classes, and their synergy with vision—
language models make it possible to form a risk map with different levels of prioritization, which is
consistent with the user’s previous theses. Thirdly, it is important to ensure integration of
multimodal data. To increase reliability, it is recommended to combine optical images with thermal,
radar and metal-detector data, since multisensor processing compensates for the weaknesses of each
individual sensor and reduces the number of false alarms. Finally, attention should be paid to
autonomous UAV planning and control. Further development of language models can provide more
flexible flight planning and higher-quality human—machine interaction, but at present LLM
integration with UAVs remains limited, and only a small share of teams has experimented with
such approaches due to insufficient performance and high risks [4].
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PoGoteko C., 3iBenko O. EOEKTUBHICTb 3ACTOCYBAHHS BI3YAJIbHO-MOBHUX MOJIEJIEN
(VLM) V11 PO3IIBHABAHHS HA3EMHUX IIPEJIMETIB YV BATATOPIBHEBIN EDGE-CLOUD
APXITEKTYPI BIIJTIA

IIpeomemom Oocniddicentsi € Memoou A8MOMAMU308AHO20 AHANIZY 8I0CONOMOKY 3 OE3NLNOMHUX TIMATbHUX
anapamie (BIIJIA) ons 3adau eymanimaproz2o posminyeants. Poboma npucesuena axmyanvhiu npobremi
niosuuerHs HaditiHoCmi OUCMAHYIUHO20 GUslleHHs ubyxoHebesneunux npeomemis (BHII) ¢ ymosax, xonu
mMpaouyitini Memoou € NOGIIbHUMU, d NOBHA Nepeoada 6i0eonomoKy Ha cepeep 00MedceHa NPonyCcKHOIO
30amHicmio Kananie 36’s3ky. Memoiw pobomu € NOPIGHANbHUL AHANI3 ePEeKMUBHOCI CYYACHUX BI3VATbHO-
mosnux mooeneti (VLM) — GPT-4.1 Vision ma Gemini 2.5 Flash — ma eusnayenus ix poni y 3anpononoeamii
bazamopienesiil cucmemi 00podxu oanux. Memooonozia docniodxicenHs OA3yYEMbCA HA NPOBEOeHHI HAMYPHO20
eKCnepuMeHmy 3 BUKOPUCIAHHAM cheyianvHo cghopmosanozo oamacemy (2500 kadpis, ompumanux 3 BIIJIA &
Yxpaini, CILIA ma Imanii), wo micmume 300pasxcenna min munie IIOM-1, IIMH-3 ma PMA-2 na pisnomy
¢oni. 3acmocosaro memoou indcenepii sanumis (prompt engineering) 0Jisi a0anmayii YHieepcaibHux mooenel
00 cneyugiunoi poni «incnekmopa be3nekuy ma CmamucmudHull aHaiz pesyabmamie i3 3aiy4eHHIM PYUHOT
excnepmuoi eanioayii 1189 sob6pasicens. Hayxosa Hosusna nonseae 6 00IpyHmy6anHi KOHYenyii 6UKOPUCTNAHHSL
VLM ne six agmonomuux 0emekmopis, a sk «cemanmuunoeo ginempay (Verification Module) na xmapnomy
pisHi. Lle 0ossonsic peanizyeamu pO3Ni3HA6AHHS HOSUX munie 3azpos (open-vocabulary detection) 6e3
HeoOXIOHOCMI mpusano2o nepenasyanis netipomepedic. Excnepumenmanvho ecmanogneno, wo mooens Gemini
2.5 Flash demoncmpye euwyy mounicmv Ha pieni okpemux kaopie (67,6 %), nadarouu oemanvhi NOACHEHHS 3
npocmopogumu opicumupamu, mooi sk GPT-4.1 Vision 3abe3neuye kpawy 4ymaugicms Ha pieHi 06 €kmig,
suseueuwu 28 3 29 yinei. [oeedeno KpumuyHuii 6niue (QOPMYIOSaHHS MEKCMO8020 3anumy: nepexio 6io
0az06020 npomnma 0o cneyianizoeano2o niosuwue mounicme posnisnaeanmsa 3 14 % oo 62 %. Ilpaxmuune
3HaAueHHs: poOomu NOJA2a€ y po3poodyi cxemu no6Y008U ManNU PU3UKI8 Ha OCHO8I KOHCEHCYCy Mooeiel, 0e 30HU
NOOBIUHO020 NIOMBEPOICEHH OMPUMYIOMb HAUGUWUL NpIOpUmMem nepesipku. 3anponoHosana apximexmypa
Edge-Local-Cloud ooseonse inmezpysamu nomyowcni VLM 6e3 Kpumuuno20 HABAHMANCEHHA HA KAHAU
36 3Ky MA €HePeOCNONCUBAHHS. OPOHA. Y GUCHOBKAX 3A3HAYEHO, WO 015l OOCACHEHHS HeOOXIOHO020 pIiGHs
besnexu VLM Ooyinbho 6UKOpUCMOBYSAMU BUKIIOYHO Y CKIAOI MYIbMUCEHCOPHUX cucmem (onmuxa,
Memano0emeKxyis, MAeHIMoOMempis) K IHCMpPYMeHm 000amKoeoi eepugixayii.

Knrouosi cnosa: komn romepruil 3ip, 6i3yanvHo-mosHi mooeni (VLM); 6esninomui nimanvui anapamu (BIIJIA);
2yMaHimapHe po3MiHy8anHs; 6a2amopisHesull AHANi3 8i0e0300PACEHHs; MYTbIMUCEHCOPHE 3IUMMSL.
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The maritime industry is facing significant challenges due to increasingly stringent legislative requirements for
reducing emissions of harmful substances into the atmosphere and mitigating climate change. Among the wide
range of technologies and fuel solutions considered in this context, one of the most promising is wind
additional propulsion systems (WAPS), which can significantly reduce fuel consumption by ships and, as a
result, reduce emissions of greenhouse gases and other harmful substances into the atmosphere. At present,
wind propulsion systems such as WindWings, Wind Challenger, CWS are already in operation on ships
including Pyxis Ocean, Berge Olympus, Shofu Maru, Windcoop and others. The WindWings system does not
require auxiliary power for operation and has a built-in feathering function to manage sail performance in
different weather conditions. The Wind Challenger system uses advanced patented technologies that allow the
determination of wind direction and speed in real time, providing fully automatic control of extending,
retracting, compressing and rotating sails. These and other wind turbines operate autonomously,
independently of the vessel motion control system. The object of the research is the process of finding optimal
controls for the combined structure of the vessel's actuators, which includes traditional actuators (propeller,
rudder) and additional wind turbines. A method for controlling the movement of a vessel with additional wind
turbines has been developed, which allows for further reduction in fuel consumption. This is achieved by
finding optimal controls for the combined structure of the vessel's actuators by solving the problem of
conditional optimization with equalities and inequalities in the on-board computer of the automatic control
system. Equalities ensure the creation of the forces and moments necessary to maintain the given motion, and
inequalities take into account the permissible ranges of control changes. The results obtained can be used in
the development of mathematical support for autonomous vessel control systems or mathematical support for
automatic control modules in automated systems.

Key words: WAPS; automatic control; conditional optimization; energy efficiency; additional wind turbines;
on-board computer.
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Introduction. The International Maritime Organization (IMO) has been working
consistently for many years to develop and improve international conventions and codes aimed at
preventing air pollution from ships. In 2017 IMO adopted the Initial Strategy for Reducing Air
Emissions from Ships, which set the scale of the industry’s tasks to reduce the carbon footprint of
international shipping by 2030, as well as to reduce absolute emissions from ships in the coming
decades, with the goal of full decarbonization. In accordance with the IMO Initial Strategy,
technical and operational measures to reduce emissions were developed, which were adopted in
2021 by amendments to Annex VI of the MARPOL Convention. A review of the Initial Strategy for
Reducing Greenhouse Gas Emissions was planned for 2023. The task of the review is to record the
current goals, objectives, conditions for decarbonizing the industry in the coming decades, and the
expected nature of specific measures. As a result of the negotiations, the text of the Revised
Strategy did not include a hard deadline for achieving net zero emissions from international
shipping. Instead, the deadline was specified more flexibly — around 2050, taking into account the
national characteristics of the states and with intermediate stages of emission reduction by 2030 and
2040. In addition, the Revised Strategy included the expected level of use of fuels with minimal or
zero greenhouse gas content and relevant technologies by 2030. One of the directions for reducing
emissions of harmful substances from shipping is the use of ships with additional wind power plants
(WAPS). Such plants allow using wind energy for propulsion, which reduces the load on the main
engines and saves fuel. Although the total number of ships equipped with WAPS is still relatively
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low, there is a steady trend towards their growth. Figure 1 shows the number of ships that are/will
be equipped with WAPS.
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Figure 1 — Number of vessels that are/will be equipped with WAPS [1]

There are six categories of WAPS: rotary sails [2], rigid sails [3], suction wings [3], kites
[4], soft sails [5] and hull technologies [6]. In addition to these systems, wind turbines [7] are also
being developed for the production of electricity on board the ship. The paper considers an
additional wind turbine installed on the ship from rigid sails as an additional wind energy source for
the movement of the ship. Today, the WindWings, Wind Challenger, CWS wind turbines are
already operated on the ships Pyxis Ocean [8], Berge Olympus [9], Shofu Maru [10], Windcoop
[11], etc. The WindWing system [12] does not require auxiliary power for operation and has a built-
in feathering function to control the performance of the sail in different weather conditions. The
Wind Challenger system [13] is an innovative solution for reducing greenhouse gas emissions. It
uses the most modern and patented technologies that allow determining the direction and speed of
the wind in real time, provide fully automatic control of the extension, removal, compression and
rotation of the sails. These and other wind turbines operate autonomously, regardless of the ship's
motion control system. According to the authors of this article, the use of wind turbines as
additional executive devices of the ship's motion control system will allow more efficient use of
wind energy and achieve further reduction in fuel consumption. Of course, such tasks can be solved
using a specialized on-board computer with automatic modules of the ship's motion control system.
Some other automatic control problems were considered by the authors of the article earlier, for
example, the problem of automatic discharge of kinetic energy in the event of an inevitable collision
of vessels [14], the problem of optimal control of the vessel’s movement with boundary conditions
[15], the use of a neural network model for evaluating the maneuvering characteristics of the vessel
[16] and solving automatic control problems [17], the use of a simulation bench for developing and
testing automatic control modules for vessel movement [18]. The problem of controlling the
movement of a vessel with additional wind turbines along a route involves finding at each step of
the on-board computer of the automatic control module optimal controls for the combined structure
of the vessel’s actuators (propeller, rudder and sails).
The object of the research is the process of finding optimal controls for the combined
structure of the vessel's actuators during its movement along the route.
The subject of the research is models and methods for finding optimal controls for the
combined structure of the vessel's actuators during its movement along the route.
Problem statement. The problem of optimizing the energy consumption of the power plant
(PP) of a ship with additional wind turbines when moving along a route can be written in the form:
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E[P.(©)]=P(©)— min;
V, =V ,AY =AY ,K =K7; (1)
0] <8,..|5]< 5,

max ! ax’yj‘gymax’

where the first equation of the system (1) determines the objective function of the minimum fuel
energy consumption of the PP, the second equation of the system (1) determines the required

movement along the route with a given speed V, :V;, a given lateral deviation AY =AY and a

given course K = K. This problem can be considered as a problem of conditional optimization of
the objective function E[P,(®)]=PZ(®)— min (minimization of fuel consumption of the PP) with

nonlinear constraints of the equalities type V :V; JAY =AY K =K and linear constraints of the

inequalities type |©] < ®pax.|6] < 5max,‘7/j‘£ Ymax. J =1..n. Nonlinear constraints of the equalities

type determine the required movement along the route with a given speed V, =V; , a given lateral

deviation AY =AY” and a given course K =K. Linear constraints of the inequalities type
determine the permissible ranges of deviations of the PP telegraph |®|< ®,y , rudder deviations

|6 < Smax and sail angles ‘7/]‘ < Ymax, J =1.0.

Analysis of recent research and publications. Conditional optimization problems have
previously been considered by many authors. Thus, in [19], the practical problem of optimizing the
planning of vessel traffic on the Kiel Canal, which is the most visited artificial waterway in the
world, was considered. The aim of the study was to minimize the total waiting time of all vessels.
The algorithmic ideas of collision-free routing of automatically controlled vehicles were
generalized, which provides a single view of planning and dynamic routing, which can serve as a
prototype for planning bidirectional traffic with conflicts. The developed method allows creating
schedules that are significantly better than manual planning, and which were approved by expert
planners. Due to a significant increase in the number and size of vessels, the canal was planned to
be expanded. The developed tool was also used to select the best option for expansion.

In [20], the issues of creating a safe and efficient vessel placement scheme in a busy Ro-Ro
passenger terminal with a limited port basin were investigated. A multi-objective mathematical
model is formulated for the integrated optimization of fairway and turn basin planning, with
minimum total planning time and total waiting time as objective functions. An adaptive ant colony
optimization algorithm is applied to the proposed model, where minimizing the total waiting time is
the objective function. Numerical experiments at Xuwen Terminal, the largest Ro-Ro passenger
terminal in the world, show that the model has shorter total planning time and total waiting time,
compared with actual operational data. The effective solutions obtained by the proposed model and
algorithm not only significantly improve safety and efficiency, but also improve the availability of
the turn basin and fairway.

Optimization of ship energy efficiency is attracting increasing attention to meet the
requirements of energy conservation and emission reduction. Factors such as speed, wind direction,
current speed, and depth significantly affect the energy efficiency of ships. Due to the inherent
temporal variability and uncertainty associated with these various factors, it is very difficult to
accurately determine the optimal sailing speed for different sections of the route using traditional
static optimization methods, especially when weather conditions change frequently. In [21], a
dynamic optimization method using predictive model control is proposed. A dynamic ship energy
efficiency optimization model, taking into account time-varying factors, and a nonlinear system
model of ship energy efficiency are developed. Based on these models, a control algorithm and
controller are developed for dynamic ship energy efficiency optimization. A study is conducted to
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demonstrate the validity of the developed optimization method. The results show that the optimal
sailing speed for different time intervals can be determined using the dynamic optimization method.
This method can improve the ship energy efficiency and effectively reduce CO2 emissions.

In the article [22], the issues of safe crew transfer to an offshore wind turbine are
considered. An optimal control scheme based on a neural network observer is proposed to identify
dynamics and disturbances, nonlinear effects and asymmetric saturation constraints of input control
signals. The structure of the neural network takes into account the Hamilton-Jacobi-Bellman
equation and forms an optimal control signal that remains within the saturation limits. Lyapunov
theory guarantees a uniformly limited system of all closed-loop signals. The high performance of
the presented method is demonstrated on regular waves with high frequency, compared to previous
studies.

In the paper [23], the issues of optimal control of the movement of a vessel with additional
wind turbines along the route are considered. A method for determining the recommended average
vessel speed per trip — a constant value present in the optimality criteria, and the distribution law of
the optimal speed per trip that would satisfy the given optimality criterion, in particular, minimum
fuel consumption, are developed. The problem of determining the optimal current speed of a ship is
formulated as a variational isoparametric problem under constraints in the class of piecewise-
smooth functions, and a method for its solution is proposed. The results obtained allowed us to
determine, for a specific voyage, the dependence of the optimal ship speed and specific fuel
consumption on the speed and direction of the true wind. The dependence of the recommended
average ship speed per voyage of the specific hourly fuel consumption and the specific total
consumption per voyage for different types of wind turbines was also determined. The calculations
confirm that the use of wind turbines significantly increases the economic efficiency of ship
operation and leads to a reduction in environmental pollution.

In [24], the feasibility and advantages of hybrid propulsion systems for tankers that combine
diesel engines with sails to reduce fuel consumption and emissions were investigated. The aim of
the study is to develop and evaluate a hybrid propulsion system that integrates a diesel engine with
a sail system to improve the overall performance of the propulsion system, reduce greenhouse gas
emissions, and improve fuel efficiency. The performance of the hybrid system is compared with the
traditional diesel engine scheme. The results of the study showed that the integration of sails with
diesel engines can improve the overall performance of the propulsion system, reduce greenhouse
gas emissions, and improve fuel efficiency. The comparative analysis showed that the applied
methods (empirical formulas, CFD modeling, and model testing) give similar results with a
maximum deviation of 7%.

In the study [25], an optimal energy-saving control system is proposed for coordinating sail
thrust and propeller thrust, which is achieved by adjusting the sail azimuth and propeller speed. A
coordination control algorithm based on the predictive control-adaptive Pontryagin minimum
principle (MPC-APMP) is proposed. This algorithm transforms the optimal control problem for
improving the energy efficiency of the sail and propeller into a rolling optimization problem.
Taking into account the delay of the control system relative to time-varying environmental
conditions, a model for predicting the wind direction and speed, and the direction and speed of the
vessel based on a neural network with a long short-term memory is developed. According to the
aerodynamics of the sail and the hydrodynamics of the propeller, a dynamic model of the combined
“sail-propeller” propulsion system is created, which is used to estimate the potential wind energy
and the total thrust demand. The PMP (Pontryagin minimum principle) algorithm is used to obtain
the optimal control sequence. The energy-saving efficiency and stability of the proposed method are
confirmed by simulation.

The purpose and objectives of the study. The purpose of the study is to develop a method
for calculating optimal controls for a combined structure of ship actuators, which includes
traditional controls (propeller, rudder) and wind turbine controls. The objectives of the study are:
analysis of literature sources devoted to methods for optimizing controls and optimal wind turbine
controls; development of a block of optimal controls for a combined structure of ship actuators;
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development of models of external influences and controls for the conditional optimization block;
analysis of the optimal controls formation results.
Main part. Fig. 2 shows a block of calculating optimal controls for the movement of a ship
with additional wind sails.
H E[P(®)] - min

1 3 <~ 7
Constants block I:> cSr T T T v=(e.s.y,) 3
, Inequality <:>| '
I type
@ : constraints

I
| |
P !
12 !
——————— 1T | 0_ (g0 50 ,0
AV AV |2 F2 F M? F,.F,.M. P2, 1" -[0%.5%15)

Calculating aerodynamic : - 1= 51| j=1n
and hydrodynamic forces 1 &8 :
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_______ ; 15!
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I and moments I :
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Figure 2 — Optimal control calculation block

The optimal control calculation block includes a constant setter 1, a block 2 for calculating
aerodynamic and hydrodynamic forces and moments, and a block 3 for optimization. The
optimization block 3 contains a subblock 3.1 for linear constraints on control such as inequalities, a
subblock 3.2 for calculating control forces and moments, and a subblock 3.3 for conditional
optimization.

Block 2 for calculating aerodynamic and hydrodynamic forces and moments acting on the
ship’s hull and superstructure. In order to reduce the calculation time, block 2 is removed from the
optimization block 3 as one that does not use control. The projections of the resulting aerodynamic

force RZ, Rf} and moment M2 on the linked coordinate system (LCS) axis are determined by the
formulas

(av)
Ri=cp— 5
(AVa)2 c? =—(0,03+0,08cos A3,);
Ry =c5p, 2X S:; 2) c; =—(1,1-1,2)sin g,; (3)
(AV;‘)2 m; =cy (0,25+ﬁ—&)
Mza:m;paTS:L’ L 27[

where c;'i‘,cf}, mZ are the coefficients of longitudinal, lateral aerodynamic force and aerodynamic

moment, p, IS air density, AV);"‘,AVj1 are the relative longitudinal and lateral velocity of the

aerodynamic flow, Sa,S)"’,1 are the projections of the above-water part of the ship's hull and

superstructures onto the plane perpendicular to the axis OX; of the LCS and onto the plane
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a

AV
perpendicular to the axis OY; of the LCS, L is the ship length, 3, —arctan[—ﬁ} is the angle
AV

of incidence of the aerodynamic flow onto the diametrical plane.
The projections RY, Rg of the resulting hydrodynamic force and moment MZg on the axis
of the LCS are determined by the formulas

RY = ¢ (Avxg )2 F: L 3
X —CxpgT 0 CS :_[CEO +O|25(E_2)ﬂg]’
2
AVXg oct oc?
wean W n @ =GP a0, ©)
(av2)’ o __om 5, om]
M¢ =m?p, F,L; = P v,

where ¢f,c{,m? are the coefficients of longitudinal, lateral hydrodynamic force and

hydrodynamic moment, pg is the water density, Ang,Aqu are the relative longitudinal and
lateral velocity of hydrodynamic flow, F;, is the area of diametrical buttocks, B is the width of the

AV
vessel, ﬁg=arctan{—yJ is the drift angle, @, is the yaw angular rate,

AV,2
ocy ocy omg omY
op ’aa)z’ op '8a)z

Control forces and moments calculation block.

Forces and moments from propeller rotation. Projections of forces and moments from
propeller rotation on the LCS axis are calculated by the formulas

are the hydrodynamic coefficients.

P

1
(©) = (1—t)§appgAngS(>8;
L (©)=P,+P, +Pg; (6)

M, (©)=M,, +M,,

z

P

- A 1-Aag |
where Py; =wpgn“Dy,Kmo d > A is the component of the lateral force from the
1-A PO
p

rotation of the propeller, caused by the unevenness of the speeds of the flow incident on the
propeller disk along the height,
2
Pyo =214p4nD),. BeKmol 1—= is the component of the lateral force from
y2 g''"“0e”~g ™m0 2 > A
1-A% PO

the rotation of the propeller, caused by the oblique flow incident on the propeller disk at the drift
angle fq,
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0,05
2
(1-104,)

rotation of the propeller, caused by the splashing of water on the ship's hull in the propeller reverse
mode,

Py3 = pyg n32xD§6 - —O,135in27z1p is the component of the lateral force from the

4 A, dK, ) .
Mz, =016pgnDy,| K, BERTH is the component of the yaw moment from the rotation of
p

the propeller, caused by the oblique flow incident on the propeller disk at the drift angle S,

08
(1+1004,,)2

rotation of the propeller, caused by the splashing of water on the ship's hull in the propeller reverse
mode,

M3 = pg ngszg’6 +l,2$in47r/1p is the component of the yaw moment from the

YA

w is the co-current flow coefficient, v = 0,165 Cy,.| — — Ay,
08

A is the displacement of the vessel,

Ay is the correction for the Froude number,

t =(0,15-0,17) is the propeller suction coefficient,

8K
op= —2 is the propeller load coefficient at the stop,

7rAp

AV

A, =
\/Avgz +n2D,,2

is the universal propeller pitch,

K T Ky, are the universal stop coefficient screw and universal torque coefficient, are determined
from the graphs as functions Ap ,
A 0 is the universal screw pitch, for which the universal torque coefficient is Ky, =0,

Kmo is the value of the universal torque coefficient for Ap =0,

N is the screw revolutions,
D, 1s the diameter of the screw disk,

Sye IS the area of the screw disk.

Forces and moments from the rudder. Projections R}, R{, of the control force and moment

M on the LCS axis from the rudder deflection are calculated by the formulas

Ry (6)=c; (sv?)
X = Cxp r
o2 ¢! =1,465%;
) ) (AVXg )2 . 27A
Ry (5)=Cy,09 5 A () Cy :—2+/15, (8)
(Av,? )2 m; =—cl,,
M; (S5)=m}p, 2 S,b,;
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where ¢y, cy,m; are the coefficients of longitudinal, lateral hydrodynamic force of the rudder and

hydrodynamic moment of the rudder, S,,b, are the area and width of the rudder, & is the rudder’s
deflection angle, A is the elongation of the rudder, I, is the rudder arm (distance from the middle
of the rudder to the center of the vessel’s rotation).

Forces and moments from the wind turbine. The thrust force Fy, drift force Fp and
moment M, of the wind turbine in projections on the LCS axis are determined by the formulas

F. =i[Ya(7/j)sinﬂa—xa(;/j)cos,ﬁa}; (AVa)z
. _ X*(r,)=Ci(e;) P, ZX S
FD=Z[Ya(7j)cosﬂa+xa(;,j)smﬂa]; 9) e (10)
< Ya(%)=03(%)ﬂa( X) S,
M, =2 (=Fr Yoc; + Fo  Xec) ) 2

where X a(yj ),Ya(yj) are the drag force and lift force of the j-th sail, S, is the angle of incidence
of the aerodynamic flow on the diametrical plane, Xpc j,Ypc j are the coordinates of the j-th sail

pressure center, C;'Z‘( )Ca( ) are the drag and lift coefficient of the j-th sail, «; is the angle of

attack of the j-th sail, S is the sail area.
The sum of aerodynamic (2), hydrodynamic (4) and control (6)—(9) forces and moments in
projections on the LCS axis has the form

P,=P(0)-R; +Zn:(ya(7,j)sin,8a—xa(yj)cos,b’a)—Rf—Rf;
=1

P, = Py(®)+ R} +Zn:(Ya(;/j)cosﬂa+ Xa(;/j)sinﬂa)+ R} +RJ;
j=1

n

M, =-P, (@), R}, Z ( *(7,)sin B, - X* (;/J)cos,B) oo+

(11)

+Zn:(Ya(}/j)COS,Ba+Xa(yj)sinﬁa)xpcj +M2+M?,
j=1

To ensure the given motion of the vessel, the sum of all forces and moments (11) must be
equal to the forces and moments FX : F MZ necessary to maintain the given motion, which are
determined by the PID controller

~R! +i(Y"’(7/1)sinﬂa—Xa(;/j)cosﬂa)—Rj1 —~RY=P;
=

®)+R! +Zn:(Ya(7/j)COS,Ba + Xa(yj)sinﬁa)+ R:+R¢ =P);
1= (12)

—Py(G))Ip—R;Ir+Zn:—( *(7;)sin B, = X (7;)cos B, Yo, +

+Zn“(\/é‘(yj)cosp’a+xa(yj)sinﬂa)xpcj +M2+MI =M.,
j=1

System (12) can be considered as a system of the equalities type constraints on control.
Subblock 3.1 of linear constraints on control of the inequalities type. Serves to take into
account constraints of the inequalities type on control (allowable control ranges)
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|®|S®max’|5|£5max"7j‘£7max’j=1..n. (13)

Subblock 3.3 of conditional optimization. Serves to search for the global extremum of the
objective function and optimal controls. Uses one of the known methods of searching for the global
extremum (global search method, modified gradient, heuristic, etc.). At each iteration of the search
for optimal controls, block 3.1 checks whether the current iteration of controls belongs to the
allowable range, and block 2 calculates the control forces and moments for the current iteration of
controls. The sum of the control, aerodynamic and hydrodynamic forces and moments is again fed
to the inputs of subblock 3.3 of conditional optimization for the next iteration. Subblocks 3.3 of
conditional optimization complete their work at the current cycle of the on-board computer after the
specified criterion for completing the search process is met (depends on the selected method). The

found optimal controls ul = (@0,50,7/?) j=1..n are fed to the automation of the corresponding

drives (PP, rudder, sails) for processing.

Main results and discussion. A method for automatic control of the vessel's movement
along a route with additional wind sails has been developed, which allows for additional reduction
of fuel consumption. The achieved result is explained by the finding in the on-board computer of
the automatic movement control module of optimal controls for a combined structure of actuators,
which includes traditional controls (propeller, rudder) and control of the wind sails installation, by
solving a conditional optimization problem with equalities and inequalities type constraints.
Equalities type constraints provide simultaneous formation of the controls necessary to maintain a
given movement along the route, and inequalities type constraints take into account the permissible
ranges of control changes. The developed method differs from known solutions in that: it
determines optimal controls not only for wind sails, but for the combined structure of the vessel's
actuators; optimal controls are calculated by solving a conditional optimization problem with
equalities and inequalities type constraints. The results obtained are reproducible and can be used in
the development of mathematical support for autonomous systems, or in automated systems with
automatic motion control modules.

Conclusions. A method for calculating optimal controls of the combined structure of the
vessel's actuators, which includes traditional controls (propeller, rudder) and wind sails control, has
been developed. The developed method allows for a further reduction in fuel consumption. This is
explained by finding optimal controls not only for the sails, but for the entire combined structure of
the actuators, which includes traditional controls (propeller and rudder), as well as sail control, by
solving the problem of conditional optimization with constraints such as equalities and inequalities.
The theoretical significance of the results obtained lies in the development of a method for
automatic optimal control of the combined structure of actuators. The practical significance of the
results obtained lies in the further reduction of fuel consumption, due to more efficient use of wind
energy, the possibility of applying the method in the development of mathematical support for
automatic modules for controlling the movement of vessels with additional wind sails.

Prospects for further research. Further research may be related to the development of
methods for controlling the motion of a vessel with additional wind sails for sharp angles of the
flow incidence on the diametrical plane |3/<30dg. As is known, at such angles of the flow
incidence, the thrust force of the sails is not sufficient for movement against the flow, therefore, the
tacks method of movement is used on sailboats. Development of the optimal control methods for

combined structure of actuators, which includes traditional controls and a wind turbine, remains an
urgent scientific and technical problem.
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3inyenko C. M., Toscrokopuii K. O. YMOBHA OIITUMI3ALIA KEPYBAHb CYJHA 3
JIOJTATKOBOIO BITPOPYIITIHOIO CUCTEMOIO

Mopcoka 2any3e cmukaemvcs 3i 3HAUHUMU GUKITUKAMU Yepe3 0e0ati HCOPCMKIui 3aKOH00AasYl 8UMO2U OO0
CKOpOUEHHs 8UKUOIS WKIONUBUX peuosuH 6 ammocgepy ma nokpawenns knimamy. Cepeod wupoxko2o cnekmpa
MexXHON02ill Ma NATUSHUX PIUeHb, WO PO32NA0AIOMbCA 8 YbOMY KOHMEKCMI, OOHUMU 3 HAUNEPCHeKMUSHILUUX €
0oodamxkoei eimpogi pywiini cucmemu (WAPS), axi moocyms cymmego s3meHwumu cnodjicu8anHs naiusd
CYOHaMU ma, K HACTIOOK, 3MEHWUMU 8UKUOU NAPHUKOGUX 2A316 MA THUUX WKIOTUGUX DEUOBUH 8 ammocdepy.
Bioomi piwenns 003601510mb 3MeHWUMU 8UMPAMU NATUBA 3d PAXYHOK BUKOPUCMAHHA enepeii eimpy, sKi
NOAA2AI0Mb Y POPAXYHKY ONMUMATLHUX Kepy8aHb auwe 0 gimpopyuliie. 06 ekmom 00cniodxcenHs € npoyecu
NOWYKY ONMUMATbHUX KEpYBaHb O 00 €OHAHOI CMPYKMYpPU SUKOHABYUX NPUCTPOIS CYOHA, KA BKIIOYAE
Mpaouyitini Kepy8anus (26Unm, cmepHo) ma 000amxosi simpopyutii. Po3pobreno memoo KepysaHHs pyxom
CYOHa 3 000amKOGUMU GIMPOPYUWIIAMU, AKUU 0036018€ we Oinvbuwe 3MmeHwumu eumpamu naiuea. Ile
00C2A€EMbC. WLIIXOM  3HAXOONCEHHST ONMUMANILHUX Kepy8aub 015 00 €OHAHOI CMPYKMYpU GUKOHAGYUX
NPUCMpOis cyoHa WIaXom eUPIueHHA Y DOPMOBOMY 00UUCTIO8AYT A8MOMAMUYHOL cucmeMu Kepy8ants 3a0ai
YMO6HOI onmumizayii 3 oOmedcenHAMU muny pienocmeu ma nepisnocmei. QOmedcents muny pieHocmel
3a6e3neuyioms CMEOPeHHs. HeOOXIOHUX OJis1 NIOMPUMYBAHHSL 3A0AHO20 PYXY CUN I MOMEHMIB, A 0OMEICEeHHSs
muny nepisHocmel 6paxogyioms donycmumi 0ianasonu 3minu kepyeéanv. Ompumani pe3yromamu MOXCYmb
Oymu  6uUKOpUCMAHi npu  pospodyi MaAmeMamuyHo20 3a0e3NeYeHHs CUCEM KepYyS8aHHs dABMOHOMHUMU
CYOHamu, abo MameMamuyHo20 3a0e3neueHHsi MOOYII6 AGMOMAMUYHO20 KePYBAHHS 6 A6MOMAMU308aAHUX
cucmemax.

Knwouosi cnosa: WAPS, asmomamuune kepysanis, YMOGHA ONmMumizayis,; eHepeoehekmueHicms, 000amKosi
simpopyuii; 6opmosuii 0oyuUCI08aY.
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HaykoBui BicHUK XepCOHCBHKOI Aep:kaBHOI MOopchbKoi akanemii WERPH R P P4
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CHUHTE3 TA JOCJIKEHHA KOMBIHOBAHOI'O KACKAJHOI'O
PEI'YJIATOPA 3 BUIIEPE’)KYBAJIBHOIO KOMIIEHCALIE€TO
JJISI KEPYBAHHSA TEITIJVIOBUM PEXKUMOM HEMEHTHOI ITEYI

Kyuenko O. A., o0.m.n., npogecop ragedpu mexuHiuHUX ma NPOSPAMHUX 3AC00i6
asmomamusayii,  Hayionanonuii  mexuivnuti  yuieepcumem  Ykpainu  «Kuigcokuii
nonimexHivHuu  iHcmumym  imeni  leopsa  Cikopcekoco», M.  Kuis,  Vkpaina,
e-mail: azhuch@ukr.net, ORCID: 0000-0001-5611-6529;

I'yroBewkuii J. B., acnipanm kagedpu mexuiunux ma npoepamnux 3acobieé agmomamusayii,
Hayionanonuii mexuiunuu ynisepcumem Ykpainu «Kuigcbkuil nonimexHiyHuii iHcmumym
imeni  leops  Cikopcvkoco», m. Kuis, Vkpaina, e-mail: hytovskui@gmail.com,
ORCID: 0009-0002-4141-7550.

ITiosuwenns enepeoegpexmusnocmi ma cmabinizayis AKocmi npoOyKyii € KIoHoSUMU 3A60AHHAMU CYHACHOL
YeMeHMHOI NPOMUCTIO8OCMI, OCOONUBO 8 YMOBAX WUPOKO2O 6NPOBAONMCEHHA ANbIMEPHAMUBHO0 NATUEA 3i
SMIHHUMU Xapakmepucmukamu. Memoto 0anozo docniddcenHs € po3pobka ma nepesipka epexmusHocmi
KOMOIHOBAHO20 ~ KACKAOHO20 — pe2yisimopa 3 — UNEPeddICy8AIbHOI0 — KOMNEHCAYielo Ol KepyB8aHHs
memnepamyporo 30Hu CHiKauHs 0bepmoeoi neui. 3anpononosana cucmema NOEOHYE nepedacu KACKAOHOL
cmpykmypu 31 WBUOKUM GHYMPIWHIM KOHMYPOM MENI08020 HABAHMANCEHHS MA MOYHUM 306HIUHIM
KOHMYpOM MeMnepamypu, d MaKodc KAaHal eunepeddicysanvhoi komnencayii (feedforward) eonoenozo
BUMIPIOBAHO20 30YPeHHs — KANOopitiHocmi anbmepHamugHozo nanued. Ha ocuosi idenmughikosanoi mooeni
06’ckma nposedeno cunmes napamempis I1l/[-pecynisimopa memooom ONMUMYMY 3G MOOYIEM 3 NOOANbUIOIO
Kopexyiclo Ha pobacmmuicme. Busnaueno onmumansHuil Koegiyienm eunepeodicy8anbHoi Komnencayii, wo
8paxo8ye OUcnepcilo NoXubKu oyinoeants Kanopiunocmi naiuea. Egexmuenicms pospobnenozo pezynsmopa
nepegipena wiiAxom imimayiiiHozo MmooenmosanHa 6 cepedosuwsi MATLAB/Simulink 3 eenepayiero
cmoxacmuyHux 30ypens 3a agmopezpecitinoro mooennto. Pezynomamu molenosanua 015 mpvox cyeHapiis
(cmayionapuutl pescum, 3MIHG YACMKU RATUGA, NIOBUWEHA 8aAPIAMUBHICTNL) NOKA3AMU, WO 3ANPONOHOBAHUL
KOMOIHOGAHUI pe2yamop 3abe3neyye 3MeHUuleHHs cepeOHbOK8a0pamuiyHo20 i0XUNEeHHs meMnepamypu 30Hu
cnixanus Ha 51,2% (3 24,8°C 0o 12,1°C) ma ckopouenns uacy peeymoeants Ha 34,5% nopiensano 3 6azoeum
I/]-pecynsmopom. JJo0amkogo 00CASHYMO 3HUNCEHHS numomoi eumpamu menia Ha 2,8%. 3anpononosana
MemoOuKka cunmesy ma OMPUMAHI pe3yabmamu npeocmasisiioms Npakmudty YiHHicms O NPOEKMYBAHHA
cucmem asmMoMamu3ayii eHepeOEMHUX MEXHOIO2IYHUX NPOYeCi8, WO NPayrioms Ha NAIUei 3 HeCmabilbHUMU
Xapaxmepucmukamu.

Kniwouosi cnosa: cucmema agmomamuyno2o Kepys8awhs, KOMOIHOBAHUI pe2yamop; KACKAOHA CMpPYKmMypa,
sunepeoxcysanvHa Komneuwcayia (feedforward), yemenmna niu; anrbmepHamugHe naIueo; pobacmmue
Kepy8aHHs;, imimayiline MOOent08aHHSL.

DOI: 10.33815/2313-4763.2025.2.31.041-051

Beryn. EneproedexTuBHICTh Ta CTaOUIBHICTh TEXHOJIOTTYHHX IMapaMETPiB € KPUTHIHUMHU
(dakTopaMH  KOHKYPEHTOCIIPOMOXXHOCTI Cy4YacHOI HEMEHTHOi NpOMHCIOBOCTI. OnHMM 3
MPIOPUTETHUX HAIPSMIB 3HMKEHHS COOIBAPTOCTI MPOAYKIli Ta €KOJOTIYHOTO HABAHTAXKCHHS €
MacoBe BIPOBA/HKECHHS albTePHATUBHUX BHUIIB maiuBa (All), Takux sk moOyTOBI Ta MPOMMCIOBI
BIZIXO/IM, BTOPUHHI pecypcu. OJIHaK IX BUKOPUCTAHHS CYIIPOBOJKYETHCS CYTTEBOIO HECTAOIBHICTIO
TETUIOTEXHIYHUX XapaKTEPUCTHK, 30KpeMa KaJOPIHHOCTI, BOJIOTOCTI Ta TPaHYJIOMETPHYHOTO
CKJIaay, IO € TMOTYXKHUM JKeperaoM 30ypeHb Ul CUCTEMH aBTOMaTHYHOro kepyBaHHA (ACY)
TEIJIOBUM  PEXUMOM 00epToBOi rmewi. TpaauumiidHi CcHUCTEeMHM pETryJIOBaHHS Ha OCHOBI
[TI1-perynaropiB, po3paxoBaHi Ha poOOTy 3 BIZHOCHO CTa0LIbHUM TAJIMBOM, 4YacTO HE
3a0e3neuyroTh HEOOXiTHOI SKOCTI BiJNpAaIlOBaHHS TaKUX IIBUAKO3MIHHUX Ta 3HAYHUX 3a
aMITiTyior0  30ypens. lle mpu3BoauTh 10 BIAXWJICHH TEMIEPATypd B 30HI CITIKAHHS BiJ
TEXHOJIOTIYHOTO ONTHMYMY, TIOTIpIIEHHS SKOCTI KIIIHKEPY, IiIBUIICHHS TUTOMOI BUTPATH TeIUIa Ta
3HOCy (yTrepoBku. Binrak, po3poOka cremiagi3oBaHUX CTPYKTYp CHUCTEM aBTOMAaTHYHOIO
KepyBaHHS, 3/[aTHUX €(QEKTHBHO KOMIIEHCYBAaTH BHMIpIOBaHI 30ypeHHS Ta MiATPUMYBATH BHCOKI
MOKa3HUKH SIKOCTI MPOLECY, € aKTyaJIbHUM HayKOBO-IIPAKTUYHHUM 3aBJaHHSM.
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m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

IloctanoBka nmpodaemu. KoHkpeTHOIO TIPOOIEMOI0, IO PO3IIISIAAETHCS B JaHId poOOTI, €
HEJOCTaTHS AMHAMIYHA TOYHICTh KJIACHUYHUX OJHOKOHTYPHUX Ta KAaCKaJHUX CHCTEM KEpyBaHHS
TEMIIEPaTypol0 30HM CITIKAaHHSA [EMEHTHOI Ie4i B yMOBaxX BIUIMBY BHUMIpPIOBAHOTO, aie
HIBUAKO3MIHHOTO 30ypeHHS — KaJOpiHHOCTI anbTepHAaTHBHOrO nanuBa. KonMBaHHA KalopiHOCTI
MPU3BOASTH O MUTTEBUX 3MiH TEIUIOBOTO HAaBaHTAKEHHsS ¢akena, M0 Yepe3 BEITUKY TEIJIOBY
iHepuiiHicTh medi (moctiiHl yacy no 1200 c¢ Ta 3amizHeHHS 710 540 C) BUSABISETHCS y BUIIISII
3HAYHOTO Ta 3aIli3HIJIOr0 BIAXWICHHS PETyJIbOBaHOI TeMIiepaTypu. Peryisrop 3BOpOTHOTO 3B'S3KY
(IT[JI) mouwmHae pearyBaTH JIMINE IIIiCJAsS BHHWKHEHHS BIAXWJIEHHS, 0 OOYMOBIIIOE TpHUBAII
NepexiiHi MpoIecH, MiABUIICHE MTePEePeryTI0BaHHS Ta HU3bKY eHeproe()eKTUBHICTh. TakuM 4HHOM,
BUHHKAE MOTpeda B CUHTE31 Ta AOCIIHKEHHI KOMOIHOBAHOI CHCTEMH KepyBaHHs, sika O 1HTerpyBaia
nepeBarn KacKagHOi CTPYKTYpPH JUIS TIOKPAlICHHS BHYTPINIHBOI JMHAMIKM Ta TPHHIIUI
BUTIEpe/UKYBaIbHOI  komrieHcamii  (feedforward) s akTuBHOT  KOMIEHcalli  TOJOBHOTO
BHUMIPIOBAaHOTO 30ypEHHS /10 OT0 BILIMBY HA OCHOBHUI PEryJIbOBaHUHN IMapameTp.

AHai3 ocTaHHiX AocailkeHb Ta myoOJikauniii. [IpoGnemi migBuieHHs e()EeKTUBHOCTI
CHCTEM aBTOMATH3allii EHEProEMHHUX TEXHOJIOTIYHMX TMPOLECiB, 30KpeMa B IEMEHTHIH
MIPOMUCIIOBOCTI, MPUCBAYEHO 3HAUHY KUIbKICTh HAYKOBHX AOCHiIIKeHb. OCHOBHUMHU HANpsIMaMH €
BJIOCKOHAJICHHSI aJTOPUTMIB KEpyBaHHS, pO3poOKa aJanTUBHUX Ta pOOACTHUX CTPYKTYp Ta
1HTerparisi METOiB IPOrHO3YBaJIbLHOI'O MOJIETTIOBAHHS.

KnacuyanmM migxoaoM A0 KepyBaHHS 00’ €KTaMU 3 BEJHMKOK IHEPIIHHICTIO Ta 3ami3HEHHSIM
3aymmaeTbess BukopuctanHs I1I/I-perynsropiB 3 piHuMH MeTonamMu HanmamtyBaHHs [1, 2]. s
MOKPAIICHHS! JWHAMIYHUX XapaKTePUCTUK IIHPOKO 3aCTOCOBYETHCS KacKaJaHa CTPYKTypa, Je
MIBUJIKMI BHYTPIIIHIA KOHTYP NMPUAYIITYE OCHOBHI BHYTPIIIHI 30ypeHHs, a 30BHIIIHIN — 3a0e3mneuye
TOYHICTH BIANPALIOBAHHS TOJOBHOro mapamerpa [3, 4]. Y KOHTEKCTI KepyBaHHS IIleuaMmH,
JNOCTIKEeHHsL [5, 6] miATBEepAXyIOTh €(PEeKTHUBHICTh KACKaJHOTO PEryIIOBaHHS TEeMIIepaTypHu 3
BHYTPIIIHIM KOHTYPOM TEIJIOBOT'O TIOTOKY a00 BUTPATH MaJINBa.

OxkpemMuM MEpPCHEKTUBHUM HAMPSIMOM € 3aCTOCYBaHHS BHUIEPEKyBaJIbHOI'O KEpPYBAaHHS
(feedforward) nist komneHcanii BuUMiproBaHuX 30ypeHb. TeopeTuyHi OCHOBH Ta MPAKTUYHI aCTIEKTH
CHUHTE3Y TaKMX KOMOIHOBaHUX CHCTEM JCTAIBHO PO3MIIAHYTI B poboTax [7, 8]. Hocmimkenns [9, 10]
nmoka3yroTh 3actocyBaHHs feedforward-kommencanii s KepyBaHHA CKJIAJHMMHU  XiMIiKO-
TEXHOJIOTIYHUMHU TIpollecaMu, ofHak crenudika i1 BUKOpUCTaHHS A1 00 €KTIB 3 HAJBETUKUM
TPAHCIIOPTHUM 3aIi3HEHHSM, TaKHX SIK IIEMEHTHA ITi4, ToTpe0y€ T0AaTKOBOTO BUBYCHHSI.

[HTEHCUBHMI PO3BUTOK OTPUMAIIM METOAM MOJEIBHO-MPOTHO3Y0Uoro kepyBanus (MPC),
SK1 IEMOHCTPYIOTh BHCOKY €(EKTHBHICTh JUIsi OaraTOBUMIpHUX 00’€KTiB 3 oOMexeHHsamu [11, 12].
[x BHpoBamkeHHAs B LEMEHTHil HPOMHUCIOBOCTi, 30KpeMa s ONTHUMi3allii CHaTIOBaHHS
ANTBTEPHATHBHOTO TIAJIMBA, omucaHe B poboTax [13, 14]. OgHak CKIATHICTH MOJCITIOBAHHS, BUCOKA
00UHCTIOBAJIBHA CKIIAJHICTh Ta TOTpeda B MOTYKHIKM anmapaTHii 6a3i 4acTo 0OMEXYIOTh 1X IIHPOKE
MIPOMUCIIOBE 3aCTOCYBaHHs, CTBOPIOIOYM Hily Jjis OUIbII MPOCTHX, aje e(pEeKTUBHHUX
KOMOIHOBaHMX CTPYKTYp Ha 6a3i [1I/]-perynsaropis.

[MuTanHsM ananTamii CUCTEM KepyBaHHS JI0 HECTAlliOHAPHUX XapaKTEPHUCTUK MAJMBHUX
CyMileii, 30KpemMa albTePHATHMBHUX, TMPHUCBSIYeHI podotu [15, 16], nme 3ampornoHOBaHO
BUKOPUCTOBYBATH OHJIAHOBI OIIHKK KaJopiitHOCTI. JocmimkeHHs poOacTHOCTI CHCTEM KepyBaHHS
reyamu npeactasieHi B [17, 18].

[onpu 3HAYHMIA MpOrpec, HEAOCTATHHO MOCHIHKEHUM 3AJIMIIAE€THCS MUTAHHS CHHTE3Y Ta
MPaKTUYHOI peami3allii KOMOIHOBaHMX CTPYKTYp, SKi O ONTHUMaJIbHO IHTETPYBAIM TIEpPEBaru
KacKaJHOI TMHAMIKH Ta BUNIEPEKYBaIbHOI KOMIICHCAIIT came JUIsl KJ1acy 00’ €KTIiB 3 eKCTPeMaIbHO
BEJIMKOK 1HEPIIMHICTIO Ta 3ami3HEHHSAM, IO MpPaIlO0Th Ha TalWBlI 3 MIBUJIKO3MIHHUMH
XapaKTepUCTHKaMU. 30KpeMa, BUMarae yTOUHEHHs METOJl BU3HAYSHHS ONTHUMAJIBLHOTO KoedillieHTa
KOMIICHCAIlil 3 ypaxyBaHHSAM TIOXMOKHM OIlIHKM 30ypeHb Ta dopmMaiizallis pouesypu
HaJAIITyBaHHA BCi€l OaraTOKOHTYPHOI CHCTEMH JUIsI JOCATHEHHS TapaHTOBAHUX ITOKa3HUKIB
pobacTHOi sKocTI Ta eHeproedekTuBHOCTI. Came UM acreKTaM MPUCBSIUYEHA aHa CTaTTS.

MeTta Ta 3agadi DocaiIKeHHs. MeToro JaHOro IOCIIHKEHHSI € CHHTE3 KOMOIHOBAHOIO
KAacKaJIHOTO peryjsaTopa 3 BHUIEPEKYBAJIbHOI KOMIICHCAIIEI0 M CHUCTEMH aBTOMATHYHOTO

. jlo pyﬁpuku GKIIOYEHO CIMammi 3a memMamuyHo0 cnp;moeamcmlo «Aemomamu;zaum ma Komn lomepHo-
mmezpoeam MexHon02ii
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KEepYBaHHSI TEMIIEPaTypOl0 30HH CITIKAHHS LIEMEHTHOI Iedi Ta KOMIUIEKCHA eKCIePUMEHTAIbHO-
iMiTamiiiHa oIiHKa HOro e(eKTHBHOCTI B YMOBaxX BIUIMBY 30ypeHb BiJ 3MIHHOI KaJOPIHHOCTI
IBTEPHATHUBHOTO TTAJIBA.

Jlisl TOCSITHEHHSI TOCTABJICHOT METH c(pOPMYJILOBAHO HACTYIIHI KOHKPETHI 3aBJaHHS:

1. IlpoBectu popmaizariro BUMOT IO CUCTEMHU KEPYBAHHS TETUIOBHM PEKHMOM 13 MTO3HUIIIH
TEXHOJIOTTYHUX 0OMEXKEHb, AMHAMIUHO]T SIKOCT1, pOOACTHOCTI Ta eHEeProePeKTUBHOCTI.

2. CuHTE3yBaTH CTPYKTYpPy KOMOIHOBAaHOI CHUCTEMH KEPYBaHHS, IO IHTETPYE KaCKaHHMA
KOHTYp PEryJIIOBaHHS TEMIIepaTypu 3 KOHTYpOM BHIepe KyBanbHOI kommeHcalii (feedforward)
TOJIOBHOTI'O BUMIPIOBAHOT'O 30ypEHHS.

3. Po3pobut MeTOOMKYy CHHTE3y NapaMeTpiB peryjsTopiB KOMOIHOBaHOI CHCTEMHU:
koedimientiB kackaauoro I1IJ[-perynsitopa 30BHIIIHEOTO KOHTYPY Ta ONTHUMAIBHOTO KoedirieHTa
BUIIEPEKYBaJIbHOI KOMIIEHCALII] 3 YpaxyBaHHSAM TOUHOCTI OLIHKU 30ypEHb.

4. Po3poOUTH JTUCKPETHUM ainroputM (yHKIIOHYBaHHS KOMOIHOBAHOTO peryisropa 3
MeXaHI3MaMU aHTUHACHYEHHS Ta OOMEKEHHs LIBUAKOCTI 3MiHM KepYyIOUuX BIUIMBIB, MPHUIATHUN
JUTSL peatizallii B IPOMHCIOBOMY KOHTPOJIEPI.

5. IlpoBecTr imiTalliiiHe MOJENIOBaHHS AMHAMIKH 3aMKHEHOI CHCTEMH KepyBaHHS 3i
CTOXaCTMYHUMHU  30ypeHHSAMM JJI  [OPIBHSUIBHOI ~ OLIHKM  SIKOCTI  PEryJloBaHHS  Ta
eHeproepeKTUBHOCTI 3alPOINOHOBAHOT KOMOIHOBAaHO1 CTpaTeTii BIIHOCHO 0a30BUX MiAXO/IB.

6. KimpkicHO OIiHUTH €()eKTUBHICTH 3aIIPOTIOHOBAHOTO DILICHHS Yepe3 MOKAa3HUKH SIKOCTI
peryiitoBaHHs (CepeJHbOKBAPAaTUUHE BIAXWICHHsS, Yac pEryJIlOBaHHs, IEepeperyiIioBaHHsA) Ta
€KOHOMIIO €HEPrOpeCypCiB.

OCHOBY MeTO/0JIOTIi JOCHIKEHHS CTAaHOBJIATh METOAU Teopii aBTOMAaTHYHOI'O KepyBaHHS
(cuHTE3 PEeryIsaTOpiB, MPUHIIMIT KOMIIEHCAIlT 30ypeHb), MAaTEeMaTUYHOTO MOJICITIOBAHHS JUHAMIYHUX
CHCTEM Ta CTATUCTUYHOI'O aHaJIi3y pe3yJIbTaTiB IMITAlIMHUX €KCIIEPUMEHTIB.

Bukiax ocHoBHoro marepiajiy. O0’€KTOM IOCIIDKCHHS € KaHAI «BUTPATa TPAIULIIHHOrO

najMBa — TEMIlepaTypa 30HH CIIIKaHHS» o00epToBOi IleMeHTHOi mneui. HMoro auHamika
anpOKCHMOBAHA MepeJaBaibHOI0 (PYHKIIEIO IPYTOTO MOPSIKY 3 TPAHCIIOPTHUM 3aIli3HEHHSIM:
K 1
obj -0
Wopj(s) = e ™
) (tys + D)(ts+ 1) ’
ne Kopj — xoedinient nigcunenHs o6’ekra, °C-c/kr; Ty, T, — TNOCTIHHI 4Yacy 00’€Kra, C;

0 — TpaHCTIOpTHE 3aIi3HeHHs, C; S — oneparop Jlammaca.
Ha ocHOBI1 TEXHOJOTTYHUX HOPM ISl IPOIIECY BUIMATY KIIHKEPY c(HOpMYJIbOBaHI BUMOTH JI0
cUCTEeMH KepyBaHHsA. TemnepaTtypa 30HH crikaHHs T,y . Ma€ MiATPUMYBATHCS B Jiara3oHi:

1420 < T,one < 1480 [°C],

13 3aaHMM yCTaJIE€HMM 3HAYEHHAM T onenom = 1420 °C. JlomycTume cepelHbOKBAJpAaTHUHE
BIIXWJICHHS

or. <15 [°C].

Zone

JluHamiyHi BUMOTH BKJIIOYAIOTh Yac perynoBaHHs t:°"¢ < 45 xB, mepeperynmoBaHHA K <
15% Ta cratnyHy moxuOKy eis"¢ <5 °C. Cucrema moBuHHa OyTH pOOACTHOIO JO Bapiamiid
napameTpiB 00’exTa B Jianaszonax: AKqp; € [—30%, +30%], A8 € [—20%, +20%].

CtpykTypa KOMOIHOBAHOTO KAaCKaJHOTO PETYJISATOPA 3 BUMIEPEKYBAITBHOI KOMIIEHCALIIETO.

JInst 3a710BOJIEHHSI BUMOT 3allpOIIOHOBAHO CTPYKTYpY, IO TOEIHYE KacKaJHUH KOHTYD
3BOPOTHOTO 3B’5I3Ky Ta KOHTYP BUIIEPEIKYBaJTbHOI KOMITEHCAITI].

KackamHuii KOHTYp CKIIaJa€eThCs 3:

1. 30BHiIHHI>OF(3 (moBimpHOTO) KOHTYpY Ha ocHoBi IIIJ[-perymsaropa R;(s), skuii kepye
temreparyporo T,o,e. oro Buxin Qer(t) € 3aBaaHHsAM A7l BHYTPIIIHHOTO KOHTYPY.

2. BHyTpimHporo (WIBUAKOTO) KOHTYpy Ha ocHoBi Il-perymstopa R,, skuii kepye
CYMapHHM TEIJIOBUM HAaBAaHTAXEHHAM Qcomp(t) IIIIXOM 3MIHM BHTPATH TPAJHLIHHOTO MajIHBa
Brr(t). TernoBe HaBaHTa)KEHHS PO3PAXOBYETHCS SK:

ISSN-print 2313-4763; ISSN-online 3041-1939
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— TF AF
Qcomb(t) = Bre(t) - Q" + Bar(t) - Qi (1),
ne QIF — xanopiitnicTs TpamumiiiHoro mamua, MJK/kr; Bap(t) — BHTpaTa agbTepHATHBHOTO
nanmBa, kr/c; Qf'F (t) — ominka #oro kanopiitaocTi, MJ/KT.
Kontyp BunepemxyBanbHOi KOMIEHcalii (GopMye Kopuryrouumii BIUIMB Ug(t) Ha OCHOBI

BHUMIPIOBAaHOTO 30ypEeHHSI — KAJIOPIHHOCTI abTepHATHBHOTO manuBa. CymMapHUi Kepyrounid BIUIMB
Ha 00’ €KT:

u(t) = uprp(t) + uge(t),
ne upp(t) — Buxig kackaanoro IIJ[-perynsaropa.

Cunre3 napamerpiB kackagHoro IIIJ[-perynsaropa. Ilepenarna ¢ynkuis III/[-perynstopa
30BHIIIHBOTO KOHTYPY:

W()K(1+1+Tds>
s) = — 4+ —),
PID P Tis Tis+1
ne K, — nponopuiiinuii koediuient; Ty — mocriiiHa yacy iHrerpyBanus, ¢; Tq — MocTiiiHa yacy
mudepenuioBanHs, c; Tr = Tq/10 — nocriliHa yacy ¢i1bTpa qudepeHIiaabHOi CKIa0Boi, C.
[ToyaTkoBI HamaIMITYBaHHS OTPUMAHO METOJIOM ONTUMYMY 3a MojyseM ajist mozeni (5.1):
Tz T T

Ky=c——, T'=15 T§= ,
p Kob]29 ! > d 15

e Ty = Tq + T,.

Jnist miABUIIIEHHST pOOACTHOCTI BBEJICHO KOE(ILi€HT NETIOHIHTY 6!

0
6=1+05-—.
15>
Kinnesi mapamerpu perysitopa:
K? Ty
__b _ 70 _d
KP_F' T,=T -6, Td_F'

Jnst inentndikosanux napamerpis (Kqp; = 285 °C-c/kr, T, = 420 ¢, T, = 780 ¢, 6 = 540
¢) orpumano: Ky, = 0.0032 (xr/c)/°C, T; = 1470 ¢, Tq = 223 ¢, o 3abe3neuye 3amacu CTidKOCTI
©m = 52°, A, = 8.9 1b.

Cunres koedilieHTa BUNIEPEHKyBaIbHOI KOMITEHCAIII.

Komnencyrounii BIUMB:

HAF AF
Qi (t) - Qi,ref
Qr
1
ne K — xoedimienT xommneHcarii, Q‘iArFef — pedepeHTHa KaJopiiHICTh albTEPHATUBHOTO TAjUBa,
MJIx/kT.

3a HasgBHOCTI MOXUOKH OLIHKH £q(t) = QAF (1) — QAF(t) ontumaneme 3maueHHs Ky, mo
MiHIMI3y€ JUCTIEPCIF0 TOMIIIKH PETYJIFOBAaHHS, BU3HAYAETHCS SK:

ugr(t) = Ky - Bap(t) -

2
KOPt — _%
ff " 62 + o2
Q T O0¢
ne 0(21 — McHepcis KalopiiHOCTI NanuBa; 62 — JUCHEePCis HOXUOKHU OIiHKH.
st 6 = 3.3 MJIx/kr ta 0, = 2.0 MJDx/Kr po3paxyHOK nae K?fpt = 0.73.
JuckpetHuii anroput™ (yHKIIOHYBaHHS PETYJIATOpPA.

s peanizanii B [TJIK po3pobneHo auckpeTHuii anroput™ (kpok At = 1 ¢). OCHOBHUM €
PIBHSIHHS JUIs IHTETPaIbHOI CKIIa0BO1 3 MexaHi3MoM anti-windup (back-calculation):

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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K,At
1) = I(k = 1) +—
i

ne I(k) — iHrerpanpHa ckiagoBa Ha k — My kpomi; e(k) — moMuMIKa peryiiOBaHHS, Ug,t

At
e(lk) + T, (Usae(k = 1) —u(k — 1)),

oOMexeHHl BHX1J peryiasTopa; u — HeoOMmexenwit Buxin; T, =./TjTq — mnocriiiHa dYacy
BIJICTE)KEHHS.

MeTtoauka iMITaIliifHOrO MO/ICTIOBAHHS.

EdexkTuBHICT CHCTEMH OIliHIOBAJIACh IUIAXOM IMOPIBHSHHS TPbOX CTpaTerid y
MATLAB/Simulink:

— Crpareris A: bazosuii [11JI-perymnsrop.

— Crparteris b: Kackaauuit [T 1-perynstop.

— Crpareris B: 3anpononoBana komOiHoBaHa cucteMa (kackaguuii I11]] + feedforward).
30ypeHHs KaopiitHOCTI reHepyBaJIoch sIK aBToperpeciitauii npouec AR(1):

QR (1) = QI +p(QF (k— 1) — Q) + 0gv/'1 — p2 (k)

ne QAF — cepenns kanopiitricts, MJIx/KT; p — KoedimienT kopensii; £(k) — Gimuii mym.

OcCHOBHI pe3yJbTaTH Ta IX 0OTOBOPECHHSI.

EdextuBnicts 3ampomoHoBaHoi komOiHoBaHoi cuctemu kepyBaHHA (Crparteris B)
OIlIHIOBAJIACh y TIOPIBHSHHI 3 JBOMa OazoBumM migxomamu (A Ta B) 3a Tphoma clieHapisMu
MojnemoBanHsa. KpurepissMu TMOpIiBHAHHS OyJu: SKICTb pPEryJIOBaHHS (CepeIHbOKBAIPATUUHE
BIIXWJICHHS G, Yac peryJitoBaHHsA t S, EpeperytoBaHHs K), EHEProe(eKTUBHICTh (MTMTOMA BUTpaTa
TEeIUIa _Spec) Ta podacTHicTh. Pe3ynbraTtu mpeacTaBieHi Ha pUCYHKY 1.

MopiBHAHHA AUHaAMIKK TEeMNepaTypPHUX BiAryKiB ONA TPbOX CTPaTerin KepyBaHHA

l

1460

- Crpareria A (bazosun NIA)

== Crparverin b (Kackaguwi NIQ)

— CTpaTerin B (KombiMoBaHa)
Hominansma ycTaska (1420°C)
AonycTuMuit glanasox

1450

= — - — -
& N > & &
o — N w &
1<) o =] =1 o

t
Wale! i

Temnepatypa 30HK cnikanHs, °C

1390 4

1380 v v . y . . y v v v ; d - - roamtl . T . . . T . .
0 60 120 180 240 300 360 420 480

AwWHaMika NMTOMOI BUTPaTH Tenna ANA TPbOX CTPaTerin KepyBaHHA

3.45

q_Spec.A = 3.38 MIK/xr

[@_spec.B = 3.285 MAN/KT

MNutoma suTpaTa Tenna, MAX/Kr KniHkepy
i =
w
(=]

0 6‘0 12’0 180 240 360 360 42’0
Mac, x8

Pucynoxk 1 — Pe3ynpTratu iMiTalliifHOro MO/IelTfOBaHHSI KOMOIHOBaHOI CUCTEMH KEePYBaHHS

VY cramioHapHoMy pexxumi 3 KoedillieHTOM TepMi4HOro 3amilieHHs 25% Ta BapiaTHUBHICTIO
kanopiriHocti manuBa CV_Q = 15% otpumano Taki pe3yiabTata (Tadm. 1).

ISSN-print 2313-4763; ISSN-online 3041-1939



m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

Tabmuus 1 — [lopiBHSUIBHI TOKa3HUKK SKOCTI PETYNIOBAHHS Ui TPbOX CTpATerid KepyBaHHS
(cTamioHapHUN PEKUM)

Ilokaznuk Cmpamecin A | Cmpamecin b | Cmpamezia B
(bazoesuii I1I/]) (Kackaonuii I11/]) (Komobinosana)

Cepenne 3HaueHHs T zone, 1419.2 1420.1 1420.0

°C

CepenHbokBaipaTUYHE 24.8 16.3 12.1

BiaxuieHusi ¢ T, °C

MaxkcuMaibHe BIIXUICHHS 116 77 S7

T max - T min, °C

Yac perymoBaHHs t_S, XB 58 48 38

IlepeperyntoBanHs K, % 12 9 7

[Tutoma BuTpara Teria 3.38 3.32 3.285

q_spec, MJx/kr

Amnani3 gaaux Tabn. 1 mokasye, 1o 3ampornoHoBaHa KOMOiIHOBaHA cTpaTeris B 3a0e3neuye
HAaBUILy TOYHICTH Ta CTaOUIBHICTH. CepeqHbOKBAIpAaTHYHE BIIXWICHHS TEMIEpaTypd 30HH
cnikanag 6T 3aM3mI0ch Ha 34.3% MOPIBHAHO 3 KackagHO crparerieto b ta Ha 51.2% nopiBHAHO
3 6a3oBoI0 cTpaTteriero A. Lle € mpsiMuM HAcTiIKOM BBEACHHS BUIIEPEKYBAIBHOI KOMITEHCAITI1, KA
aKTUBHO MpPUIYLIye 30ypeHHs Bij KAJIOPIHHOCTI MajuBa /10 iX BIUIMBY Ha Temmepatypy. JAuHamiuna
SKICTh TaKOXK MOKPAIIMIACh: Yac PETyJIOBaHHSA CKOpOTHBCA Ha 34.5%, a mepeperystoBaHHA — Ha
41.7% BigHocHO 6a3zoBoro [1I/I-perymnsTopa.

EdextuBnicte koHTypy feedforward 3anexuTh Big TOYHOCTI OIIIHKH KaJIOPIHHOCTI
QIBTEPHATHBHOTO TanuBa. Pe3ynbTath mNapaMETpUYHOrO  JOCTIDKEHHS Li€l  3aJeKHOCTI
IpeACTaBIICHO B Ta0. 2.

Tabmuus 2 — BB moxuOKu OIIHIOBaHHS KaJIOPIHHOCTI Ha €(EKTUBHICTh BUIEPEIKYBAJIbHOT
KOMIIeHcaril

Bionocna noxuoka oyinku, | Koeghivienm egpexmusnocmi | Cepeonvoxeadpamuune
0 0=0¢/0d 0% Komnencauii, n_ff gioxunenna o_T, °C

0 (imeaspHA OIIHKA) 0.65 8.7

20 0.58 10.4

40 0.45 13.6

60 0.28 17.9

80 0.08 22.8

100 (masBricTs e I11J]) | O 24.8

KoedinienT edextuBHOCTI KomneHcaiii po3paxoBysascs sk _ff=1— (c_T*Mf/ c_T"base).
Jani Tabmuii 2 miATBEpIKYIOTh, IO HABITh 3a 3Ha4YHOI MOXMOKHU ouiHkU (10 50-60%) mexaHizM
feedforward 3abe3neuye nmomitHe mokpameHHs skocTi (n_ff > 0.28). Lle oOrpyHTOBY€ MpakTUUYHY
pearizoBaHICTh 3allPONOHOBAHOTO MIJIXOAY, BPaXOBYIOUHM, IO Cy4YacHI CHUCTEMH OHJIAHHOBOTO
aHai3y nanuBa 3a0e3neuyroTh MoxuoKy Ha piBHi 20—30%.

JIJis OIIHKK NMUHAMIYHUX MOKJIMBOCTEH CHUCTEMH IOCTIKEHO CIEHApi i3 CTYMiHYACTOIO
3MiHOI0O 4YacTku anbrepHaTuBHOro mamuBa (TSR) Bim 15% nmo 35%. KombinoBana crpateris B
MPOJEMOHCTPYBaIa HalKpalli pe3ybTaTH: Yac BUXOJY Ha HOBHH yCTaJICHUH PEXHUM CTaHOBHB 38
xB (mpotu 58 xB y cTparerii A), a MakCUMaJbHE JWHAMIYHE BIIXWJICHHS TEMIIEpaTypu HeE
niepeBuiuio 28 °C (mpotu 45 °C).

VY pexumi 3 migBuiieHoro BapiatuBHicTIO manuBa (CV_Q = 25%) xoMmOiHOBaHa cucremMa
rokaszasia BUCOKY poOacTHicTh. CepenHbokBanparnyne BiaxwieHHs ¢ T cknamo 18.7 °C, mo Ha
51.4% wmenmte, Hix y 0azoBoro III/[-perymaropa (38.5 °C). Yacrora BUXOLy TemmepaTypu 3a
texronoriaai Mexi (1400-1440°C) 3ausunack 3 12.3% mo 2.1% gacy poboTwu.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin



HaykoBui BicHUK XepCOHCBHKOI Aep:kaBHOI MOopchbKoi akanemii WERPH R P P4

BripoBamkeHHsT KOMOIHOBaHOI CHCTEMH KEPyBaHHS JIO3BOJISIE 3HU3UTH CEPEIHIO MUTOMY
BUTpATy Temuia Ha Bunai kiiHkepy 3 3.38 MJx/kr (Crpareris A) no 3.285 M Dx/kr (Ctpareria B),
110 CTAaHOBUTH €KOHOMIIO 2.8%. {5 TumnoBoi nedi npoaykTuBHICTIO 3000 TOHH KIIIHKEpY Ha 100y
LI BIANOBIAa€ 3MEHIICHHIO PIYHUX BUTpPAT TEIUIOBOi eHeprii Ha mpubauszHo 95 000 I'Ix. 3a
cepeHbol BapTOCTi manmuBHOTO ekBiBasieHTa 150 TpH/I'JIXK, piuHME €KOHOMIYHHMN €(pEeKT MOXe
csarat 14.1 MiH rpH.

OO6roBopeHHs1 pe3ysbTaTiB. OTpUMaHI pe3yibTaTd OJHO3HAYHO MIATBEPIKYIOTh TiIOTE3Y
Ipo Te, WIO IHTErpauis BUIEPEIKYBaJbHOI KOMIIEHCALil BUMIPIOBAaHMX 30ypeHb Yy KIACHUUYHY
KAacKaJHy CTPYKTypy € e(eKTUBHMUM 3aco00M JUIsl MIABUIIEHHS SKOCTI, IIBUAKOIII Ta
€Heproe(eKTUBHOCTI CUCTEM KepyBaHHS iHepUiHHUMH 00 exTamu. KiltouoBMM acmekTom €
npaBwIbHUN BUOIp Koedimienta komneHcauii K ff, skuii moBuHEH BpaxoByBaTH HE JIUIIE TUHAMIKY
KaHaJiB, a ¥ TOYHICTh iHpOpMaLii npo 30ypeHHs. 3anpornoHoBaHa ¢popMmyia s HOro po3paxyHKy
Ha OCHOBI AMCTIEPCIMHOTO aHAIII3y MOKa3ajia CBOIO aJCKBATHICTb.

OcCHOBHI nepeBaru 3aporoOHOBAHOTO PIILICHHS:

1. 3HayHe MIABUIIEHHS TOYHOCTI 32 PaXyHOK BHIEpEIKyBalbHOI KOMIIEHCALlli TOJIOBHOTO
30ypeHHS.

2. llonmimmeHHs AWHAMIKA 4Yepe3 PO3MUICHHS 3aBIaHb MK MIBHIKUM (TOTIK Teruia) i
MOBUIBHUM (TeMIIepaTypa) KOHTYPaMH.

3. IlixBumenHs pobdacTHOCTI, ockinbku feedforward-koMmneHcarisi 3MeHITye HaBaHTa)KEHHS
Ha [III-perynsTop i, BiANOBIAHO, HOTO YYTJIMBICTh /10 3MiH ITapaMeTpiB 00’ €KTa.

4. JIOCSKHICTh €HEepro30epeKeHHs LUISIXOM OUIbII CTaOUIBHOIO PEXHUMY POOOTH Teul
OJIVDKYE 10 TEXHOJIOTIYHOTO ONTUMYMY.

T'onmoBHUM 0OOMEXKEHHSIM € HEOOX1AHICTh HASIBHOCTI JOCTAaTHHO TOYHOI Ta IIBUIKOI OLIIHKH
KaJIOPIMHOCTI albTepHATMBHOTO NaJMBa, II0 MOXE BHUMAaraTtu J0JaTKOBOTO BUMIPIOBAJILHOIO
o0yafHaHHS.

BucHoBkn. Ha ocHOBI mpoBeAe€HOro IOCHIKEHHS CHHTE3y Ta IMITAllifHOroO aHami3y
KOMOIHOBaHOI CHCTEMH KEpPYBaHHS TEIUIOBUM PEKHMOM LEMEHTHOI Iedi MOXKHa 3pOOMTH Taki
OCHOBHI BUCHOBKH:

1. CuHTE30BaHO CTPYKTYpY KOMOIHOBAaHOTO KaCKaJHOTO PETyJISTOpa 3 BUIEPEIKYBAITBHOIO
KOMIICHCAIIEI0 JUIl KepyBaHHS TEMIIepaTypor0 30HU CIIIKaHHS. 3alpollOHOBaHa apXIiTEeKTypa
IHTETpy€ mepeBaru KackaJaHol AMHAMIKY (BHYTPILIHIM MIBUAKUA KOHTYP TEIJIOBOTO HABAHTAKEHHS,
30BHIIIHIA TOYHMM KOHTYp TemImepaTrypu) Ta HPUHIMITY aKTHUBHOI KOMIIEHCallli BUMIPIOBAaHMX
30ypens (feedforward-kommeHcarlisi KaJOpiHHOCTI aTbTEPHATUBHOTO IalliBa), M0 € HOBHM
TT1JIXO0JIOM JJISI TAHOTO KJ1acy 00’ €KTIB.

2. Po3po0i1eH0 METOUKY CHHTE3Y MapaMeTpiB peryssTopa, sika BKIIOYaeE:

— Busnauenns manamrysanb kackagHoro IIJ[-perynstopa (K, = 0.0032 (xr/c)/°C, T; =
1470 c, Tqg = 223 ¢) MeTOIOM ONTUMYMY 332 MOAYJIEM 3 TOJATBIIOK KOPEKIIIEI0 Ha pOOACTHICTh
(xoedimient netroninry 6 = 1.225), mo 3a6e3neunsio 3anacu cTidkocti ¢, = 52°, A, = 8.9 nb.

— AHaNITHYHE BU3HAYCHHS ONTHMAIBLHOTO KOoe(illieHTa BHUIMEpPEIKYBaIbHOI KOMIICHCAIIT
K?fpt = (.73 Ha OCHOBI CHIBBIIHOIIIEHHS JUCTIEPCIH KaJOPIMHOCTI MajJuBa Ta MOXUOKH i1 OLIHKH.

3. Pesynmprati  iMITaIiftHOTO  MOJCNIOBAaHHS  MIATBEPAWIM 3HA4YHY  €(EKTHUBHICTh
3alpOMOHOBAHOT CHCTEMH TMOpPIBHAHO 3 0a30BUMHM Tiaxogamu. /sl CTallioHApHOTO PEXUMY
JOCATHYTO:

— 3HIKEHHS CepeIHBOKBAJPATUIHOTO BiIXWICHHs Temmeparypu Ha 51.2% (3 24.8°C mo
12.1°C).

— CkopouenHs vacy peryiatoBanHs Ha 34.5% (3 58 xB 10 38 xB).

— 3MeHIIeHHs] MUTOMOi BUTpatu Teruia Ha 2.8% (3 3.38 1o 3.285 MJIx/kr).

4. BCcTaHOBJICHO, IO 3alpPOIOHOBAHA CUCTEMa BOJIOJIE MiIBUIICHOIO podacTHicTiOo. [lpu
niaBuIIEHIH BapiatuBHOCTI namuBa (CVy = 25%) Bona 3abesnedye 3HmwkeHHs op Ha 51.4% Tta
3MEHIICHHSI HMOBIPHOCTI BHXOXy 3a TexHosoridni mexi 3 12.3% mo 2.1% wyacy poboTH, 110
MITBEPJUKYE ii Mpare31aTHICTh Y PeaIbHUX YMOBaX HECTa0LIbHOTO MATMBHOTO MTOTOKY.
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5. OmwiHeHO TOTEHIIHUKA eKOHOMIUHWHK edekT Bix BrOpoBaKeHHS. g  medi

npoaykTuBHIcTIO 3000 1/100y piuHa eKoHOMisE MOXke csiratd 14.1 MITH TPH 3a paXyHOK 3MEHILIEHHS
BUTpATH TEIUIOBOI €HEPrii Ta MIJABUIIECHHS CTa0UIBHOCTI SIKOCT1 KJIIHKEPY.
Otxe, po3pobieHa KOMOIHOBaHAa CHCTEMa KepyBaHHA € e(eKTUBHUM I1HCTPYMEHTOM IJis
MiABUILEHHS eHeproe(eKTUBHOCTI Ta TEXHOJOTIYHOI cTabIIbHOCTI POOOTH LIEMEHTHUX TMeYei, 1m0
BUKOPUCTOBYIOTh ~ aJbT€PHATUBHE MAJIMBO 31 3MIHHMUMH XapakTepUCTUKaMu. Pe3yibratu
JOCITIJUKEHHST MAaloTh TPAaKTHYHY IIHHICTH Ui TPOEKTYBaHHA Ta MOJEpHi3alii cucreMm
aBTOMaTH3allli eHepProeMHUX BUPOOHUIITB.

IlepcnekTHBH MOAAIBIIMX JOCHiAAKeHb. OTpUMaHi pe3ynbTaTd BiAKPUBAIOTH HU3KY
NEePCHEKTUBHUX HANPAMIB JUISl OJANBIINX HAYKOBUX Ta MPUKIAAHUX JOCTIIKEHb:

1. Po3poOka Ta BIPOBAHKCHHSI OUTBII TOYHUX METOJIB OHJIAWHOBOI OIIIHKU KaJIOPIHHOCTI
anbTepHaTHBHOrO mnanuBa. I[lomameme migBumeHHs edekrtuBHocTi feedforward-kommencarrii
HAaNpSAMY 3a1€XKHMTh BiJl TOYHOCTI Ta MMBHAKOAII Bu3HaueHHs Q1T (t). IlepcHeKTHBHMM €
3aCTOCYBaHHSA CIEKTPOCKOMIYHMX METOAIB a00 MMIBUAKICHUX KaJOpPUMETPIB, IHTETPOBAaHHX 3
CHCTEMOIO KepYBaHHS.

2. Ilepexing A0 MOBHICTIO aJaNTUBHOI CTPYKTYpU KEpYyBaHHsS. 3allpONOHOBAHUN PETYISATOP
Mae ¢iKCOBaHi MapaMeTpH, ONTUMI30BaHi JJIsl TICBHOTO Jianma3oHy 3MiH. Po3mupeHHsM Moxxe OyTH
po3poOKa aJanTHBHOI CHUCTEMH, KA B PEaJbHOMY 4aci OI[IHIOE eQEeKTHBHI HapamMeTpu 00’€KTa
(koedimieHT TiACUIICHHS, MOCTIHHI YacW) TP 3MiHI CKJIaJy HaJIMBHOI CyMIIIi Ta aBTOMaTHYHO
kopurye HanamryBanus Ky, Tj, Tq Ta Kg.

3. Iarerpamisi KOMOIHOBAaHOTO pPETYJSITOPAa Y CTPYKTYPY MOJCIBHO-TIPOTHO3YIOYOTO
kepyBanHs (MPC) BepxHboro piBHs. 3ampornoHOBaHa KOMOIHOBaHa CHCTEMa MOXKE€ BHKOHYBATU
POJIb MIBUAKOJI0YOr0, poOACTHOIO HUKHBOIO PIBHS KepyBaHHs. Jljig onmTuMizanii eKOHOMIYHUX
MOKa3HUKIB BCbOrO arperary (miu-AekapOOHI3aTOP-XOJOAMIBHUK) MHEPCHEKTUBHUM € i
MIANOPSAAKYBaHHS KoopAuHoBaHOMY MPC-ontumizatopy BEpXHBOIO piBHS, SIKMH OM BHU3HAuYaB
ONITUMAJIbHI YCTaBKU TEMIEpATypH Ta pO3MOILI aTuBa.

4. ExcriepuMeHTalbHa anpobailis anroputMmy Ha (isuuniid moxgeni (hardware-in-the-loop)
abo mpommucioBoMy 00’ekTi. HacTymHuM 0OOB’S3KOBUM KPOKOM € TIEpEBipKa Mpare3aaTHOCTI
PO3pOOIIEHOr0 aIrOPUTMY B YMOBaX, MAaKCHMAaJIbHO HAOMIKEHHUX JI0 peaIbHUX, 3 BUKOPUCTAHHAM
nporpamMoBaHoro jiorigHoro koHTposepa (ITJIK) ta emynsmii nuHaMiky meyi.

Peamnizamis nux HampsiMiB J03BOJINTH CTBOPUTH HOBE IOKOJIIHHS IHTENEKTYaTbHUX CHCTEM
aBTOMAaTH3alil /Ui BITYM3HSHOI €KOHOMIKH, 3aTHUX €(PEeKTUBHO Ta CTabIIbHO BUKOPHCTOBYBATH
IIMPOKHIA CIIEKTP BTOPUHHUX €HEPropecypciB.
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Zhuchenko O. A., Gutovsky D. V. SYNTHESIS AND RESEARCH OF A COMBINED CASCADE
REGULATOR WITH ADVANCED COMPENSATION FOR CONTROLLING THE THERMAL MODE OF
A CEMENT FURNACE

Improving energy efficiency and stabilizing product quality are critical challenges for the modern cement
industry, especially with the widespread adoption of alternative fuels with highly variable characteristics. This
study aims to develop and validate a combined cascade controller with feedforward compensation for
controlling the sintering zone temperature of a rotary cement kiln. The proposed system integrates the
advantages of a cascade structure, featuring a fast inner heat load loop and a precise outer temperature loop,
with a feedforward channel that actively compensates for the main measured disturbance—the calorific value
of alternative fuel.

The research is based on a dynamic model of the kiln's "fuel flow - temperature™ channel, approximated as a
second-order transfer function with a significant time delay. The control requirements were formalized
considering technological constraints, dynamic performance, robustness, and energy efficiency. The synthesis
of the combined controller involved two key steps: (1) tuning the parameters of the cascade PID controller
using the modulus optimum method with subsequent detuning for robustness, resulting in parameters K, =
0.0032 (kg/s)/°C, T; = 1470 s, T, = 223 s, which provide stability margins of ¢,, = 52° and 4,,, = 8.9 dB;
(2) determining the optimal feedforward compensation coefficient K]f’}’t = 0.73 based on a variance analysis

that accounts for errors in estimating the fuel's calorific value. A discrete control algorithm suitable for
implementation in na industrial PLC was developed, incorporating anti-windup mechanisms and rate-of-
change limits.

The effectiveness of the proposed control system (Strategy C) was evaluated through simulation in
MATLAB/Simulink and compared with two baseline strategies: a single-loop PID controller (Strategy A) and a
cascade PID controller without feedforward compensation (Strategy B). Stochastic disturbances in fuel
calorific value were generated using a first-order autoregressive (AR1) model. Simulations covered three
operational scenarios: steady-state operation, step change in alternative fuel share, and high fuel variability
conditions.

The results demonstrate the superior performance of the combined feedforward-feedback strategy. In the
steady-state regime, it reduced the root-mean-square deviation of temperature by 51.2% (from 24.8°C to
12.1°C) and the settling time by 34.5% (from 58 min to 38 min) compared to the basic PID controller. The
overshoot was also minimized. Furthermore, the specific heat consumption decreased by 2.8%, from 3.38
MJ/kg to 3.285 MJ/kg. In the high-variability scenario (CV = 25%), the combined system showed enhanced
robustness, maintaining a temperature standard deviation of 18.7°C, which is 51.4% lower than the basic
controller. The economic impact was estimated, showing potential annual fuel cost savings of up to UAH 14.1
million for a kiln with a capacity of 3000 tons of clinker per day.

The study confirms that integrating feedforward compensation of measurable disturbances into a cascade
control structure is a highly effective approach for enhancing control quality, dynamic response, and energy
efficiency in processes with large inertia and delay, operating on fuels with unstable characteristics. The
proposed methodology for controller synthesis and the obtained results are of significant practical value for
designing automation systems in energy-intensive industries transitioning to circular economy models.

Key words: automatic control system; combined controller; cascade control; feedforward compensation;
cement kiln; alternative fuel; robust control; simulation modeling.
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BUKOPUCTAHHA AYTMEHTAIII J1JIS1 IOKPALIIEHHS
AKOCTI HABYAHHA MOAEJII LITYYHOI'O 30PY
JJIA BUBHAYEHHSA PAKYPCY CYJIHA

Mamenko O. JI., cmapwuii euxiaoau kageopu ereKmpoHHUX KOMNIEKCi8 CYOHOBOOIHHS
Hayionanvnoeo ymuisepcumemy «QOoecvka mopcvka akaodemiay, M. Qoeca, Ykpaina,

e-mail: olena.p.3333@gmail.com, ORCID: 0000-0002-0462-0130.

Jocniooicenuss npucesuere aHanizy GNAUSY MemoOi8 ayeMeHmayii OaHux Ha egeKmusHiCmb MpeH)8aHHs.
Mooenel KOMN 10mepHo2o 30py Oid BU3HAYEHHA pAKypcy CYOeH ) MOpCcbKomy cepedosuwji. Y pobomi
PO32130al0mMbCsl  0COOIUBOCMI  3ACMOCYBAHHA  2COMEMPUYHUX, — KOMPHUX MAd  NPOCMOPOBO-TOKATbHUX
mpancopmayiti, 6paxosyiouu cneyu@iKy MopcoKux 300pajicensb, maKux sK HAAGHICMb 20PU3OHMY, MIHIUGI
YMOBU OC8IMIeHHA ma OKM03iil. AKmMyanvHicme O00CHIONCeHHs 3YMOBNIeHAd 0OMEeNCEeHOI KINbKiCmio OaHux i
oucbanancom Kiacig y Habopax MOPCbKUX 300padsceHb, W0 YCKAAOHIOE OOCACHEHHS BUCOKOI MOYHOCMI
kracugixayii. [[ns excnepumenmie uxopucmano 6asy danux i3 1742 300padicenv, skmiouaiowu npukiaou des
00 ’exmie posniznaeanns. Jisi npogedenHs 00Caioxcen s byia cmeopena mooels Ha 6asi natiiecuwoi YOLOvSn.
Tpenysannsa mooeni 8i00y6anocs 3 GUKOPUCIAHHAM PI3HUX MUnie ayemenmayii. Pezyrsmamu noxasyoms, ujo
nokasuux mAP50 = 0,61229 6e3 euxopucmanHs ayemeHmayii moodice Oymu NOKpaweHull 3a0sKu
BUKOPUCMAHHIO OeSIKUX KOJNIPHUX ayemenmayiu ma eceomempuyHux mpancgopmayii (mAP50 oo 0,64649).
Boounouac maxi mpancgopmayii moscyms i nocipwiumu pe3yiemamu, 3HUKHCYIOUU AKICHb Yepe3 CHOMEOPeHH
opieumayii  cyoen. Ompumani GUCHOGKU MAOMb NPAKMUYHE 3HAYEHHS Ol CUcmem aemMOHOMHOZO
CYOHOBOOIHHS, CNPUAIOYYU NIOGUWEHHIO MOYHOCTNI PO3NI3HABANHHS 8 PEANbHUX YMOBAX.

Knrouosi cnosa: ayemenmayis oanux; Komn 'romepHutl 3ip;, pakypc cyOeH, 2iuboke HABUAHHA, 2eoMempuiHi
mpancghopmayii;  Konipui - ayemenmayii; npocmopogo-nokanvhi  mpavcgopmayii; YOLOvSn; mAP50;
mAP50-95; precision; recall.

DOI: 10.33815/2313-4763.2025.2.31.052-063

Beryn. CyyacHuii po3BHTOK MITYYHOTO iHTEJIEKTY Ta KOMII IOTEPHOTO 30py BiJIKpHBA€ HOBI
MO>KJIMBOCTI JJISi aBTOMAaTW3allii mpoueciB y cdepi Mopcbkoi Hapiramii. OIHUM 13 BaKITMBHUX
HAaIpsMiB € CTBOPEHHS CHCTEM, 3[AaTHHUX HE JINIIIE BUSBISATH CyJHA Ha 300paKeHHSX, a i BU3HAYATH
X pakypc, 10 J03BOJISIE TPOrHO3YBATH TPAEKTOPIIO PyXy Ta MiJBUIILYBAaTH piBEHb O€3MEeKH Ha MOPI.
BusnaueHHS pakypcy CyaHa € OIHUM i3 BaKJIMBUX 3aBJaHb, OCKUIBKM BiJl HBOTO 3aJICKHUThH
e(EeKTUBHICTh YXBaJICHHS HaBITallilHUX PIIICHb Y PEXHMI PEaTbHOTO 4acy, OCOOIMBO B YMOBAax
IHTEHCUBHOT'O MOPCHKOTO Tpadiky.

YHOponoBx OCTaHHIX poOKiB Mojem mTy4Horo 3opy [1, 2], 3okpema YOLOVS,
3apeKOMEHAYBAIM ceO€ SK BHUCOKOMPOIYKTHUBHI PIIICHHS IS 3ajJa4 BUSABIEHHSA ¥ Kiacudikarii
00’exTiB. BOHM MOETHYIOTH MIBUAKOJIIO Ta BHCOKY TOYHICTh, IIO POOUTH iX MPUAATHUMH IS
iHTerpaii B OOpTOBI Ta JUCTAHIIMHI CUCTEMHU MATPUMKH Hapiramii. [IpoTe eheKTUBHICTh TaKMX
MOJIeNIei 3HAYHOI0 MIpOI0 3aJeXKHTh BiJl PI3HOMAHITHOCTI Ta SIKOCTI HAaBYaJNbHHUX AaHUX [3-5].
Mopceke cepeloBHIIEe XapaKTEePU3yeThCS 3MIHOIO OCBITICHHS Ta morogHux ymoB [6]. ILle
MPU3BOJUTH JI0 TOTO, IO MOJENb, HaBYeHAa Ha OOMEXeHOMY HaOOpi TaHMX, MOXE BTpavyaTu
TOYHICTh y PeabHUX YMOBAX €KCIUTyaTallii.

OnHUM 13 IOMUPEHUX CIIOCOOIB MO0TAHHS 1i€l MPoOIeMU € BUKOPUCTAHHS ayTMEHTallil —
IITYYHOTO 301MBIIEHHS Pi3HOMAHITTS JaHUX IUITXOM 3aCTOCYBaHHS KOJIIPDHHUX, TEOMETPUYHHX Ta
iHmmX  TpaHcopmariii. Taki MeTOAM TPATUIIAHO 3aCTOCOBYIOTHCS JUIS  MOKPAIIECHHS
y3araJpHIOI0UOi 34aTHOCTI MOJIeTIel 1 3MEHILICHHs TIepeHaBYaHHs. BoaHouac y 3aga4i BU3HauCHHS
paKypcy CyaHa ayrMeHTalii MarTh OCOONHMBE 3HAYCHHS, OCKUIBKM HEMPaBUIBHUN Mmia0ip
TpaHcdopmaniii MoXKe IPU3BECTH HE JI0 MiABHUIICHHS, a HaBMAKH — O 3HWKEHHS TOYHOCTI MOJEII.
Le 3ymMOBIIO€E HEOOXITHICTH IIIECTIPSIMOBAHOTO JTOCIIIKEHHSI BIUIMBY OKPEMHX THITIB ayTMEHTaIil
Ha pe3yJbTaT poOOTH MOJIEIi B yMOBaX MOPCHKOTO CEpPEIOBHUIIIA.

IMocTanoBka mpobdaemu. be3BiaMoBHE (YHKIIOHYBaHHS CyIHOIUIABHOI iHQPACTPYKTYpH
0e3nmocepeIHbO 3aNIeKUTh BiJ CTAaOUIbHOT POOOTH eKimaxiB CyJeH. TouyHe BH3HAUYEHHS pakKypcy
CyJleH y MOPCHKOMY CEpEJIOBHIII € OJHIEI0 3 3aja4 JyIsd 3a0e3neueHHs 0e3rmeku Ta e()eKTUBHOCTI
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HaBiramiiHUX cucteM. Mojem KoM loTepHoro 3opy, Taki sk YOLOVS, mnorpedyrors
pI3HOMaHITHUX 1 30a7aHCOBAHMX HABYAJBHUX JAHUX MJS JIOCATHEHHS BHUCOKHMX IIOKa3HUKIB
edextuBHOCTI. OHAK HAOOpH NAaHUX 1T MOPCHKHX 300pa)K€Hb 4acTO OOMEXeHi 3a 00csarom i
XapaKTepu3ylThcsl AUCOATaHCOM KJaciB, A€ JAeAKi pPaKypcH MpeAcTaBieHl 3HAYHO MEHUIOKO
KUTBKICTIO TpukiaaiB. KpiM TOro, MOpcbKe cepeloBHINE YCKIAIHIOE 3aBIAHHS Yepe3 MiHJIMBI
MOTO/IHI YMOBH, 3MiHY OCBITJIEHHS Ta YaCTKOBY OKJIO31t0 00’ €KTIB.

AyrMeHTalis JaHUX MO)KE€ KOMIIEHCYBATH 111 HEIOMIKHU IUIAXOM TpaHcopmallii 300paxeHb,
ajle HempaBWIbHUN BHOIp TpaHcdopmariii, TakMX SK BiAJ3epKaJIeHHS YU OOEpTaHHS, MOXKe
MPU3BECTH /IO CIIOTBOPEHHS OpIEHTAIlll CyJHA, IO KPUTHYHO JUIA 3a1adi Kiacudikaiii pakypcy.
Takum 4MHOM, BUHHMKAa€ Ipodiema: sKi METOAM ayrMEHTAllll € ONTUMAJbHUMHU JAJIS IMiJBUILIEHHS
MPOJYKTUBHOCTI MOJEIlI B YMOBax OOMEXEHHX JaHuX, 30epiraroud 0Opu LbOMY (QI3UUYHY
JOCTOBIPHICTh MOPCHKHUX CIIEH, 1 SIK KUIbKICHO OL[IHUTHU IXHI1{ BIUIMB HA METPUKHU SKOCTI MOJIEIII.

AHaJi3 oCTaHHIX AocCaimxkeHb Ta myOJikauii. [{ocmipkeHHs B Taimy3i KOMIT FOTEPHOTO
30py, OCOOJIMBO B 337ayax i3 OOMEKEHOI0 KUIbKICTIO JIaHMX, aKTMBHO BHKOPHCTOBYIOTH METOAU
ayrMeHTalii s MiJBULICHHS NPOAYKTUBHOCTI Mojeined rianbokoro HaByaHHs. Ll meTtomu
JI03BOJISIFOTH IITYYHO PO3LIMPIOBATH TPEHYBaJIbHI HA0OpH, MOKPAIIYIOUH y3arajbHIOUy 3/1aTHICTh
MojiesieH 1 3MEHILYI0YH PU3UK [TepeHaBUYaHHS.

Orasin MeToNliB ayrMeHTallii, mpeacTaBieHuil y [ 7], miAKpecoe iXHIO yHIBEPCATBHICTD IS
00poOku 300pakeHb Ta Bieo. ABTOpPH 3a3HAYarOTh, IO AyTMEHTAIllS MIJBHUINYE TOYHICTh Ha
TECTOBUX JIaHUX LUIAXOM IMiTamii peanbHUX yMOB. OCHOBHI TPYyIH METOMIB ayrMeHTalil
BKJIIOYAIOTh: F€OMETPHUYHI, KOJIIPHI, IPOCTOPOBO-JIOKAJIbHI, T€HEPATUBHI MIIXOAU JUIsl CTBOPEHHS
cuHTeTHYHUX 300paxkeHs [8-10]. ['enepaTuBHi MeToau, onucaHi B [11], 103BONAIOTH CTBOPIOBATH
peaicTUYHI CHHTETUYHI MOPCHKI CIICHHU 3a JJOMIOMOIOI0 irpoBHX pymIiiB (game engines) abo GAN,
10 3MEHIITy€e ToTpedy B 300pi peanbHUX JaHUX.

JocaigxeHHs [5] moka3yoTh, 10 B MOPCBKUX YMOBax Jesiki FeOMETpHUHI TpaHchopmaii,
Takl SK BiJJI3epKaJeHHSA 4YM OOEpTaHHs, MOXYTh 3HW)KYBaTH SIKICTh Kiacuikallii, Mmopyuyodu
(hI3UMYHUN CEHC CIICHU, HAIIPHUKIIA/l, OPIEHTAIII0 TOPU30HTY UM HANPSM PyXy CyAHA. AHAJIOTIYHO, Y
[10] migkpeciro€eThes, IO METOAM, TaKi K BHIIAIKOBE CTHPAHHSI, € ¢(HEKTHBHIUMH JUIS [TOJI0JIAHHS
OKITI031 y MOPCBKHX 300pakKeHHSX, TO1 K BiII3€pKaJICHHS MOYKE BBOJUTH MOJIENIb B OMaHy.

Taxkum YMHOM, CydacHi TOCHIKEHHS IMiIKPECITIOI0Th BAKIIMBICTh a/IaNTaIlii ayrMeHTallii 10
cnenu(iky 3aqadi, 0COOIMBO B MOPCHKOMY CEpEIOBHIII, JIe HeTpaBMIbHI TpaHcOopMallii MOKYTh
HOTIPIIMTH  pe3ynpTaT. [lepcrekTUBM MNOJANbLIMX JOCHI/DKEHb IOB’S3aHI 3  PO3POOKOIO
aJIaTITUBHUX CTPATEriil ayrMeHTallii Ta BJOCKOHAJTICHHSIM IeHePaTUBHUX METOJIIB.

MeTa Ta 3aga4i gocaigxenHsi. Y po6oti [12] Oynu onmy0OikoBaHi 1aHi 010 poOdOTH MOeTi
Ha BJIACHOMY HaOopi maHux. Yepes He30agaHCOBAHICTh KIIACIB, BiJICYTHICTh JOCTATHHOI KUJIBKOCTI
NPUKIAAIB JUI A€IKUX PaKypcCiB, a TAKOX CKJIAQJHOCTI BUSIBJICHHS BEJIMKUX CyJIeH Ha MEpPEIHbOMY
TUTaHI Ta iHIIE, MOJAEh MOTpedyBana qoHaBYaHHSA. OCHOBHA MeTa I[bOTO JOCHI/HKEHHS MOJISTaEe y
BU3HAYEHHI BIUIMBY pI3HUX THIMIB ayrMEHTalid — KOJIPHUX, F€OMETPUYHHUX Ta HPOCTOPOBO-
JOKaJbHUX — Ha €(EKTHUBHICTH JOMOBHEHHS MaHMX ITiJ{ YaCc HABYaHHS MOJIENEH KOMIT IOTEpHOTO
30py.

Jist TOCSATHEHHS TOCTAaBJICHOI METH 3a/ladaMi JIOCIKEHHS € TPOBEICHHS aHalli3y pi3HUX
BUJIIB ayTMEHTAIlll y KOMIT IOTEPHOMY 30pi 3 OCOOJIMBHUM aKIIEHTOM Ha iX 3acTOCYBaHHI B
MOPCBKMX yMOBax, HaBuaHHS Mozaenai YOLOVSn i3 BUKOPUCTaHHSAM pi3HHMX TUIIIB ayrMEHTAIliil Ta
0e3 HUX Ui TOPIBHSAHHA PE3yJbTaTiB, BIUIUB KOXKHOI'O METO/AY ayrMEHTalli Ha KIII0YOBI METPUKHU
MOJIeJNi, & TAKOK BU3HAYEHHS HANOIIBII JOIUTBHUX TpaHc(opMalliid, o miIBUIIYIOTh CTIHKICTh J10
BapiaTUBHUX YMOB 3HOMKHU 0€3 CITIOTBOPEHHS KPUTUYHO BAXIIMBUX ITPOCTOPOBUX O3HAK CLIEHHU.

OcHoBHa YacTHHA

1. AyrmenTanis

1.1 AyrmenTauis Ta ii pi3HOMaHITTSI

AyTMeHTallisi AaHMX BIOIrpae KIIOYOBY pOJIb y MiABHIIEHHI €(EeKTUBHOCTI MoJenen
rMOOKOT0 HaBYaHHA. BOHA 103BOJSIE PO3MIMPUTH HABYAJIBHHUN HAOIp IUISIXOM TreHepamii HOBHX
Bapialliil Ha OCHOBI HasBHUX 300pakeHb 0€3 HeoOXiaHOCTI 300py noaaTkoBUX naHuXx. Lle, y cBoro
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4epry, 3MEHIIY€ PH3HWK TIepEeHAaBYAHHS, OCKUIBKH MOJCIb HE (OKYCYEThCS BHKIIIOYHO Ha
YHIKQIbHUX OCOOJHMBOCTAX BUXIAHMX JaHUX. KpiM TOro, ayrmeHraiis CHOpuUsie MOKPAIIEHHIO
3ATHOCTI MOJIEJIi IO y3araJlbHeHHS, [0 JIa€ 3MOTy e(eKTHBHIIIE PO3Ii3HABAaTH 00’ €KTH B YMOBaX,
10 BiJIPI3HSAIOTHCA BiJl HABYAIBHUX. Y Pe3yNbTaTi MiABHUILYEThCS 3arajbHa TOYHICTh PO3Mi3HABAHHS
BaiJAIfHAX 1 TECTOBUX NaHUX, IO € KPUTHYHO BAKIMBUM I MPAKTHYHOTO 3aCTOCYBaHHS B
pEeaNbHUX CLICHAPIAX.

Sk Bke 3a3HayaNoCs, ayrMeHTalliss — 1e OaraToQyHKIIOHAIBHUN 3aci0 A 30UIbIICHHS
PI3HOMAaHITTS HaBYAIbHUX 3pa3KiB. barato cdep 3HaHb HE MAIOTh JOCTYITy JO BEIMKOro 00’emMy
JaHWUX. 3aJIe)KHO BiJ TOTO, IO camMe MOBHMHHA PO3IMI3HABATH MOJENb MITyYHOTO 30Dy, JOLLUIBHO
mig0upaTy BIAMOBIAHI BUAM ayrMEHTalli g IITy4YHOTO YpI3HOMAaHITHEHHS Habopy. MokHa
BUJIUIMTH HACTYITHI BUJIM ayrMEHTAIIIi:

— T'eomerpuuni TpaHcdopmarii: Tropu3oHTaIbHE ab0 BEpPTUKAIbHE BIII3EpKAJICHHS,
BUIA/IKOBE OOepTaHHs, MacimTaOyBaHHS, BHpi3aHHA, 3cyB. Lli omepamii mpusHaueHi Ui 3MiHH
MIPOCTOPOBOTO MOJIOKEHHSI 00’ €KTIB.

— 3MIHM KOJNBOpY: pEryJIOBaHHS SICKPAaBOCTi, KOHTPAacTy, HACHYEHOCTI, BIJITIHKY,
JI0JTaBaHHS IIIYMY, PO3MHUTTS TOI0. BOHM IMITYIOTh Pi3HI YMOBH OCBITJICHHS Ta IIIyMYy KaMepH.

— BunaakoBe 3areMHEHHS/BHUpI3aHHS, IO MOKPAIILy€ CTIHKICTh MOJENi JO0 YacTKOBOI
HETOBHOTH 00’ €KTa (OKJIIO311).

— TloennanHs 300pakeHb J03BOJSE KOMOIHYBaTH 300pak€HHS B OJHE IIJIe, HUIIXOM
ycepenHeHHsI a00 HakyanaHHsa (parMmeHTiB. Lle cTBOpIOE€ HOBI «3MillIaH» NMPHUKIAAN Ta 3MEHIIYE
YyTJIMBICTh 10 KOHKPETHUX MIKCEIIB.

— T'eHepaTuBHI MIIXOIU: CTBOPSHHS CHHTETUYHUX KaJIpiB (BiZ€03amuCiB YU 300paKeHb) 32
nonomororo GAN, 3D-cumynstopiB abo iHIIKX Mojesei renepanii. Lle mepcrniekTuBHUI HANIPSIMOK,
0c00JIMBO KOJIM 0a30Bi METOIU MArOTh CBOT oOMexeHHs [13].

Bubip BiAmoBigHHMX MeETOAIB ayrMeHTanii Mae Oa3yBaTucs Ha cnenuimi KOHKPETHOTO
3aCTOCYBAaHHS Ta XapaKTEepPUCTHUKAaX HAOOpy AaHUX.

1.2 Metoau ayrMeHTalii 300paxkeHb JJisl 3a1a4i po3MiZHABaHHSI paKypcy cyadeH

Sk 3a3Havanocs padille, 3aCTOCYBaHHSI ayrMEHTAIlli I03BOJIE€ CTBOPIOBATH MOJM(DiKOBaHi
KOIii HasBHUX 300pakeHb (HAMPHKIAJ, MUIIXOM OOepTaHHS, BiIOOpPaXCHHS YU 3MIHH KOJLOPY),
IO CHpHUs€ KPALOMYy y3aralbHEHHIO MOJIeJe Ha HOBUX JAaHMUX. AJie MPH TaKUX MEPETBOPEHHSIX
BapTO BPAaxXOBYBaTH XapaKTep MOPCHKOTO CEPElOBHINA: 3aBXKIM NPUCYTHIH TOPHU3OHT, MOpeE
3HAXOJIUThCSA yHH3Yy, a HeOo 3Bepxy. Lli ocoOiuBOCTI MOBMHHI 3aJUINATUCS B ayrMEHTOBAaHHUX
300paxenHsx. Sk 3aznadeno B [10], mpu HeBenmukoMy oO0Cs31 MaHHMX 1 CrelUpIYHUX YMOBaxX
«(hOHOBaY EKCIIepTH3a € KPUTHIHOIO MPH BHOOpI ayrMeHTaiii. ToOTo came 3HaHHS 0COOJMBOCTEH
300pakeHHS MOPCHKOT0 CepeIOBHUIIA (XBHIII Ha BOJII, METCOPOJIOTIYHI OIaix, Iepera i OCBITICHHS
B JICHHUI Ta HIYHUI Yac TOIIO) JOMIOMOKE 00MpaTH ePeKTUBHI METOIU TpaHChOpMAaIIiil.

VY uiii poOOTI aBTOpPOM 3ampoONOHOBAaHI TPU TPyNU ayrMEHTAIiid, a came: ayrMeHTaIlil
KOJBOPOBOT'O TMPOCTOPY, T'€OMETpHUHI TpaHcopMalii Ta MPOCTOPOBO-JIIOKAIbHI MEPETBOPEHHS.
[Hmi crangapTHi ayrMeHTanii 3HWXKYIOTh SIKICTh HAaBYaHHSA, a caMe OOEpTaHHs, BiAa3epKalleHH:,
KOMITO3HITiHHI TpaHchopmaltii OyI0 BUKIOUYEHO, OCKIIbKM BOHH MOXKYTh 3MIHIOBAaTH MPOCTOPOBY
CTPYKTypy a00o HampsMOK 00’€KTa, M0 € KpUTUIHHUM Y 3ajjadax BHU3HAUCHHsS pakypcy. Hampukmnan,
J3epKaJIbHE BiTOOpaKeHHSI 00’€KTIB € HEIOIIJILHUM IPH HAaBUYAHHI MOJIE IITYYHOTO 30Dy JJIS
BU3HAYEHHS PaKypcCy CyJIeH, OCKUIbKH MOBHICTIO CIIOTBOPIOE PE3YIbTATH JTOCIIPKEHHS.

3 MeTOl MiABMIIEHHS CTIMKOCTI MOJENi [0 HEe3HaYHUX KOJIMBaHb Y KOJHOPOBOMY
MPEJCTaBICHHI 300pakeHb, CIPUUYMHEHHX BapiaTUBHICTIO YMOB 3MOMKH, Ta PO3IIMpPEHHsS O0a3u
JaHUX, y TIpolieci HaBYaHHS OyJI0 3aCTOCOBAHO KOJILOPOBI ayrMEHTAIlil y BUIJISAI BHUIIAJIKOBOTO
perymroBanHst BinTiHky (Hue Shift), macuuenocrti (Saturation Shift) Ta sickpaBocti (Brightness
Shift). PerymroBanHs BiATIHKY 0COOMMBO e€(EKTUBHE IS 3a/lad KOMIT FOTEPHOTO 30py B yMOBax
3MIHHOTO TPUPOIHOTO OCBITJICHHS, KOJU BHIJISA] 00 €KTIB MOKE CYTTE€BO 3MiHIOBAaTHCS. TexHika
pEryIoBaHHS HACHYEHOCTI [IO3BOJISIE MOJENl Kpalle aJanTyBaTHCS 1O PI3HOMAHITHUX YyMOB
3WOMKH, 30KpeMa 70 3MiH IOTOJIM YU HaJallTyBaHb Kamepu. [Ipyn HaBUaHHI MOJeNeH, sIKi ITOBUHHI
MpaloBaTH 3a peaJbHUX YMOB OCBITJICHHS 3aKJIaJaeThcs 3MiHa sckpaBocti. Ha pmc. 1
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MPEJCTAaBIICHI BUIMAJIKOBI 3HAYCHHS IapaMeTpiB 3MiHM BIATIHKY, HACHYCHOCTI Ta SCKpPaBOCTI
NPUKAHATHI U1 PO3Ii3HaBaHHS 00’ €KTIB Y MOPCHKOMY CEPEIOBHILI.

OpwuriHanbHe 300pakeHHS

PerymioBaHHs BIATIHKY PeryntoBaHHs HACHYCHOCTI PeryntoBaHHS sICKpaBOCTI
(Hue Shift) (Saturation Shift) (Brightness Shift)

Pucynok 1 — IIpuknaau ayrMeHTaIiid KOJIbOPOBOTO MPOCTOPY

I'eomeTpuuHi TpaHChOpMalLlii € KIFOUOBUM IHCTPYMEHTOM ayrMEHTAllii JaHUX IpU HaBYaHHI
Mojieneld KoM 1otepHoro 30py. Cepen OCHOBHHX METONIB — 3CyB (translate), macmTaOyBaHHS
(scaling), 3cyB mo oci (shear), mepcnekTuBHe BHUKpHBIEHHA (perspective) (puc. 2). [ns uineit
pO3Mi3HaBaHHA Cy/I€H, a caMme iX paKypcy, 3¢yB (translate) € oqHuM 13 6a30BUX TUIIIB TEOMETPUYHUX
ayTMEHTAIlll, SIKWHA TMOJSITaE y BUMAJAKOBOMY 3MIIMIEHHI 300pa)Ke€HHS B3J0BX TOPH30HTAIBHOI Ta
BEPTUKAJIBHOI Oceil. Y 3amadax posMi3HaBaHHS Cy/JIE€H Ha MOPCHKiM MOBEpPXHI I METO/ J03BOJIsE
Mozem e(pEeKTUBHO aJanTyBaTHCS 10 3MIHHM IOJOKEHHS 00’€KTa B Kajpi, 10 € THUIOBUM TNPH
3iiomii 3 6opry cyaHa. Lle iMiTye 3MillleHHS CyAHa B IOJI 30pY KaMepH BHACIIJIOK XHUTaBHII,
MaHEBpYBaHHSI a00 3MIH KyTa CIOCTEPEKEHHs, 3a0e3meuyroud OUThI CTIMKE pO3IMi3HABAHHS
HE3aJIeKHO BiJ TOJIOKEHHS.

3miHa po3Mipy o0’ekTiB (scaling) Ha 300pa)keHH1 J03BOJSE MOJEI Kpalie po3Ii3HaBaTH
CyJlHa, HE3aJeXHO BiJ IXHBOI BifcTaHi 10 kKamepu. Taka Tpancdopmallis crpuse amanraiii 10
pi3HUX MacmTabiB, 0e3 BTpaTu KI04oBOi iH(opmari. Lleir mapamerp BiamoBigae 3a gianmazoH
MaciuTaOyBaHHs, pETyJIO€ CTYIMiHb 301IbIIeHHS a00 3MEHIIEHHS po3Mipy, 3ale3nedyroun
PI3HOMAHITTS HaBYaIbHOTO HabOpy. Lle 0co0IMBO aKkTyanbHO JUIsl CHCTEM aBTOHOMHOTO KEPYBaHHS,
Jie CyJlHa MOXKYTh 3HaXOJMTUChH Ha PI3HIM BIACTaHI BiJl KaMepH, 110 BIUIMBAE HA IXHIM Bi3yaabHUN
pO3Mip y Kafpi.

3cyB mo oci (shear) i mepcrnekTHBHE BUKPHBICHHS (perspective) IMITYIOTh peabHi
nedopmartii GopMH CyZeH, CIPUYMHEHI KyTOM orsimy abo pyxoMm kamepu. BoHHM 103BONSIOTH
HaBYUTU MOJIENIb KOPEKTHO PO3Mi3HABAaTH 00 €KTH HaBITh MPU T'€OMETPHUYHUX BUKPHUBIICHHSX, L0
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0COOJMBO aKTyaJdbHO MJIs NWHAMIUYHUX creH. Lled Ttun ayrmeHTamii OCOOMMBO BaXKJIMBUH TIpU
3HaXO/PKEHH1 KaMepH IIiJi HaXUJIOM, Jie Taki 00’€KTH, sIKk OyaiBJIl UM Cy/AHA, MOXYTb CpUiMaTUCs
CTHCHYTHUMH a00 BHTSATHYTHMHU. 3aBISIKH TIEPCIEKTUBHIN TpaHchopMalii Moaenb OTpUMye
3ATHICTh AJaNnTyBaTUCSA J0 3MiH OIJISAO0BOI TOYKHM Ta 30epiraTd TOYHICTh y pPEalbHUX YMOBax
[14-15].

OpuriHanbHe 300pakeHHS

3cyB (Translate)

= | =

MaCIIITa6|BaHH$I (Scaling)

3cyB 110 oci (Shear)

=

IMepcniekTuBHe BUKkpHBIeHHS (Perspective)

_——

Bunaakose ctupanus (Erasing)

=1

Pucynoxk 2 — [Ipukiaan reoMeTpu4HOi Ta IPOCTOPOBO-JIOKAIBLHOT ayIrMEHTaLi i
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Taki k1acu4dHi BUAM ayTrMEHTAIli] sIK TOpU30HTaIbHE a00 BepTHKaibHe BinazepkaneHas (flip)
Ta TOBOPOTH (rotation) He MOXXHA BHKOPHUCTOBYBATH B MOJENSAX PO3Mi3HABAHHS PAKypCy CYICH.
[Mompu Te, mo mi Tparchopmarllii JonoMararoTb MOJIENSIM Kpallle y3arajibHIOBATH BUIAIKH, OyIb-
SKi 00epTH YW BiAJ3EepKaJCHHS 3MIHIOIOTH HIC HA KOPMY 1 HaBMaKH, IO TUTyTa€ B pe3yJbTarTi
MO/IEJTb.

OpHMM 13 TOMIMPEHUX METOIB MPOCTOPOBO-IOKATBHOI ayIrMEHTAallli € BUMIJKOBE CTUPAHHS
(erasing) (puc. 2). CyTh MeTODy MOJIATAaE€ y BHIIAAKOBOMY MAaCKyBaHHI MHPSAMOKYTHOI 00JacTi
300pa)keHHsI, 110 IMITY€ YaCTKOBY BTpaTy Bi3yallbHOI iH(OpMaIlil BHACTIAOK OKII0311, IyMy, OMiKiB
9r (POHOBHX MEPEIIKO/, TPUTAMAHHUAX pPEaIbHUM MOPCHKHM YMOBaM. 3aCTOCYBaHHS JAHOI TEXHIKA
JI03BOJIsSIE 3MEHUIMTU TEpEeHaBYaHHSA MOJIENI Ha JOKaJbHUX a00 HaMOLIbII KOHKPETHHX O3HaKax
(manpuknaza, ¢opMa HanOyIOBUM UM XapaKTep HOCOBOI YAaCTHUHM), 3MYIIYIOYM ii BpaxoByBaTH
HIMPIIUN KOHTEKCT 300pa’keHHsI, BKJIIOYHO 3 HABKOJHUIIHBOIO BOJHOIO MOBEPXHEIO Ta (OPMOIO
KOpITyCy.

2. ExcnepuMeHTAJbHA YACTHHA

2.1 OHoBJIeHa 0a3a TaHHUX JJIs1 TPEHYBAHHA MO/eJi INTYYHOI0 30py

Jlis mpoBeleHHS HaBYaHHA MOJENI IITYYHOTO 30py, Y HOYAaTKOBIM KOH]Irypauii, Oyso
chopmMoBaHO BiacHU HaOIp MaHMX, IO BKIOYaB 925 300pakeHb. KoxeH 00’ €KT Ha 300pa’KeHHSIX
KiIacudikyBaBcsi 3a OJHMM 3 BOCbMH pakypciB: forward, port bow, port side, starboard bow,
starboard quarter, starboard side, stern, port quarter. Jlani Oynu po3moisieHi MPOMOPIIIIHO HA TPU
rpynu: TpeHyBaHHa (70%), Bamimamist (20%) Tta TecryBanHs (10%). Taki mnpomopuii €
CTaHJApTHUMM B MAIIMHHOMY HaBYaHHI /I 3aJad KOMII IOTEPHOTO 30pYy, OCKUIBKM BOHHU
J03BOJISIFOTh  BUJAUIUTH TIEPEBKHY YACTHHY JaHWX Ha TpeHyBaHHA wmozeni. Posmogmin €
MPUOJIM3HUM, Yepe3 Te, 110 HaBYaJIbHI JIaHI 300pakaroTh PealibHI CIICHH Ha BOJII 1 MOTJIM MiCTHTH
JIEKUJIbKA CyJeH Ha OJIHOMY 300pa)K€HHI 1 PO3AUIUTH iX MPOIMOPIIHHO HEMOXJIHUBO. DakTHYHI
nponopuii B TaONMII MOXXYTh HE3HAYHO BIJPIZHATUCS Yepe3 OKPYIJeHHs abo HEeoOXiTHICTb
30eperTu 1UTICHICTh 300paXeHb.

Sk 3a3nHavanocs B po6oti [12] Buieza3HaueHuit Hadip JaHUX MOTPEeOyBaB JOOMPALIOBAHHS.
Yepes BeIHMKY KUTbKICTh XHOHOMO3UTUBHUX CIIPAIlOBaHb, HaOIp JaHuUX Oyio JOmMoBHEHO Negative
examples, sKi 300pakaroTh PI3HOMAHITTS HABKOJMIIHBOTO CEPENOBUINA Ta MOPTOBOI
iH(pacTpykTypu 0e3 cyneH. HasBHicTh XHMOHEHAarMBHUX CHpalllOBaHb CUTHAJI3yBajla MMPO 3HAYHUI
nucbamaHc KIaciB, M0 MPU3BOIWIO 10 ITHOPYBAHHS THX KJIAciB, SKi TMPEICTaBJICHI MEHIIOO
KUTBKICTIO 00’ €eKTiB (stern, forward, port quarter).

OnoBJieHa 0a3a maHux ckiananacs 3 1742 300paxens (3442 00’exktn), 115 3 sskux € negative
examples, ToOTO 300paxeHHsAIMHU 0e3 aHOTalil, fKI 300pa)kal0Th HABKOJIMIIHE CEPEIOBHILE.
Tabmuis 1 BimoOpakae 3MiHU MIXK MOYaTKOBUM Ta OHOBJICHHM HaboOpoM NnaHuX. BapTo 3a3Hauntu,
10 B TaOJIUIII HABOJUTHCS HE KUIBKICTh 300pakeHb, a KIJIbKICTh 00’ €KTIB /Ui PO3Mi3HABaHHS, TOOTO
300pa’keHHS MOXKE MICTUTH JIEKUJIbKA CYJEH 3 PI3HOTO paKypcy.

Tabmun 1 — 3MiHa KUTBKOCTI 00’€KTIB pO3Mi3HABaHHS IS TIOYATKOBOTO Ta OHOBJICHOTO HaboOpy
JTAHUX

. . 3azanvna
No Hasea xracy Tpeny- Ba.rl.u)a- Tecmy- Tpeny- Ban‘t- Tecmy- KinbKiCD
Knacy 6UHHA uisn 8aHHA 6aHHA | Oauin 6AHHA y .
00°ckmie
0 forward 105 26 17 266 70 29 365
1 port bow 164 42 19 291 77 64 432
2 port side 372 112 52 494 166 63 723
3 starboard bow 153 29 17 285 66 37 388
4 starboard 109 33 13 223 65 33 321
guarter
5 starboard side 273 94 41 443 84 50 577
6 stern 72 17 6 150 49 22 221
7 port quarter 110 21 16 213 55 32 300
negative 68 33 14 115
examples
1358 374 181 2433 665 344 3442
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Bapro Big3HauuTH, 1110 MONpPU AOMOBHEHHS 0a3M JaHUX, BCE OJIHO CIIOCTEPIraBCsl CyTTEBHM
nucbanaHc KUTBKOCTI MPHUKIA/IIB cepell OKPeMHX KIaciB. 30KpeMa, HaluuceNnbHIIui kiac port side
(494) y TpeHyBanmbpHIH BHOIPII MaB y TOHAJ TPH pa3d OUIbIIE MPHUKIAMIB, HIK HAWMEHII
npencrasienuit stern (150). Takuit aucOamanc cepen KiaciB HaBUajdbHOI BHOIPKHM € THIIOBOIO
MpoOJIeMOI0 Il MPAaKTHYHUX 3a/lad KOMIT IOTEPHOTO 30py. 3a3HayeHWi aucOamaHC CIPUYUHSE
CXWJIBHICTh MOJICTl /10 TICpCHABYAHHS Ha OLIBIN MPEJCTaBICHUX KJacaX, ITHOPYIOYH MEHII
yrcenbHi. Lle, y cBOIO uepry, Npu3BOIUTH 10 HU3BKOI TOUHOCTI (precision) i moBHOTH (recall) Ha
MEHIIl YHCEIbHUX KJlacax, 3pOCTaHHS MOMWIOK Kiacugikamii (confusion), a TakoX MOTipIICHHS
SIKOCTI 3arajJibHOI TIOBEIIHKH MOJICII.

Jly1s xoMIieHcalii BUSIBIIGHOTO AucOanancy O0yiao MPUHHSTO PillIeHHs PO BUKOPUCTAHHS Bar
knaciB (class weights) BiTHOCHO HaANOUIBII TPEICTABICHOTO KJacy — TOOTO Kiacy 2, KU Mae
HaiobpIe npukiaaaiB (494). 3okpema, 11 KOKHOTO Kjacy OyJI0 OOYMCIICEHO BaroBUid KoeiIieHT,
00epHEHO MPOMOPLIHHUHI 0 KITBKOCTI MPUKJIIA/IB y BIIMOBITHOMY KJIAci, BIIMOBITHO A0 ()OPMYIIH:

W=
N.

— MaKcHMallbHa KUIbKICTh 00’€KTIB cepel ycix kmaciB, N. —

ne W, — Baru aus kimacy i, N i

KUIBKICTh 00’ €KTIB JUIsI KJIACY i.

VY pesynbTaTi po3paxyHKy Oyiu OTpuMaHi HacTyIHI BaroBi koedimieHT s kiaciB Big 0 1o
7 knacy, BianoBiaHo (Tadm. 2). Lle no3Boamio qatu OUIbLIY Bary Majio MpeACTaBICHUM Kilacam, JJIs
TOTO, 100 MOJIeTIb HE ITHOpYBaJja iX y Ipoleci HaBUaHHS.

max

Tabmuus 2 — Po3paxyHok BaroBux koe(ilieHTiB I KOXKHOTO KJIacy 00’ €KTiB

Knac KZ;KZZ:H;ZZKZM Po3paxynox Bazu
0 266 494 / 266 = 1.857 1.86
1 291 494 /291 = 1.697 1.70
2 494 494 /494 = 1.000 1.00
3 285 494 /285 =1.733 1.73
4 223 494 /223 =2.215 2.22
5 443 494 /443 =1.115 1.11
6 150 494 /150 = 3.293 3.29
7 213 494 /213 =2.319 2.32

2.2 TpenyBaHHSI MOIeJIi ITYYHOT0 30PY 3 BUKOPUCTAHHAM Pi3HMX THIIIB ayrMeHTalil

3a OCHOBY, /ISl TIPOBENICHHSI TPEHYBaHHs, Oyia oOpaHa MoOJeNb, OTPHMaHa B pPe3yJIbTaTi
panime omyOiikoBaHOro AocuipkeHHs [12]. OTpumani pe3ynbTaT CBiAYaTh MPO HEIOHABYAHHS
MOJIeJT, 3arajibHa KIJBKICTh €MOX TPEeHYyBaHHA — 165 emnox, o € HeaoCTaTHIM sl e€(heKTHUBHOT
poboTH MozeIi.

JIst BUSIBTIEHHST HAWO1IBII MPOAYKTHUBHOT CTpaTerii HaBYaHHS B Ii CTATTi OyJIM MOPIBHSAHI
pi3Hi TunM ayrMmeHtamii. HaBuaHHS Mozeni mHpH BHUKOPHCTAaHHI OJHOTO THUIY ayrMeHTamii
BimOyBanocs mpotsarom 60 ermox. dikcoBaHI mapamMeTpH JJIsS BCIX EKCIIEPUMEHTIB 3 TPEHYBaHHS
mozemi YOLOv8n nHaBemeni B Ttabmumi 3. Lli mapamerpu 3a0e3nedyioTh YHi(iKOBaHICTb
TPEHYBaJILHOIO TIpolecy: epoch = 60 Bu3Hauae KimbKicTh iTepariii; batch = 4 — po3mip makera
JaHUX JUIS onTuMizanii mam’siti; imgsz = 702 — po3aiibHy 31aTHICTh 300paXkeHb, alaTOBaHy 10
MOpCBKHUX crieH; optimizer = Adam 3 Ir0 = 1e-05, Irf = 0.2 ra momentum = 0.937 — w1 ehekTUBHOI
MiHimizarii Brpar; weight_decay = 0.0005 Ta dropout = 0.0 — pmns perynspusamii 0e3
neperaByannsa; box = 0.03, cls = 0.7 ta dfl = 1.2 — Baru ¢yHKIiK BTpar Mg OanaHCy Mix
JoKajizaifiero, kiaacudikaimiero Ta posmoaiom; warmup_epochs = 3.0 — mig mocTymoBOro
301IbIIIEHHs IIBUAKOCTI HaBYaHHs. AyrMenrariiini mapametpu (degrees, flipud, fliplr, mosaic,
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mixup, cutmix, copy_paste, auto_augment) BcranosieHo Ha 0, 1100 130J1FOBaTH BIUIMB Ha TECTOBY
ayrmenTariro. Ciii 3a3HauMTH, IO THM ayrMeHTallli migOupaBcs BiIMOBIAHO IO 3a/1adyi, a caMme
HaBYaHHS MOJISJTI MITYYHOTO 30Dy, KA BU3HAYAE PAKyPC CyJTHA B MOPCHKOMY CEPEIOBHIII.

Tabmuus 3 — CnisibHI BUX1AHI TapaMeTpH JUIsl BCIX MIPOBEACHUX €KCIIEPUMEHTAbHIX TPEHYBaHb

Iapamemp 3nauennn Ilapamemp 3Hauenna
epoch 60 dfl 1.2
batch 4 pose 12.0
imgsz 702 dropout 0.0

optimizer Adam degrees 0.0
seed 42 flipud 0.0
Ir0 1.0e-05 fliplr 0.0
Irf 0.2 mosaic 0.0
momentum 0.937 mixup 0.0
weight_decay 0.0005 cutmix 0.0
warmup_epochs 3.0 copy_paste 0.0
box 0.03 auto_augment null

cls 0.7

Y Ttabnaumi 4 HaBeneHI NapaMeTpu ayrMeHTalii, M0 3MIHIOBAIHCS: [JII KOXKHOTO
TPEHYBaHHS OJUH IapaMeTp HaOyBaB BKa3aHOrO 3HAUEHHs, a iHII JOpiBHIOBaIM HyJo. lLle
JI03BOJISUIO OI[IHUTH 1301p0BaHui BrutuB KoipHux (hsv_h, hsv_s, hsv_v), reomerpuunux (translate,
scale, shear, perspective) Ta mnpocTOpoBO-JOKadbHHX (€rasing) ayrmentamiii. Ili 3HauyeHHs
migi0paHo JUIsl CUMYJISLIT BapiaTUBHOCTI MOPCBKOTO cepeqoBHILA (OCBITICHHS, MO3ULII CYyJEH,
OKJIt031i) 0e3 CHOTBOPEHHS KIIOYOBHUX O3HAK, CHPUSIOYM MIJBUINEHHIO CTIMKOCTI MOAeNi a0
peaIbHUX YMOB 31OMKH.

Tabmuus 4 — [epenik mapamMeTpiB sIKi 3MIHIOBAIUCS JJIS1 KOKHOT'O TPEHYBaHHS

IHapamemp Amneniticokuii 6i0n08iOHUK 3nauennsn

PeryimoBaHHs BiITIHKY hsv_h 0.005
PerynroBaHHs HACHYEHOCTI hsv_s 0.5
PerynroBaHHS sickpaBoCTi hsv_v 0.7
PeryntoBanHs 3cyBY translate 0.3
PerymoBanus MaciitaOyBaHHS scale 0.5
3cyB 1o oci shear 10.0
[lepcriekTBHE BUKPHUBIICHHS perspective 0.05
Bunankose crupanus erasing 0.4

OcHOBHi pe3yJbTaTH Ta iX 00roBopeHHs. Y JOCII/DKEHHI UId peajizamii mporecy
ayrMeHTalii Bukopucrano 6iomioreky Albumentations, sika € BHCOKOMPOAYKTUBHUM iHCTPYMEHTOM
11t 00poOKH 300pakeHb y Python ta 3a0e3mnedye mMUpOKHiA CIIEKTp pi3HUX TpaHchopmarlrii. Taki
ayrmeHTaii, sk po3mutTs (Blur, MedianBlur), neperBopenns no BiariHkiB ciporo (ToGray), a
TaKoX JIOKanbHe BHpiBHIOBaHHS ricrorpamu (CLAHE), Oymu 3acTocoBaHi aBTOMAaTHYHO Ha
3aBepIIANBHOMY eTami O0OpOOKH 300paXkeHb. VIMOBIPHICT 3aCTOCYBAaHHS KOXKHOTO 3 IHMX
nepeTBopeHb craHoBuwia 1%. 3acrocyBaHHA IMX TpaHcpopmauiii He Oyino SBHO 3aJaHe Yy
KOH(IrypamifHuX mHapaMerpax eKCHepHUMEHTY, OCKUIbKM BOHU AaKTHBYIOTHCSI aBTOMAaTHYHO, SIK
yacTuHa BHYTpiHbOI Jioriku cuctemu Ultralytics YOLO. 3a 3aM0oBUyBaHHSIM i/l 4ac TPEHYBaHHS
AKTHBYETHCS TEBHUW TIEPENiK CJIa0KUX ayrMeHTallli 3 MEeTOI TiJBUIINEHHS BapiaTUBHOCTI
HaBYaJbHOrO Habopy. Y IIbOMY IOCITI/PKEHHI OCHOBHHUH akIeHT OyB 3poOJIeHHMil Ha KOHTPOJIi
rapaMeTpiB reOMETPUYHOI Ta KOJIPHOI ayrMEeHTAIlli, K1 3a7aBajicsl Bpy4YHY, TOJ1 K aBTOMaTUYHO
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JOJIaH1 TTePETBOPSHHS HE PO3TISAAIUCS SK KIFOUOBl YMHHHUKHU BIUTUBY. Pe3ylbraTé JOCTIiIKEHHS
HaBezeH] B Ta0IuL 3:

Tabmuus 5 — [MopiBHSHHS Pi3HUX TEXHIK ayrMEHTAIi]

Iapa- | Ilouam- | Tpenysa- Pezy-}JPezyJuo- Pezynio- | Pecynio- | Pecynro- | Pecynro- | Pezynio- | Pezynio-

memp KO06I | HHA MOOe-| NI06AHHA GAHHA | GAHHA 6anHA 6anHA GAHHA GAHHA | GAHHA
napa- i 6e3 | 6i0minK) nHacuue- | AcCKpa- 3cygy | macuwima- | 3cysy no |nepcnek-|8unaoxo-
Mempu | 000amKo- Hocmi | eocmi oyeanns oci mueHoz2o0| 6020
Mooleni |80l ayemen- 6UKpUG- | clmupan-
mauii JICHHA HA
epoch 25 19 31 36 12 44 57 52 47 19

train/bo | 0.0045 | 0.00192 | 0.00157 | 0.00147 | 0.00241 | 0.0022 | 0.00249 | 0.00309 | 0.00875 | 0.00192
X_loss

train/cl | 0.69631 | 0.53541 | 0.45063 | 0.42623 | 0.77714 | 0.65095 | 0.71796 | 0.68118 | 5.74881 | 0.53541
s_loss

train/df | 0.93709 | 0.67876 | 0.65252| 0.64642 | 0.72514 | 0.7162 | 0.73957 | 0.8066 1.96891 | 0.67876
| _loss

precisi | 0.3964 | 0.66866 | 0.65382 | 0.6307 | 0.64021 | 0.70257 | 0.6617 0.66745 | 0.28919 | 0.66866
on

recall 0.41739 | 0.52828 | 0.5677 | 0.56586 | 0.57797 | 0.5388 | 0.60364 | 0.54362 | 0.12445 | 0.52828

mAP50 | 0.37135 | 0.61229 | 0.61404 | 0.60985 | 0.61082 | 0.63799 | 0.64649 | 0.60522 | 0.1013 | 0.61229

mAP50 | 0.30399 | 0.4918 0.49507 | 0.48686 | 0.49069 | 0.51033 | 0.52609 | 0.40495 | 0.03576 | 0.4918
-95

val/box | 0.00585 | 0.00335 | 0.00339 | 0.00344 | 0.00337 | 0.00326 | 0.0031 0.00521 | 0.00874 | 0.00335
_loss

val/cls_ | 2.1155 | 1.87315 | 1.91049| 1.90416 | 1.82186 | 2028194 | 1.65527 2.06874 4.46031 | 1.87315
loss

val/dfl_ | 1.12038 | 0.83368 | 0.87164 | 0.88611 | 0.83792 | 0.83175 | 0.80121 1.022 1.77471 | 0.83368
loss

JIns omiHKM SIKOCTI Mozeni Oynu BUKOpHCTaHi MmeTpuku mean Average Precision (mAP) npu
pizaux moporax nepekputts (lIoU — Intersection over Union), a came mMAP50 ta mAP50-95, o €
3araJIbHONPUMHATUMH TTOKAa3HUKAaMH Yy 3a/la4ax po3mi3HaBaHHsS 00’ €kTiB. [TopiBHSHHS OTpUMaHHX
pe3yabpTaTiB MoOKa3ajao, MmO Oa30Be TpeHyBaHHS O€3 MOJaTKOBUX ayTrMEHTaIiil 3a0e3medmsio
MAP50 = 0.61229 ta mAPS50-95 = 0.4918, mo crano opieHTUPOM MAJs OLIHKM BIUIMBY IHIIMX
MeTOiB. PerymoBaHHs BiATIHKY, HACHYEHOCTI Ta SICKpABOCTI Jaio Onm3bKi 3HadeHHs, n1e MAPS0
nepebyBaB y mexax 0.60985-0.61404, a mAP50-95 — 0.48686—0.49507, mo CBig4uUTH MPO
MOMIpPHUN MO3UTUBHUI ePeKT KoIbopoBUX TpaHchopMalii. Haiikpaii pe3yapTaTd OTpUMaHO Iij
Yyac 3aCTOCYBaHHS T€OMETPUYHUX ayrMeHTalii: 3cyB 3abe3meunB MAPS0 = 0.63799, tomi sk
MacimTaOyBaHHS Jajo0 MakcuMaibHe 3HaueHHSI MAPS0 = 0.64649 ta mAP50-95 = 0.526009.
HaBnaku, nmepcrieKTUBHE BUKPHUBIECHHS NMPHU3BEIO 10 PI3KOTO MOTIpIIEHHS MOKa3HUKIB — MAPS0
s3am3uBcs 10 0.1013, a precision BnaB a0 0.28919, mo cBimuuTh MPO HECYMICHICTH ab0 3aHAITO
BEJIMKe 3HaYCHHS I[bOI0 MapaMmeTpy I 3a7ay BU3HAUEHHs pakypcy cyJHa. BumankoBe cTupaHHs
nokasano MAPS0 wa pini 0.61229, 1m0 103BOISIE BUKOPUCTAHHS JTAHOTO BUIY ayTMEHTAIIl IS
PO3IMIISIHYTHX 3ajad. TakuM YMHOM, HaWOUIBII NMPOIYKTHMBHUMH BUSBWIMCA TpaHchopmarii, sKi
IMITYIOTh TIPUPOJIHI 3MIHU TIOJIOKEHHS CyJHA B KaJpi Ta KOJBOPOBI ayrMEeHTallii, TOl K METOIH,
10 TOPYUIYIOTh T€OMETPII0 CLEHH, HE MOXYTh OyTH PEeKOMEHJOBaHI JUIsl 3acTocyBaHHsS. Bapto
3a3HAYUTH, MO0 TPU TPEHYBaHHI MOJENEH ITYYHOTO 30py PEKOMEHIOBAaHO BUKOPHUCTOBYBATH
KOMOIHAIl1 pi3HUX BUIIB ayrMEHTallil, TOMy HalOiIbIly e(pEeKTHBHICTh BapTO OYIKYBAaTH LUIIXOM
KOMO1HYBaHHSI IPUIHATHUX TEXHIK ayrMEHTaLlli.

BucHoBKkHM. AyrMeHTanis JaHUX € MOTYXHUM 1HCTPYMEHTOM JUIs TMOKpAalleHHs HaBYaHHS
MOJIEJIE KOMIT FOTEPHOTO 30py Ta MIABUIIEHHS iX CTIHKOCTI 0 BapiaTMBHOCTI manmx. OmHak ii
3aCTOCYBaHHS CIiJ PEeTeNbHO aJanTyBaTH /0 KOHKPETHOrO 3aBJaHHS. AHai3 pi3HUX BHIIB
ayTMEHTaIlli, 3 aKIEHTOM Ha MOPCHKI YMOBH, TOKa3aB, IO KOJIpHI (peryiroBaHHsS BIATIHKY,
HAaCHYEHOCTI, SICKpAaBOCTi), T'€OMETpUYHI (3CyB, MacHITa0yBaHHsS, 3CyB IO OCi, IEPCIEKTHBHE
BHKPHUBJICHHSI) Ta MPOCTOPOBO-JIOKAIbHI (BUMAJAKOBE CTHUpaHHS) TpaHchopmallii BIUIMBAIOTH Ha
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e(eKTUBHICTh MOJIENi To-pi3HOoMy. Pesynbratu TpenyBanHs monem YOLOv8n 6e3 ayrmenrartiit
(mAP50 = 0.61229, mAP50-95 = 0.4918, precision = 0.66866, recall = 0.52828) mopiBHsHO 3
TPEHYBaHHSAMHU OTPUMAHUMU HUISTXOM BUKOPUCTAHHS ayTMEHTaIlii MPOJeMOHCTPYBAJIH, 10 KOJIiPHI
TpaHcopmarllii JaloTh MOMIpHE MOKpALICHHs: peryiioBaHHS BiATIHKY miaBuirye MAPS0 1o
0.61404 tTa mAP50-95 no 0.49507; perymoBanus HacudeHOCTi — MAPS50 10 0.60985 ta mAP50-95
1o 0.48686; perymtoBanHs sickpaBocTi — MAPS50 o 0.61082 ta mAP50-95 no 0.49069. Haiikpamui
pe3ynbTaTi 3a0e3MneuyrTh TeoMeTpudHI Tpanchopmairii, Taki sk 3cyB (MAP5S0 = 0.63799, mAP50-
95 = 0.51033, precision = 0.70257, recall = 0.5388) Ta macmraOyBanus (MAP50 = 0.64649,
mAP50-95 = 0.52609, precision = 0.6617, recall = 0.60364), 1110 miABUIIYOTH CTIHKICTH MOJEII JI0
BapiaTUBHUX YMOB 3HOMKHM 0€3 CHOTBOPEHHS NPOCTOPOBHX O3HaK. HaBmaku, mnepcrekTHBHE
BUKPHUBJICHHS ToTipinye mokaszHuku skocti (MAP50 = 0.1013, mAP50-95 = 0.03576, precision =
0.28919, recall = 0.12445), a BunagkoBe CTHpaHHS Ta 3CyB IO OCi JalOTh HEHTpaJIbHUI abo
nomipauii edpext (MAP50 = 0.61229 Ta 0.60522 BianoBigHO). TakuM 4YMHOM, HAWOLIBII
JOUUTBHUMU TpaHc(opMaIisiMU € KOJIPHI ayrMeHTalil Ta TeOMEeTpHuHi (3CyB, MacIITaOyBaHH:),
sSIK1 30epiratoTh (13MYHUN CEHC CLIEHU Ta YHUKAIOTh HEPEATICTUUHUX CIIOTBOPEHb.

IlepcnekTHBH MOAAJBLIIMX AOCHiKeHb. [lomanpnn nociikeHHs B Wil ramys3i MOXYThb
OyTu crpsiMOBaHI Ha pO3pOOKYy Ta BIPOBAIKEHHS KOMIUIEKCHUX CHUCTEM aBTOHOMHOI'O
CYJIHOBOJIIHHS, J€ IHTErparis MoJiel KOMIT IOTEpPHOTO 30py JJIsl BU3HAYECHHS paKypCy CYAEH CTaHe
OJIHMM 3 KOMITOHEHTIB. 30KpeMa, IJIaHyEThCS TEXHIYHA peaii3allis CHCTeMH, IO mependadae He
JMIIE TEOPETUYHE MOJIeNIOBAaHHA, ane M mialip BIAMOBIAHMX, aKTyaJlbHMX CTaHOM Ha 3apas,
CKJaJ0BUX vacTHH. KpiM TOro, orpumasi B XOA1 JOCHIIPKEHHS JaHI MOXYTh OyTH aKTHBHO
BUKOPUCTaHI PU HABYAHHAX MOJEJIEH IITYYHOIO 30pYy, MPU3HAYEHUX U1 pOOOTH B MOPCHKOMY
CEPEIOBHIII], III0 MAa€ CBOi OCOOJIUBOCTI.

VY IOBrocTpoKOBiil mepCHeKTHBi, Taki po3poOKH MAaTUMYTh MOTEHLIAN IPU BIPOBAHKEHHI
CHUCTEM INTYYHOTO 30py B MOPCBHKIM ramy3i, CHOPHUSAIOYM TMiABUIIEHHIO OC3MEeKH HaBiramii Ta
€(eKTUBHOCTI aBTOHOMHHX CYJICH.
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Pashenko O. L. IMPACT OF DATA AUGMENTATION ON TRAINING COMPUTER VISION MODEL
FOR SHIPS’ ASPECT ANGLE DETECTION

Abstract. The study investigates the impact of targeted data augmentation strategies on the performance of a
deep learning-based computer vision model designed to determine a ships’ aspect angle in maritime scenes.
The work addresses the challenge posed by limited and highly imbalanced datasets that are typical for
maritime imaging, where variations in illumination, weather, and occlusion significantly affect recognition
accuracy. The aim of the research is to evaluate which augmentation techniques contribute to improved
robustness of YOLOv8n-based orientation classification without distorting the physical characteristics of
marine scenes. The methodology combines controlled experiments with color, geometric and spatially local
augmentation, applied to an extended dataset containing both annotated examples and negative samples. The
scientific novelty lies in identifying the augmentation techniques that deliver the highest computer vision model
performance according to the key metrics mAP50, mAP50-95, precision, and recall, while ensuring that these
techniques enhance the performance of a model specifically designed for operation in maritime environments.
The results demonstrate that color and geometry-preserving augmentations, such as translation and scaling,
yield measurable improvements, while perspective distortions severely degrade performance due to the
violation of spatial realism. The obtained results have practical significance for autonomous navigation
systems, contributing to improved recognition accuracy under real operatinal conditions. The conclusions
highlight that augmentation strategies must be carefully selected for tasks involving orientation-sensitive
objects.

Key words: data augmentation; computer vision; ship aspect angle; YOLOv8n; geometric augmentation; color
augmentation; spatial-local augmentation; deep learning; object detection.
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OLIHKA TA IIATPUMKA ®YHKIIOHAJIBHOI
CTIMKOCTI 3ACOBIB BOJJTHOTO TPAHCIIOPTY

Mepenepiii B. L., o.m.n., npoghecop, npogecop xraghedpu xomnromepHux mexHoI02il
i ingopmayitinoi  besnexu  HayionanvHo2o — ymigepcumemy  KoOpa0O.1e06y0y8aHHs
im. aom. Maxkaposa, m. Muxonais, Vkpaina, e-mail: viperkmsl@gmail.com,
ORCID: 0000-0002-9241-3034;

Bopuuk €. Y0., k.¢h.-m.1., doyenm, doyenm kagedpu suwoi ma NPuKIAOHOT MamemMamuxu
Muxkonaiecokoeo  HayionanvHul  azpapHuu  yHieepcumem, M. Muxonais, Vkpaiua,

e-mail: borchikeu@gmail.com, ORCID: 0000-0003-0188-1471.

Cmamms npucesiueHa NUMAHHAM pPO3POOKU Memodis [ 3acodie iHpopmayiiHoi mexHonozii oyiHKu ma
niOmMpumKy QYHKYiOHAIbHOI cmilikocmi 3aco6y 800H020 mparcnopmy O 3a0e3nedeHHs 8i0MO8OCMIUKOCMI
ma scuyuocmi 3aco0y Ha 6a3i 83aEMO0ii KOMNIEKCY NOKA3HUKIG Oe3neKu i NOKA3HUKIB THI00CbK020 YUHHUKA 8
VIPAGNIHHI Ma NPUUHAMMI pilleHb Ha KOXCHOMY ii iepapxiunomy piemi. IIposedeno amaniz docniodicens y
eanysi po3pooKku memooie [ 3acobié ma ix NPakmuyHo20 3ACMOCYSAHHS 6 3a0e3neueHHi cmiukocmi 3aco0is
600HO20 mpancnopmy. Buseneno, wo Ha NOMOYHUL MOMEHM 4ACy NEPCneKmuHUM HANPAMOM HAYKOGUX
docnioxncenb € HeoOXIOHICmb Y CMEOPeHHI Memoodis, 3acobie ma IHGOPMAYIUHUX MeXHON02Il OYIHKU,
KOHMPOIO Ma NIOMPUMKU AK MeXHIiuH020 1 6e3neK06020 Cmauy 3acoby 600H020 MPAHCHOPMY, MAK i
iHGOPMAYIIHO-KOSHIMUBHUX NAPAMEMPIE TOOCLKO20 (PaKmopa y pearvHoMy 4aci. J{osedeHo, wo 8aiciueum
ACNeKmMoM YCRiuHO20 3ACMOCY8AHHA 3A3HAYEHUX MeMOo0is € He auuie ix sukopucmanns ¢ aoanmoganux CIIIIP
0J1s1 NPULIHAMMS Pele6AHMHUX piulensb 3 Oe3neKu, d il po36UmoK meopii (PyHKYIOHATbHOI cmiliIkocmi, AKa mae
IDYHMY8AMUCL ~ HA — CYYACHUX — NPUHYUNAX — 2IOpuOHO20  IHmenekmy —  cumbiomuunoi  iHmezpayii
@yHRyionanvHOCMell WMYyYHO20 Ma NPUPOOHO20 iHmenekmis. Po3pobneno ingopmayitino-n102iuny mMooens ma
NnpoBeodeHo eKCnepmHy OYIiHKY 3a CIYNEHeM 8AANCIUBOCTI KOMNIEKC) NOKA3HUKI8 cmabitbHocmi i be3nexu, o
Xapaxkmepusyioms  8i0OMOBOCMIUKICMb i JHCUBYYICMb, MA BUSHAYEHO NOKAZHUKU [HDOPMAYIIHO-KOSHIMUBHUX
napamempis 100Cbko2o paxkmopa, AKi 6NIUBAIOMb HA  (QYHKYIOHATBHY CMIKICMb  3ac006y  800HO20
mpancnopmy. 3a1exicHo 60 CMary 3a3HAYEHUX NOKAZHUKIE N0OYO08AHO HeUimKY baueco8ChKy Mepeicy 008ipu,
3a 00NOMO2010 SIKOi HA NIOCMAGI 3HAHL EKCHEPMI6 NPOBeOeHO KOMWIEKCHY OYIHKY UMOBIpHOCHI CMAaHie
@yHuryionanbHoi  cmiukocmi  3acoby  800H020 — mpancnopmy.  30[ICHEHO — NPAKMUu4Hy — peanizayiro
3anpoONnoHO8aAH020 Memooy, OMPUMAHI pe3yIbmamu niomeepounu npakmuuHy YiHHICMb, KA Modce Oymu
sukopucmana 01 OYiHKU ma 3abe3neuenHs KOMNIeKcHoi  @yuxkyionanvuoi  cmilikocmi — 3acody.
Ilepcnekmuerum Hanpsamom nOOAILUUX OOCHIONCEHb € pOo3podKa Mmemodis ma 3acodie adanmueHol
iH(hopmayiunoi  mexHonoell, AKa NOGUHHA Mamu  GIACMUGICMb NEPEeHAIAUWIMY8AHHS napamempis i
30MIICHIOBAMU  «NPUCOCYBAHHAY 00 3MIHU GHYMPIWHIX [ 308HIWHIX YyM0O8 pobomu, wo 3abe3nequms
@yHryionanbHy cmitikicms 3acoby 600HO20 MPAHCHOPNLY.

Knrouosi cnosa: inghopmayilini mexnonozii; cucmemu RiOMpumMKU NPUUHAMMA pilieHb,  QYHKYIOHATbHA
cmitikicmy, 3acobu 800HO20 MPAHCHOPMY, [HDOPMAYIIHO-KOSHIMUBHI napamempu, 2iOpuOHUll THmMeneKkm,
IHGhoOpMayiiHO-102IUHA MOOEb;, MAMEMAMULHA MOOEb,; TIOOCLKUL (PAKmMop.

DOI: 10.33815/2313-4763.2025.2.31.064-076

Beryn. [locnmimpkeHHS CTaTUCTHYHUX JaHuX [l-3] mokasanu, 10 OCHOBHOK MPUYHHOIO
aBapiii NpW YMpaBIiHHI 3ac00aMHM BOJIHOTO TPAHCIOPTY € TaKl K JIIOJACHKUN (DaKTOp, MOJIOMKH,
MOIIKO/DKCHHSI, BIJIMOBAa JIBUTYHIB 1 CYJHOBOTO YCTaTKyBaHHS, a TaKOX MPUHHITTS
HEpeNeBaHTHOTO PILIEHHS MO YHpPaBIiHHIO cyAHOM. OCOOIMBO BpAa3TUBUMU € CUCTEMH BaHTAKHOTO
CyJlHA JIe 3HAYHOI MPUYHMHOIO aBapiil € TaKOK 30BHINIHI YAHHUKH, SKi BIUTUBAIOTH Ha CHCTEMU
ABTOMATUKH CyJHa, EHEePreTH4YHI YCTAaHOBKH, aBTOMATHM3AIlil0 CyJIHA, MI0 MPOSBISETHCS B
MOTIPIICHHI TTapaMeTPiB TEXHIYHUX YCTAHOBOK 3a SKICHUMH TIOKa3HUKAMHU Ta CKCIUTyaTallliiHIMHU
XapaKTEPUCTUKAMK B ITijIoMy. BcCi 11l YHHHUKY BIUIMBAIOTh Ha (PYHKIIIOHAIBHY CTIHKICTH 3ac00iB
BOJIHOTO TPAHCTIOPTY .

BractuBicTh QyHKIIIOHATBHOT CTIHKOCTI B IIJIOMY PO3TJISAAETHCS SIK MOXKIIMBICTh CKJIQIHOI
TEXHIYHOT CUCTEMH YCITIIIHO 3aBEPIIATH MTOCTABJICHE 3aBIaHHs MPH PErIAMEHTOBAaHOMY YHCITi 3MiH
y CTaHl camoi cUcTeMH, TOOTO 30epiraTH ii mpaine3AaTHICTh MIClA MPOSBY MPUIYCTUMOTO YHUCIA
BIJIMOB 1 30BHINIHIX JeCTa0UT3yI0UnX BIUTUBIB. J[0 Takoi CKJIAMHOI TEXHIYHOI CHCTEMH MOXKHA
BIJIHECTH 1 CHCTEMH 3ac00iB BOJHOIO TPAHCIOPTY BIiAMOBIAHOI KaTeropii KpuTuuHOCTI [4].

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Ockinbku Teopis PyHKIIOHATIBHOI CTIHKOCTI epedyBae B cTafil pO3BUTKY, (OPMYBaHHS Ta OIliHKA
il OCHOBHMX IOKa3HHUKIB € B)XJIMBUM HamNpsAMOM HAayKOBUX JIOcCiimkeHb. OTke, MOKHa 3pOOUTH
BHCHOBOK, IO i€ 3a0e3MeUYeHHs] BJIACTUBOCTI (PYHKIIIOHAIBHOI CTIHKOCTI 3aco0y BOIHOTO
TPAHCIIOPTY € aKTyaJbHOI, OCKUIBKH ICHYIOYa TeOopis He pPO3IIIANaE TaKUW BUJA B3a€MOBIUIMBY
NecTabiIi3yI0YNX YHHHHKIB.

IlocTanoBka npodJemu. Ha cborofHi B HayKOBUX JTOCIIIKEHHIX HaBOISATHCS 00CTaBUHHU 1
(akTopy, 110 CTBOPIOIOTH YMOBH 1 MEPEIyMOBH Il BUHUKHEHHS MOMWIOK Yy PILIEHHSX 1 AIIX
CYIHOBOJIiB, fIKI MOXYTb IpHBECTH A0 HeOesnmeuyHoi curyauii abo aBapii. Tomy 3ycuiis
MixxnapoHo1 Mopcbkoi opranizarii (IMO) [4-6] ctanu nOTYXHUM CTHMYJIOM JI0 JOCII/PKEHb, SKi
CTOCYIOTBCS IUTaHb POJI  «JIIOJCBKOrO  (hakTopa», TMpoLecy pHU3MKOBHUX YMOB CTaHy
(yHKIIOHYBaHHS TEXHIYHUX Ta TEXHOJOTIYHHUX 3ac001B, cTaHy 1H(OpMaLiiHOI 1 KibepOe3neku, sKi
MaloTh 3HAYHUH BIUIUB Ha (DYHKIIOHAJIBHY CTIMKICTH 3aC00Y BOJHOTO TPAHCIIOPTY.

Ane Bce Lie HE /1a€ MOXJIMBICTh ONHUCATH 3 MaKCUMAaJbHOIO TOYHICTIO B3a€MO3aJI€KHICTh
HE-daxTopiB BIUIMBY, Ul SKUX HEMA€ BIIOMHX TOUYHUX 3aKOHOMIPHOCTEH, y HEUITKMX yMOBax Ta
PHU3HKY, 10 BUMAarae po3poOKH HOBOI'O 1HCTPYMEHTapito 3a0e31neueHHs CTINKOCTI (PyHKIIOHYBAaHHS
IIPU yNpaBIliHHI 3ac00aMH BOJHOTO TPAHCIOPTY.

AHaJii3 ocTaHHIX JocailzKeHb Ta myOaikaniil. Y HaykoBux pobotax [7-9] 3ampornoHoBaHi
METO/IH, SIKi Jal0Th MOXJIMBICTh BU3HAUYAaTH CyMapHUN PHU3UK Ta BEIMYUHY 30UTKIB Yy pe3yJbTari
cymapHoi maii MHOXHHH (DakTOpiB 3arpo3 Ha o00’ektax KputuuHOi iH(DpacTtpykTypu (OKI).
3a3Ha4eHO TaKOX, 110 MPOLIEC BU3HAUEHHS Ta OLIHKHU PU3MKY BiJl MOMWJIKOBUX NPUNHHATH PillIEHb
I1J] BILIMBOM LIMX 3arp0O3 € OCHOBOIO Ta MIATPYHTSAM JJIsi HAYKOBUX JOCIIIKEHb B 00JacTi aHAII3Y
Ta YJAOCKOHAJEHHS HasBHMUX, @ TAKOX BHHAXOAy HOBUX METOMAIB OLIHKH PHU3HUKY, IiJBUIICHHS
TOYHOCT1 MOT0O OLIHKH, 3/11HCHEHHS HaJl pU3UKaMU MaTEeMaTHYHUX ONEpaLlii.

VY naykoBux npociuipkeHHsX [10, 11] po3missHyTi mMUTaHHS CTBOpEHHs 1H(OpMariiHoi
TEXHOJIOT1] BHU3HAUEHHS, OLIHKM 1 KOpeKUli (YHKIIOHaJIbHOI CTIMKOCTI OcoOHM, IO Mpuilmae
pimienns (OIIP) nns mpouecy NpUHHATTS peleBaHTHUX PIllleHb y CKJIaJHUX JIFOJUHO-MAIIUHHUX
CUCTeMaX KPUTUYHOTO TpU3HAYEHHS. BHIiCHI OCHOBHI HAWOIIBII HETaTUBHO Bpa3iuBi (akTopu
Ha (yHKIioHANBHY CTiHKICTE OKI B KpUTHUHUX CHUTYaIIisX.

Y pobGoti [12] nmochmiKeHO MIMPOKHHA CIEKTp 3arpo3, SKi NPU3BOIATH 10 PHU3UKY
¢dyukmionyBanas OKI, crBopeno 0a3y naHux (GpakTHYHUX BTpAT y BUMAJAKY peaiizaiii HuxX 3arpos,
3MIIHCHEHO aHai3 BTPAT 3 BUKOPUCTAHHAM METOMIB CTATHCTUKU Ta aKTyapHOI MAaTEMaTHKH.

VY pob6orax [13, 14] maBemeni mpoOieMH MpPO PH3HMKH, TMOB'A3aHi 3 iH(OpMAIiHUMHU Ta
KOTHITHBHUMH aCTIEKTAMH B3aEMOJII1 JIFOJMHU 3 MalIMHOKW. 3a3HAYEHO HEOOXITHICTh BPaXOBYBATH
pU3MKH Yy HemependauyyBaHUX yMOBax Ta OCOOJMBI BUMOTH A0 TICHMXO(]i310J0TIYHOTO CTaHy
JIOJMHK-OTIepaTopa. 3arpolioHOBaHA KIIBKICHA OIliIHKA HAIIMHOCTI JIFOJMHHU, sSKa 0a3yeTbcs Ha
3araJJbHOMY IMOBIpHICHOMY aHaji3i Oe3meku. Ajie HE JOCHIDKYBAIHCh MOJCII Ta METOIH
OTIEPAaTUBHOI OI[IHKM €MOIIIOHAJIBHO-KOTHITUBHOTO CTaHy JIIOAMHU-ONIEpaTopa npu (HopMyBaHHI
aJIaNTOBAaHUX aJbTePHATUB MPUNUHATTS PIllIEHb Y KPUTUYHUX cUTYyallisax mpu ynpasninai OKI.

VY nocnimkennsx [15-17] 3a3HadeHO: OCHOBHI JpKepesia (akTopiB Oe3NeKkH, sKi 3HAYHO
BIJIPI3HSIOTBCS BiJl IHIIUX KaTETOpili PU3HKIB, SKMMH € JIIOJChKa TMoBeAiHka. HaBemeHo mporec
BU3HAYEHHS PH3HKIB BiJ] NOMWIKOBUX NpUHATH pimens OIIP mix BmimBoM 3arpo3. Ane He
JOCITIJDKEHO MOJIEl Ta METOAM OIlIHKH 3aJIeKHOCTI (YHKIIIOHAJBHOI CTIHKOCTI BiJl BIUIUBY
HE-daxTopiB iHpopmaniitHoi i kibepde3neku Ta TexniyHoro crany OKI B mimomy.

VY pobotax [18-20] 3ampomnoHOBaHI METOIH, SAKiI JAlOTh MOXJIMBICTh BH3HA4YaTH CyMapHY
BEJIMYMHY 30UTKIB Y pe3ynbTaTi il (pakTopiB 3arpo3 3a MeBHUM nepio yacy. 3a3Ha4eHO TaKOXK, 10
MPOIIEC BU3HAYEHHS Ta OIIHKM PU3HMKY BiJ MOMHUJIKOBUX MPUUHATH PIIlICHb MM BILIMBOM (haKTOPIB
3arpo3 € OCHOBOIO Ta MiAIPYHTSM Il HAYKOBUX JIOCHTIJKEHb B 00J1aCTi aHAITI3y Ta YAOCKOHAJICHHS
HasiBHUX, a TAaKOX BHHAXOJy HOBUX METOIB OLIIHKH PU3HKY, MiABUIIEHHS TOYHOCTI KOTO OLIHKH.
PexomennoBano y mpouect ¢yHkuionyBaHHd OKI BpaxoByBaTH pH3HKH HEpPEIEBAHTHOIO
npuiiHaTTa pimens OIIP, mo BUHUKAIOTH Y HemependauyBaHUX YMOBaX, a TAKOXK 0COOJIMBI BUMOTH
JI0 €eMOLIHHO-KOTHITUBHOTO CTaHY JIOAMHU Ta JOMYCKY ii 10 BUKOHAHHS O0COOJIMBO BIANOBIJAIbHOI
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poOotu. BigzHaueHo Takoxk, 110 1H(OpMaIiiiHI Ta KOTHITMBHI acCHEKTH IHXKEHEpii JI0ACHKOTO
(hakTOpa BiIIrparoTh KIOYOBY POJb Y Oe3neri, HaaiiHocTI Ta ehekTuBHOCTI yrnpaBninas OKI.

3a migcyMKaMH TIPOBEACHOTO aHamizy JiTepaTypHux jpkepen [1-20] i3 mpoGiemu, mio
JOCTIIKYEThCSI, MOKHA 3POOUTH BHCHOBOK PO BIACYTHICTh €(DEKTHBHHX METOIIB 3a0e3MeUYCHHS
B3a€MHOI ajanTamii i KOpEeKIil aJeKBaTHOTO BIUIMBY JecTabinizytounx HE-(QakTopiB 3arpo3 Ta
ONTUMAJIBHOTO PO3MOALTY (PYHKIIH MK TexHIYHMMHU 3acobamu Ta OIIP 3 ypaxyBaHHsSM ioro
NcUX0(]i310JOTIYHMX Ta KOTHITUBHUX MOXJIMBOCTEH JUIst 3a0e3nedeHHs (pyHKIIOHAIBHOT CTIHKOCTI
OKI. Ongnak po3B's3aHHs 11i€i TPOOJIEMH BUXOJIUTh 32 PAMKH MOXJIMBOCTEH TPAAUIIHHUX METO/IIB
Ta 3ac001B BUPIIICHHS LUX MHUTaHb. J{JI bOTO ICTOTHY POJIb HEOOXIAHO MPUIUIATH ACHEKTY, SKUN
Ma€ TPYHTYBaTUCSA Ha CYYaCHUX MPUHIUIAX TIOPUAHOTO IHTENEKTY — CHMOIOTHYHOI 1HTerparii
(GYHKIIOHATBHOCTEH MITYYHOTO (KOMIT'IOTEpa) Ta MPUPOJHOTO (JFOAMHH) IHTEJICKTIB.

Takum 4YuHOM, CTBOpPEHHS METOMIB 1H(POPMAIIHOI TEXHOJIOTII OLIHKK Ta 3a0e3MeyYeHHs
(GyHKIIOHABHOT CTIMKOCTI, Ta iX Mojaiblle MPaKTUYHE BUKOPUCTAHHS MPHU YIPABIiHHI 3aco0aMu
BOJIHOTO TPAaHCIOPTY, fBJIs€ COOOI0 AaKTyajdbHY HAyKOBO-IIPAKTUYHY 3a7adyy CbOTOJEHHS, 1 €
MPEIMETOM JJAHOTO JIOCIIPKEHHS.

MeTta Ta 3aaau4i aocjaizkeHHss. MeToro J0CIiKEHHS € po3poOka MeTony 1H(popMaIliiHoi
TEXHOJIOTi OLIHKKA Ta MIATPUMKH (PYHKIIOHANBHOI CTIHKOCTI 3ac00iB BOJHOTO TPAHCHIOPTY
BIJIMOBITHOT KaTeropii KPUTHYHOCTI, SKUH JOTIOBHIOE TEOPII0 Ta TEXHOJOTIi BUPIIICHHS IMUTaHb
3a0e3neueHHs] BIIMOBOCTIMKOCTI Ta >KMBYYOCTi 3ac00y Ha 0a3i B3a€MOjii KOMIUIEKCY MOKa3HUKIB
O€3IeKH 1 TTOKA3HMKIB JIFOJICPKOTO YMHHUKA B YIIPABJIiHHI Ta NMPUHHATTI PIllICHh Ha KOXXHOMY il
iepapXi4YHOMY piBHI.

JlocsiTHEHHsI TOCTABJIEHOI MeTH OCJiIKeHHs1 mepeadadae: po3poOKy METody, SKHUM
MOBMHEH MaTH BJIACTHMBICTH 3JIHCHIOBATH «IPUCTOCYBAHHS» 0 3MIHM BHYTPIIIHIX 1 30BHILIHIX
YyMOB po0OTH, IO 3a0e3neunTh (YHKIIIOHANBHY CTiIMKICTh 3aco0y. s 1boro HeoOXigHO
BUPIIICHHS HACTYITHHX 3a/1a4:

1. Po3pobutu iH(MOpMaIiHHO-JIOTIYHY MOJIE]h OIIIHKK Ta IMATPUMKH (YHKIIIOHAIBHOI
CTIMKOCTI 3ac00y BOAHOTO TPAHCIIOPTY B PEXKHUMI PEATBHOTO Yacy.

2. Po3pobuty MaremaTwdHy MOJIETh OIIHKK Ta MIATPUMKH (DYHKITIOHAJIBHOI CTIHKOCTI
3ac00y BOJHOTO TPAHCIIOPTY 3 3aCTOCYBAaHHIM METOJIIB M’ SIKUX O0YUCIICHb.

3. IIpoBecTH eKCEPUMEHT JOULIBHOCTI 3aMIPOIIOHOBAHOTO METOY JJISl OI[IHKU 1 MIATPUMKHU
(GYHKITIOHATEHOT CTIMKOCTI 3ac00y BOJTHOTO TPAHCTIOPTY.

Bukiaan ocHoBHoro marepiaay. Ha ocHoBi mpoBeaenoro anamizy [18-20] mobGymoBano
iHpopmaniiiHo-noriuny mMojaens IT omiHKK cTaHy MOKa3HUKIB (YHKIIOHAJTBHOI CTIMKOCTI 3aco0y
BOJHOTO TPAHCIOPTY 3aJ€KHO Bijl BIUIUBY OCHOBHHUX JecTalimizyrounx HE-(akTopiB y pexumi
peanpHOTrO Hacy (puc. 1).

dakropu TigpomeTeoposoriudoro BBy Sext = f;(IV, NI, Ssea, CC,Svl): IV — Husbka
BuauMicTh; NI — iHTeHCHBHICTE TIyMYy; SSea — ctan mopsi; CC — xiiMaTiuHi ymMoBH; Svl — BiTpoBe
HABaHTAKCHHS.

[Toka3HWKM BIUIMBY JIOACHKOTO (haKTopa Ha TPOIEC NPUHHATTS PEICBAaHTHUX PIllICHb,
NOB’SI3aHUX 3 TigpomereoponoriyauMm  BrutuBoM Sw = f;(EA,SE,F,ET): ET — emouiiina
HampyXeHicTb;, F — ¢i3uyHa Ta emoruiiiHa BToMa; SE — cTpec uepe3 eMoOIliiiHy Hampy>KeHICTh;
EA — emortiitHe 30y KeHHSI.

@dakTopu, TMOB’S3aHI 3  MOTOYHMM  €MOIliiiHO-KOTHITUBHMM  ctaHoM  OIIP
Sp = f,(PR,PI,RT,DT,C): PR — mponykruBHicts; PI — cropwuiiasittst indopmarii; RT — wac
peakii; DT — yac Ha npuiHATTS pimeHb; C — 30CepeIKEHICTb.

OcHoBHi (akTopu iHdopmariiitoi 6esnexu IStl = f,(DC,AD,DP,DI): DC — y3romkeHicTh
nauux; AD — noctynHicTs nanux; DP — koHpigeHmiitHicTs qanux, DI — muTicHICT TaHHX.

TexuiunuWii CTaH OCHOBHHX CYIHOBHX ycTaHOBOK Tshipins = f;(Csnav,Csau,Cpov):
Cshav — craH CyJHOBUX HaBiraumiiHux npunaaais; Csau — cTaH CUCTEeMU aBTOMAaTHKU cyaHa; Cpov —
CTaH eHepPreTHYHHUX ycTaHOBOK; Cstat — cran cyiHOBOTrO 3B’ SI3KY.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Oco6nmuBicTIO 3a3HaYeHUX (DAKTOPIB € HEMOXKIUBICTH X 0€3M0CepeTHHOT0 BUMIPY 1 3amucy
B YMCIOBOMY BHAi. /71 IIbOTO iICHYIOTH Pi3HI TECTH Ul OLIHKH, OHAK BOHM BHMAararoTh 3aTpar
9acy i MOKYTb PECTABIATH PE3YIbTAT 3 IESIKOI0 MipOI0 HEBU3HAYCHOCTI.

Sw = f;(EA,SE,F,ET)KS Sext= f,(IV,NI,Ssea,CC,Svl) | Sp = f2(PR,PLRT,DT, ()

J J U

OwiHka Ta KopeKlis cTaHy OYHKLIOHAIBHOI CTIHKOCTI
3ac00y BOJHOTO TPAHCIOPTY

FS = F(Sext,Sw,Sp, IStl, Tship)
FS = FS norm

il il

Tship = f;(Csnav, Csau, Cpov, Cstat) (| ISt = f(DC,AD,DP, DI)

Pucynok 1 — [ndopmariiiino — rorivHa MOJIENb OIIHKY (yHKI[IOHATEHOT
CTIAKOCTI 3aC00y BOJHOT'O TPAHCIIOPTY

Jlnst pillleHHs BKa3aHUX MPOOJEMHMX NMUTaHb Ta KiAbKICHOI OLIHKU ONEPATUBHOIO CTAHY
(GyHKIIOHANBHOT ~ CTiMiKOCTI  3aco0y  BOJHOTO TPAHCIOPTY IPONOHYETHCS  3aCTOCYBaHHS
HMOBIpHICHOrO MaTEeMaTUYHOTO amapaTy 3 BUKOpuUcTaHHSIM bailecoBchkoi mepexi noBipu (BM/I)
[21].

BM/I — ne iiMmoBipHicHa rpadiuHa MOJeNnb, M0 330a€ThCs BUMAKOBUMHU BEIMYMHAMH Ta 1X
YMOBHUMH WMOBIPHOCTSIMH 3@ JIONTIOMOTOIO aIllMKJIIYHOTO OPIEHTOBAHOTO Tpada.

JInst Oyap-siKOi MHOKHHM BUNAAKOBHX BenawduH (BepummH) A, A,,.., A, baiiecoBcbkoi
Mepexi JTOBIPH HMOBIPHICTh CITUIBHOTO PO3MOILTY OOYHCIIOETHCS 32 YMOBHUMH HMOBIPHOCTSIMU 32
JTaHIIOTOBUM TPABUIIOM:

P(A.... A) :le(A| Parents(A)). (1)

Jnst oGuucseHnst WMOBIPHOCTI TOro, 1O 3MiHHa B HaOyBae 3HauenHs b, wa BMJI, mo

CKIIaJaeThed i3 BepmnH B, A, ..., A, BuUKOpHcTOBY€EThCS hopMyita

P(B=b)= > P(B=b, A,A,..A), (2)

Ay

e TMiJICyMOBYBaHHS HPOBOAUTHCS 3a BCciMa 3HaueHHAMH 3MiHHHX A, A..., A . 3 ypaxysanusam (1)
¢dopmyna (2) st o6uUCIeHHSI KMOBIPHOCTI Y BEepIIMHI B HaOyBae BUIIISALY:

n
P(B=b;)= > P(B=b,| Parents(B))x [ [ P(A| Parents(A)). (3)
APy i=1
[ux ¢opmyn moctaTHbO As 3AiHCHEHHS NPSAMOTO BHUBeIEHHS Ha bailieciBCbkiil Mepexi,
TOOTO BU3HAYEHHS HMOBIPHOCTI 3HaU€Hb BEPIIMHU — JMCTKA 32 BIIOMUMHU MOBIPHOCTSIMU 3Ha4€Hb
BX1THUX (KOPEHEBHX) BEPIIMH Ta YMOBHHUMHU HMOBIPHOCTSIMH 3HAa4eHb iHIKX BepminH bBM/I.
Ha migcraBi iHdopmariiiHO-IOTi9HOT MOJei OIiHKK (YHKIIOHATBHOI CTIHKOCTI 3aco0y
BOJTHOTO TPAHCIOPTY o0y noBaHo baiiecoBchky Mepeky noBipH (puc. 2).
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Pucynok 2 — baiiecoBcbka Mepexa JOBIpH OLIIHKH
(YHKIIIOHAJIBHOT CTIHKOCTI 3aC00Y BOJHOTO TPAHCIIOPTY

BBaxkaeTbcsi, 10 BCi BepIMHM 3ampornoHoBaHOi baliecoBchbkoi Mepexi okpim  FS
NpUMaroTh JIMIIEe JBa 3HayeHHs: "Hopma', "He Hopma". Bepmmna FS mnpuiiMae 3Ha4YeHHSA
"(yHKIIOHATBHO CTiMKUI", "(yHKIIOHATBHO HE CTIHKUI".

Ockinpkd  3HayeHHS Oe3yMOBHMX Ta YMOBHUX HMoBipHOCTel BepumH BMJ|
BCTaHOBJIOIOTBCSL 32 TIJCYMKaMHM pE3yJbTaTiB EKCIIEPTHOTO ONMUTYBAaHHSA, TO BCI BOHHU
BHU3HAuUalOThcd HeuiTko. Tomy B baliecoBchbKy Mepexy (puc. 2) BBOAMTHCS HEUITKICTh IIISTXOM
3aMiHM HMOBIPHOCTEH CTaHIB HEWITKMMM YHUCIAaMH, a 3BUYAHUX apuU(PMETHUHUX omepariil Hax
JIACHUMH YUCJIaMU PO3IIMPEHUMH ONepalisiMU HaJ HEYITKUMU unciaami [19, 22].

VYci 6e3ymMoBHI Ta yMOBHI HMOBipHOCTI baiiecOBChKOT Mepexki OLIHIOIOTHCS HEUiTKUMHU

inreppaamn  N(n;,n,,n,,N,), 3amanumu Ha yHiBepcalbHii MHOXHHI {x]0<x<1}, ne

X— ¥WMOBIipHICTH cTaHiB BepminH. [Ipu 1boMy GYHKIS TPUHATIEKHOCTI IUX 1HTEPBATIB
BH3HAYAETHCS (HOPMYJIIOIO:

0, x<0;

X—n,

—4,n <X<ny;

n,—n

p(X)=11  n,<x<ny; 4)

n,—X .

——,n,<x<n,;

n,—n,

0, x>1

me N, <n, <n, <n, — neski aiiicHi uncna, B 0<n, <n, <1. 3okpema, sikmo 0<n <n,<n,<n, <],

TO (4) 3a/1ae TpanerienoaioHe HeYITKE YUCIIO.

[Ipu HEOOXiTHOCTI MOPIBHSAHHS HEUITKMX WMOBIPHOCTEH BBAXKAETHCS, IO 3 JBOX HEUITKUX
iMoBipHOCTeH Oinbiie Ta JedasudikainiiiHe 3HaueHHs skoi Outbmie. B sxocti  MmeTtomy
nedaszudikaiii BUKOPUCTOBYETHCS METOJ IEHTPY MakcuMyMiB. Lledl mMeTom i HEYITKUX YHCe

N(n,n,,n;,n,) 3 gpynxuicro npuranexuocti (4) nae

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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N3

I xdx
Ny _ r]2 + n3
ny )
_f dx

Ny

I[Ipu o6umcneHni HewiTkux iMMoBipHocTeil P; y Bepmmuax BaiiecoBebkoi Mepexi (popmyu

()

(1), (3) mpuiiMarOTh BHIJISII:

P, (A,...,A1)5§<)1I5f| Parents (A); (6)
|Sf (B = b]) = @ f)f (B = bj | Parents (B)) ®|:®I5f (A.| Parents(Al)):l . @)
Ai ..... A1 i=1
n ~
Tyt ®1 A no3nauae MHOXeHHS HewiTKuX uncen A1, ..., An, A1®A1 — HeuiTKe A0JaBaHHS
=1 T T A

10 BCIM 3HA4YEeHHSAM 3MiHHUX A1, ..., An.

JI1st TpOCTOTH BH3HAYEHHSI €KCIIEPTAMH YMOBHUX HMOBIpHOCTEHW BBakaeTbes [20-22], mio
YMOBHA HMOBIpHICTh Y Oy/b-sKiii BepIIMHI 3aJ€KUTh BiJl 3HaYeHb OATbKIBCHKHUX JIsi Hel BEpIIUH
OKPEMO, a HE BiJ] CIIUIBHOTO PO3HOALTY 3Ha4eHb LUX BepiuuH. Tomi, Akimo cepen BepmuH A, ..., A,

0aTBKIBCBKI € JHIIe y BepIIMHM A, 1 UMH BepmmHaMu € BepumHH A,, A,,..., A, To ocTaHHE
MpUITYLIeHHS 103BoJIsg€ (popmyity (6) mepenucaTy y BUTIISAL:

n n
B (A...A)= ® P (A) ® P (AlA). (8)
=2 j=2

Jlist mpukitamy po3rasgacThes cpoieHa baitecoBebka mepexa (puc. 3).
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[Tpouenypa po3paxyHKy 3Ha4€Hb WMOBipHOCTEH BailecOBCHKOI Mepexki BKIIFOUAE JBA €TaIlH.
V nepiioMy etari 3a 1onomMororo (6) — (8) oOUHMCITIOETBCS HeviTKa MOBHA MMOBIPHICTh BEPILIHHU
Sp, sixka mae 1’ sATh OaThKiBchbkuX BepimH: PR, Pl, RT, DT, C.

P (Sp=n)= ® P, (n,PR,PI,RT,DT,C) =
PR,PI,RT,DT,C
= ® P, (PR)®P, (PI)®P, (RT)®P, (DT)®P, (C)®P, (n,| PR, PI,RT,DT,C) =

" PR,PI,RT.DT.C

= & P, (PR)®P, (P1)®P, (RT)®P, (DT)®P, (C)®P, (n,|PR)®P, (n, |PI)® (9)

PR,PI,RT,DT,C

®P, (n, [RT)®P, (n,| DT)®P, (n, |C).

Y npyromy erami 3a gornomoroi (6) — (8) oO4YHMCIIOIOTHCS HEYIiTKI MOBHI HMOBIPHOCTI
BepIIMHU-IUCTKA FS:

P, (FS = yes) = Sp,IS'g?,Tship P, (yes, Sp, ISTL, Tship) =

= sp,usT@L,Tsmp P; (Sp) ® P, (ISTL) ® P, (Tship) ® P, (yes | Sp, ISTL, Tship) = (10)

= Sp,ISTG_L),Tship P (Sp) ® P, (ISTL) ® P, (Tship) ® P, (yes | Sp) ® P, (yes | ISTL) ® P, (yes | Tship)

ExcnepumenTn. /[ mepeBipky 3alpoONOHOBAHOTO METOAY OyJIM IPOBEICHI YMCIIOBI
EKCIIEPUMEHTH, CYTh SKHX TOJISATalia B HACTYITHOMY .

Excnepram-daxiBigsiMm OyJio 3amporoHOBAaHO TPOBECTH OLIHKY YMOBHHMX WMOBIPHOCTEH
MOJKJIMBHX CTaHiB BepmnH SP Ta FS, siki Xapakrepu3ytoTh MOTOYHUN €MOLIHHO-KOTHITUBHUM CTaH
OIIP Tta dyHKIIOHATBHY CTIHKICTH 3ac00y BOJHOIO TPAHCIOPTY BiAmoBiAHO. Pe3ynpratn
MIPEJCTABIICH] y BUIIISAII HEUITKUX 3HAYeHb O€3yMOBHUX MMOBIpHOCTEH y Tabmmui 1.

3rigno 3 Gopmymamu (9-10) y cepenoBuini MATLAB Oysio o64rciieHO 3HaYEHHST HEUITKOT
HWMOBIPHOCTI BY3JIiB MEepexi, O po3risiaacTbes. BukopucroByroun Gopmyiy (5), Oyio oduucieHo
nedasudikamiiai 3HauyeHHsS IUMX #HMoBIpHOcTe. Ha ocHoBiI 3HaueHHs aedasudikamiifHoro

3HauenHs i#mosiprocti  P(FS ="dyukyionamno cmitikuii™),  3po6neHo  BHCHOBOK TIpO  CTaH

(GYHKITIOHATEHOT CTIMKOCTI 3ac00y BOJTHOTO TPAHCTIOPTY.

OcHoOBHI pe3yabTaTH Ta iX 00roBopeHHsi. UnCioBi po3paxyHKH MPOBOJIUIUCEH JJIsI JIBOX
XapaKTepHUX BHUIAJAKIB. Y mepiiomMy BUNaaKy O0e3ymoBHi iiMoBipHocTi BepmuH PR, Pl, RT, DT, C,
SKI XapaKTepU3yIOTh TOTOYHUH eMoliiHO-KorHiTuBHMIM cTaH OIIP; Bepmmua STL, sxa
xapakTepusye iHpopMalliiiny Oe3neky 3aco0y BOJHOTO TPaHCIOPTY Ta BepmuHa TShip, 1o
XapaKTepu3ye TEXHIYHUI CTaH OCHOBHUX CYJHOBHMX YCTaHOBOK NMPUIMAIOTh HEUITKI TpamnemieBuIH1
3HAa4YeHHs, OpeicTaBieHi B Tabmuui 2. Sk BugHo 3 dopmymu (5) medasudikamiiini 3HaYSHHS
WMOBIPHOCTEH IMX BEPIIMH OJHAKOBI 1 JopiBHIOOTE 0.9 mis crany BepmuH "Hopma' Ta 0.1 mis
CTaHy BepIIMH 'He HopMma'. ToOTo, Bci ¢akTopu, IO BIJIMBAIOTh Ha (DYHKLIOHAJIbHY CTIHKICTh
3aco0y BOJHOTO TPAHCIIOPTY 3 BEJIMKOI HMOBIPHICTIO 3HAXOMIATHCS B CTaHi "HopMma'. Y npyromy
BUNIANKy ©Oe3yMOBHI HMOBipHOCTI (Tabmumst 2) mpuiMalOTh Ti K caMi  3HAYeHHS,
SK y TEpIIOMY BHMAAKY, okpiM Bepiiuau DT (4ac Ha npuitHaTTs pimiens). [Ipu mpomy P}(DT =
Hopma) = (0.6; 0.7; 0.7; 0.8), a ﬁ}(DT = ne vopma) = (0.2; 0.3; 0.3; 0.4), a nedasudikariii-
ui 3Hauenns P (DT = nopma) = 0.7, a P(DT = ne vopma) = 0.3. SIK BUAHO 3 pe3yJbTaTiB,
IOMITHO 3MEHIIMJIACh TUIBKH HMOBIPHICTb TOTO, 1110 Yac Ha NpuitHATTS pimenb OIIP € "Hopma™.

Pe3ynbpTatu yMcioBUX pO3paxyHKiB HaBeACHO B TaOIUILIX 3 Ta 4.

VY Ttabmuui 1 dYepe3 N MO3HAUEHO 3HAYEHHS BEPIIMHM 'HOpMa'; NO — "He Hopma';
yes — "(pyHKIioHaIpHO CTIHKUE'"'; NS — "PYyHKIIOHATBHO HE CTIMKHUH''

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Ta6muis 1 — Pe3ynpTaT OLIHKK HEYITKUX YMOBHUX WMOBIpHOCTEH y By3max Sp Ta FS

Heuimke 3nauenns iimosipnocmi Heuimke 3nauenns imosipnocmi
Bepminna sp BepuinHa sp

PR | B(Sp=n|PR) P, (Sp=no| PR) DT | B (Sp=n|DT) B, (Sp=no|DT)
n (1.0; 1.0; 1.0; 1.0) | (0.0;0.0;0.0;0.0) | n | (L.0; 1.0; 1.0; 1.0) (0.0; 0.0; 0.0; 0.0)
no (0.7: 985095 0.0, 0.05; 0.15; 0.3) o 050006 Y01;04;04;05)
PI P, (Sp=n|PI) P, (Sp=no| PI) C P, (Sp=n|C) P, (Sp=no|C)
n (1.0; 1.0; 1.0; 1.0) | (0.0; 0.0; 0.0;0.0) | n (1.0; 1.0; 1.0; 1.0) (0.0; 0.0; 0.0; 0.0)
no (0.7; 0.8; 1.0; 1.0) | (0.0; 0.0; 0.2;0.3) | no (0.7; 0.8; 1.0; 1.0) (0.0;0.0;0.2;0.3)
PI P.(Sp=n|RT) P, (Sp =no| RT)
n (1.0; 1.0; 1.0; 1.0) | (0.0; 0.0; 0.0; 0.0)
no (0.7; 0.8; 0.8; 1.0) | (0.0; 0.2; 0.2; 0.3)

Bepmuna FS

Sp P, (FS = yes | Sp) P, (FS=ns|Sp)
n (1.0; 1.0; 1.0; 1.0) (0.0; 0.0; 0.0; 0.0)
no (0.5; 0.6; 0.6; 1.0) (0.0; 0.4; 0.4; 0.5)
ISTL B (FS = yes| ISTL) P, (FS =ns] ISTL)
n (1.0; 1.0; 1.0; 1.0) (0.0; 0.0; 0.0; 0.0)
no (0.6; 0.9; 0.9; 1.0) (0.0; 0.1;0.1; 0.4)

Tship P, (FS = yes | Tship) P, (FS = ns | Tship)
n (1.0; 1.0; 1.0; 1.0) (0.0; 0.0; 0.0; 0.0)
no (0.6;0.7; 0.9; 1.0) (0.0; 0.1; 0.3; 0.4)

Tabmuis 2 — 3HaueHHs HEUITKUX O€3yMOBHUX HMOBIPHOCTEH y KOpeHeBUX By3i1ax bM/I

Heuimke 3nauenns iimogipuocmiy eepuiuni

PR Pl RT
n (0.6; 0.9;0.9; 1.0) n (0.8;0.9;0.9; 1.0) n (0.6; 0.9; 0.9; 1.0)
no (0.0;0.1;0.1; 0.4) no |(0.0;0.1;0.1; 0.2) no | (0.0;0.1;0.1; 0.4)

DT C ISTL
n (O'i; (()))'85; 0.95; n (0.7:0.8:1.0;1.0) | n (0.4; 0.8: 1.0; 1.0)
no (0'%; 20)'15; 0.15; no | (0.00.0:02:03) | no | (0.0:0.0;:0.2: 0.6)

Tship

n (0.7;0.9;0.9; 1.0)
no (0.0; 0.1;0.1; 0.3)
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Tabmuus 3 — PesynbraT po3paxyHKy WMOBiIpHOCTEH y By3nax HeuiTkoi BM/] y mepimomy Bunamky

Bepuwunu Sp FS
HeqiT.Ke SHAHCHHA |5f (Sp="Hopma") = F~’f (FS =" ynryionanvro cmiiixuii™) =
HMOBIpHOCTI (0.46:0.83:0.97: 1.12) =(0.24; 0.86; 0.98; 1.45)
Hedazudikariiine o . ooy
SHAUCHHS P(Sp ="opiia") =0.9 P(FS ="gynxyionanoro cmivikun™) = 0.92
HMOBIPHOCTI

Tabnuus 4 — PesynbraT po3paxyHKy HMOBiIpHOCTEH y By3nax HeuiTkoi BM/l y npyromy Bunaaky

Bepuwiunu Sp FS
Heuirxe snauenns P, (Sp ="Hopma") = P, (FS =" ynryionamsho cmitiui") =
HAMOBIpHOCTI =(-0.34; 0.81; 0.93; 1.87)

=(0.11; 0.75; 0.87; 1.23)

Jedasudikariiiae P(Sp ="nopma") =0.81 P(FS =" gynryionarvno cmitikuii") =0.87
3HAYCHHS HMOBIPHOCTI

Sx BugHO 3 Tabnuii 3, WMOBIPHICTH TOTO, IIO 3aCi0 BOJHOTO TPAHCHOPTY € (DYHKIIIOHAIBHO
critikum P(FS =" gymruyionanno cmitikuii™) =0.92.

BignosimHo 10 Mertoauku Kateropuzamii  00’€KTiB KPUTHYHOI  1HQPACTPYKTYpH,
3aTBepKeHO1 octaHoBoro Kabinety MinicTpiB Ykpainu Big 09 sxoBtHS 2020 poky Ne 1109, s
nanoi kareropii kputumuHocti OKI (o ymMoBax eKCHEpMMEHTIB NpHUHHATA Mepiia KaTeropis
KPUTUYHOCTI), KPUTUYHUM 3HAYEHHSM HMOBIPHOCTI TOrO, IO 3aci0 BOJHOTO TPAHCIOPTY €
(bYHKIIOHAIBHO CTIMKUM BBaXKaeThCs BennurnHa He Menire Py, =0.9.

OCKiNbKH, 3TiTHO 3 MPOBEJICHUM EKCIEPUMEHTOM, PO3PaxyHKOBa BEIMYMHA HMOBIPHOCTI
P(FS ="dgynxyionanoro cmitikuii")=0.92 > P, , To B NepiioMy BHNAJIKy 3acCi0 BOJHOTO TPAHCIOPTY

MOXHa BB)KATH (DYHKITIOHAJILHO CTIHKHM.
PesynbpTat po3paxyHKy 3Ha4eHb HEUITKOI HMOBIPHOCTI BY3JIIB MEPEKI Y IPYTrOMY BUTIAIKY

npejcTaBiaeHi B Tabmuii 4, 3 sxoi BUAHO, o BenmunHa P(FS ="dynryionansno cmitikuii™) =0.87, o
menmre Hix P, =0.9. Omxke, y 1aHOMy pasi He MO’KHA BBAKaTH, 110 3aci0 BOJHOTO TPAHCHOPTY €

(yHKIIOHAIBHO CTIMKHUM.

OTpumaHi pe3yibTaTH YHMCIOBHUX PO3PaxXyHKIB JOOpE Y3rO/DKYIOThCS 3 MPAKTUYHUMHU
CUTyallIMU MPUNUHATTS pillleHb 3 3a0e3MeYeHHs] CTIMKOCTI KPUTUYHUX 00’ €KTIB, J0 SIKHX MOKHA
BIJTHECTHU 1 3aCO0M BOJHOTO TPAHCIOPTY. Y TMEPIIOMY BHUIMAIKY MOTOYHUNA €MOLIHHO-KOTHITUBHUN
cran OIIP, indopmariitHa Oe3meka Ta TEXHIYHUN CTaH OCHOBHHX CYJHOBHUX YCTaHOBOK 3aco0y 3
BHCOKOIO MMOBIpHICTIO Oyl B HOpMi. DyHKITIOHANbHA CTIHKICTh 3aC00Y BOJHOIO TPAHCIOPTY MpHU
TaKUX yMOBaxX BHSBWJIACH HAa JIOCTaTHROMY piBHI. Y Apyromy BHUMAIKy JEIIO ITiBUIINAIACH
HMOBIpHICTh Ha 4ac peakiii npuitHATTA pimieHs OIIP, mo npusBeno 10 3HWKEHHS (QyHKIIOHATbHIN
CTIAKOCTI 70 piBHS, MO0 BBa)XaTH — CYJHOBHUH 3aci0 € (yHKIIOHATHHO HECTIMKUM. Y IHOMY
BUIA/IKy HEOOXiJHE KOPUI'YBaHHS CTaHy HEraTHBHOTO BIUIMBY BiJamoBigHOro ¢axtopy Ha OIIP
BI/IMIOBI/THO JI0 1H)KEHEPHO-TICUXOJIOTIYHUX PEKOMEH IaIliil Ta BUMOT.

BucHoBku. BusHaueHO TMpiOpUTETHI HANpsAMH HAYKOBUX JOCTI[UKEHb Yy HamlpsMKy
PO3pOOKHM 1 BIPOBAKEHHSI METOIB 1 3ac00iB 1H(OpMaLIHHOT TEXHOJIOTII OLIHKA Ta MIATPUMKH
CTIMKOCTI 3ac00iB BOJHOTO TPAHCHIOPTY. Y MiACYMKY 3’5ICOBaHO, IO BAXXJIUBUMH aCIEKTaMU
YCHIIIHOTO BUPIIIEHHS NMUTaHb € 3a0e3MeYeHHs] BIAMOBOCTIMKOCTI Ta >KMBYYOCTI 3aco0y Ha 0asi
B3a€MOJIIi KOMIUJIEKCY TIOKa3HMKIB Oe3meKd poOOTH Ta TOKA3HMKIB JIIOACHKOIO UYWHHHKA, B
YIOpPaBIIiHHI 1 NPUHHATTI pillIeHb Ha KOXHOMY ii i€papxiuHoMmy piBHi. J[oBeaeHO, 1110 Ba)JIMBUM
aCIIeKTOM YCITIIHOTO 3aCTOCYBAaHHS JAHOTO METOJLy Ta PO3BUTOK TeOPii (PYHKIIOHAIBHOI CTIKOCTI
B LIUIOMY Ma€ IPyHTYBAaTHCh Ha CYYaCHHUX NPHUHIMMIAX TIOPHIHOTO IHTENEKTY — CHUMOIOTHYHOT
iHTerpanii (yHKIIIOHAIBHOCTEH MITYYHOTO Ta MPUPOIHOTO 1HTENEKTiB. Po3pobieHo inpopmaniiHo-
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JIOT1YHY MOJIENb Ta MPOBECHO EKCIEPTHY OILIHKY 3a CTYIEHEM BaXKIIMBOCTI KOMILIEKCY MOKa3HHUKIB
cTabimpbHOCTI 1 O€3MeKH, BHU3HAYEHO IIOKA3HUKHM 1H()OpPMAIifHO-KOTHITUBHUX I1apaMeTpiB
JFOJICBKOTO (haKkTopa, SIKI BIUTMBAIOTh Ha (DYHKIIIOHAJIBHY CTIHKICTH 3aC00y BOJHOTO TPAHCIIOPTY.
[TobynoBano HeuiTKy balieCOBCbKY Mepeky MdOBIpH, 3a JOIMOMOTOI0 SKOi Ha MiJCTaBl 3HaHb
€KCIIePTiB MPOBEJCHO KOMIUIEKCHY OIliHKY HMOBIPHOCTI CTaHIB (D)yHKIIOHAJILHOI CTIHKOCTI 3aC00Yy.
311HCHEHO MPaKTHUUHY peajtizallilo 3alpOrNOHOBAHOTO METOJy, OTPUMaHI pe3yJbTaTH MiATBEPIUIN
MPaKTUYHY I[IHHICTb, SIKa MOK€ OyTH BHKOPHCTaHA SIK JIJISl OI[IHKM Ta 3a0€3MeYeHHs] KOMIUIEKCHOT
(byHKIIOHANBHOT CTIMKOCTI, Tak 1 1yt moOynoBu agantoBanux CIIIP nns npuiiHATTS pereBaHTHUX
piiieHs 13 3a0e3neueHHs 0e3neKy Ta CTIMKOCTI 3ac00y BOJHOTO TPAHCIIOPTY.

IlepciekTHBH NOAAJBINMX AOCTIAKeHb. [lepCrieKTUBHUM HampsMOM  MOJAJIBLIMX
JOCTIPKEHb € po3po0Ka METO/IB Ta 3ac001B aJaNTUBHOI 1HPOPMAIIHHOI TEXHOJIOr], sIKa TOBUHHA
MaTH BJIACTUBICTH TMEPEHANAIITYBAaHHS MapaMeTpiB 1 3A1MCHIOBATH «IPUCTOCYBAHHS A0 3MiHH
BHYTPILIHIX 1 30BHIIIHIX YMOB po0OTH, 1110 3a0€31e4nuTh (PyHKIIOHAIbHY CTIHKICTh 3aC00y BOJHOTO
TPaHCHOPTY.
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Perederyi V., Borchik Eu. INFORMATION TECHNOLOGY FOR THE ASSESSMENT AND SUPPORT
OF FUNCTIONAL STABILITY OF WATER TRANSPORT VEHICLES

The article is devoted to the development of methods and information technology tools for assessing and
supporting the functional stability of water transport vehicles to ensure its fault tolerance and survivability
based on the interaction of a set of safety indicators and human factor indicators in control and decision-
making processes at each of its hierarchical levels. An analysis of research in the field of developing methods
and tools as well as their practical application for ensuring the stability of water transport vehicles has been
conducted. It has been revealed that currently, a promising direction of scientific research is the development
of methods, tools, and information technologies for assessing, monitoring and supporting both the technical
and safety states of water transport vehicles and the information and cognitive parameters of the human factor
in real time. It has been proven that an important aspect of the successful application of these methods is not
only their use in adaptive decision support systems (DSS) for making relevant safety decisions, but also the
development of a theory of functional stability, which should be based on modern principles of hybrid
intelligence — the symbiotic integration of the functionalities of artificial and natural intelligence. An
information-logical model has been developed, and an expert assessment has been carried out according to the
degree of importance of a set of stability and safety indicators characterizing fault tolerance and survivability,
and indicators of information-cognitive parameters of the human factor that affect the functional stability of a
water transport vehicle have been determined. Depending on the state of the specified indicators, a fuzzy
Bayesian trust network has been constructed, with the help of which, based on the knowledge of experts, a
comprehensive assessment of the probability of the functional stability states of the water transport vehicle has
been performed. The practical implementation of the proposed method has been carried out, the results
obtained have confirmed its practical value, which can be applied to assess and ensure the comprehensive
functional stability of the vehicle. A promising direction for further research is the development of methods and
tools for adaptive information technology, which should possess the capability to reconfigure parameters and
adaprt to changes in internal and external operating conditions to ensure the functional stability of water
transport vehicles.

Key words: information technology; decision support systems; functional stability; water transport;
information and cognitive parameters; hybrid intelligence; information and logical model; mathematical
model; human factor.
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Cmamms npucesiyena NpOEKMYBAHHIO CUCHEMU ABMOMAMUYHOSO KepYBaHHA ma Hagieayii 6e3nintomuux
AIMATLHUX anapamis 3 KOpeKyielo mpackmopii Ha OcHOGi Komn'tomephoco 30py. Pozenanymo apximexmypy
cucmemu MexHiyHo20 30py 0Jisl AGMOHOMHOT Hagieayii 8 ymosax eiocymuocmi GPS-cuenany, wo 6azyemocs na
8I3YAIbHOMY PDO3NI3HABAHHI HA3eMHUX OpIEHMUpie ma 0azamomoOanrbHOMY 31ummi OaHux 6i0 Kamep ma
iHepyianvrux Oaeauie. [lemanbHO npeOCMAsNieHo aneopumm GI3YanbHOI Haegieayii 3 GUKOPUCMIAHHAM
demexmopa 06'ckmie YOLOVS 0ns posniznasanusi Ki0408UX OpiCHMUpie micyegocmi ma ix 3icmaenenHs 3
EeMANoOHHOI0 MONOOCHOBOI0 MEMOOOM HauMeHwux keadpamie. Onucano memoou 006pobKu 8i3yanbHol
iH(hopmayii 6 peanvHomy waci Onsl 6USHAYEHHs NOJodceHHs ma opieumayii BIIJIA 6i0oHOCHO HazemHux
ob'exmis. Ilpoananizoéarno iHmezpayito cucmemu KOMN'IOMEPHO20 30pY 3 KOHMYPOM MOOENbHO20
NpeOUKMUBHO20 Kepy8aHHs Oa 3abe3nedeHHs MOYHOI KOpeKyii Mmpackmopii Ha OCHO8I Gi3yalbHUX
cnocmepedicerb. Ocobausy yeazy npuoiieHo anieopummam 3Mumms i3yaibHux ma iHepyiaibHux UMIPIOBAHD i3
BUKOPUCMAHHAM PO3uupeHux ma oescuionux ginempie Kaimana 0ns niosuwennsi pobacmuocmi Hagieayihoi
cucmemu. Hagedeni pezynomamu mMooeniogants ma eKCnepUMeHmaibHux 6Unpobysanb niomeepodlcyoms, wo
3aNpoNnoHOBana 2ibpudna cucmema, AKa NOeOHye Oemekyito Hazemuux opieumupie YOLOVE, OCR-
PO3NIZHABAHHS AOPeCHUX Mabaudox i snumms 0anux y ginempi Kaimana, 3a6e3neuye cmiiike nO3uyioHy8aHHs.
BIIJIA 3a 6éiocymnocmi GPS-cuenany 3 noxubkoro na pieni 10—15 m 6e3 naxonuuenwns opeugy. Inmeepayis
8i3yanbHoi Hagieayii 3 KOHMYPOM MOOENIbHO-NPEOUKMUBHO20 KEePYSaHHsL 3 NOOIEOI0 aKMUBAYIEID 00380JIE
SMEHWUMU OOYUCTIOBATIbHE HABAHMAJICEHH. HA 00pmoei pecypcu 0Oe3 NOCIPUleHHs AKOCMI KepySaHHs.
3anpononosani mexwiuni piuleHHs MOJNCYMb CY2Y8aAmMu OCHOB0I0 0.1 N0OYO08U POOACHUX HAGIeAYIHO-
kepysanvuux cucmem BIIJIA, opiecumosanux na s3acmocyeanns ¢ GNSS-06mednceHux MiCoKux ma maKmuyHux
CYeHapisx.

Knrouosi cnosa: 6esninomui nimanvni anapamu (BIIJIA); komn’tomepnutl 3ip;, Hagieayis 6 ymosax
siocymnocmi  GPS-cuenany;, moldenvne npeduxmugne Kepyeawus, a0AnMueHe KepPy8aHHs, CUCmeMd
asmomamuunozo kepysanns, YOLOVS; nasicayis 6e3 GPS; mexniunuil sip.

DOI: 10.33815/2313-4763.2025.2.31.077-089

Beryn. EBomronis 0e3mIOTHUX JIITAJbHUX amapariB MPOTATOM OCTAaHHBOTO JECATHUIITTS
XapaKTepU3y€EThCS TIEPEXOJIOM BiJl MPOCTUX AaBTOHOMHHUX CHUCTEM /O CKIIAIHHUX 1HTEJIEKTyaTbHUX
wiaThopM, 37aTHUX (yHKIIOHYBaTH B HemependadyyBaHMX Ta BOPOXKHX CEpelOBHINAX. AHaII3
nmyOmikamiifHoi akTHBHOCTI 3a mepion 2017-2025 pokiB JeMOHCTpY€ €KCIOHEHIaTbHEe 3POCTaHHS
JOCTiIKeHb y Tany3i cucteM kepyBaHHS BIUJIA, mpu npoMy HailOinbIl 1HTEHCUBHHM PO3BUTOK
CTIIOCTEpITaeThCsl B HAmpsMax IHTETpamii MITYYHOTO IHTENEKTY, KOMITIOTEPHOTO 30py Ta
po3noaiieHoro kepyBaHHs postMu [1]. Oco6auBO MOKa30BUM € 30UIbLIEHHS KUIBKOCTI MyOiKarii,
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MPUCBAYCHUX MOJICIEHOMY MPEIUKTHBHOMY KepyBaHHIO, i3 48 poliT y 2017 pomi mo monax 200
nocmimkenb y 2024-2025 pokax, mo BigoOpa)kae 3pOCTalouyuil iHTepec HAyKOBOi CHIIBHOTH O
METO/[IB ONTHMI3aliifHOTO KEPYBAaHHS B pEAIbHOMY Yaci.

Cyuacni BIIJIA crukaroThest 3 O€3MpEleICHTHUMHU  BHUKJIMKAMH, 3YMOBJICHUMU
po3mmpeHHsIM cdep 3acTOCyBaHHS BiJ KIACHYHOI aepoOTO3MOMKH [0 CKJIAJHUX MICil Yy
IYyCTO3aCEICHUX MICBKUX CEpeJOBHILNAX, ABTOHOMHOI TMOCaJKH Ha pyxoMi Iuathopmu,
JIOBFOTPUBAJIOTO MOHITOPHUHTY B EKCTPEMalbHHX IOTOJHMX YMOBAaX Ta KOOPAMHOBAHUX i y
ckiaai poiB. Kpurnunoro mpoOiemMoro € 3a0e3leueHHs HaBiraimii B yMOBaX BTpaTH PajliO3B's3Ky,
GPS-curnany abo mig 4Yac pamioeleKTPOHHOTO NPUIYMICHHS, IO OCOOJHMBO AaKTyajdbHO JUIS
BIICBKOBHX 3aCTOCYBaHb Ta OIEpalliil y CKIaJHUX €JIEKTPOMArHiTHUX cepeloBUIlax. TpamuiiiiiHi
[IJI-perynstopu BUSBISIOTHCS HEOCTATHIMH JJIsl TAKUX 3aCTOCYBaHb, /1€ HEOOXiIHO BpaxOBYBaTH
CKJIQJIH1 HEeJIIHIMHI TUHAMIKH, 9YaCO3MiHHI MapaMeTpH Ta MHOXKHHY JKepesa CEHCOpHOI iHdopmartii
onHodacHo. DyHIaMeHTaJbHA TMpo0JieMa TMOJArae y HEOOXIAHOCTI 3a0e3MedYeHHs] TOYHOCTI
BIJICTe)KEHHSI TPA€EKTOPii MPU HASBHOCTI 3HAYHOI IMapaMETPUYHOI HEBU3HAYCHOCTI, 30BHINIHIX
30ypeHb IHTEHCHBHICTIO 40 15 MeTpiB 3a CeKkyHIy, OOMEXEHOi MOTYXHOCTI OOPTOBHX
obuuncaoBadiB Ta BUMOT 110 eHeproedektuBHocTi. Ilepiom 2023-2025 pokiB XapaKTepU3y€EThCS
MPOPUBHUMH JOCSTHEHHSIMH B IHTErpalii CHCTEM TEXHIYHOTO 30py Ajs mo3uuitoBaHHs 6e3 GPS,
3aCTOCYBaHHI Cy4acHHX JeTekTopiB 00'ekTiB Tuiy YOLOVS8 Ta anropuTmiB rimOOKOro HaBYaHHS 3
MIJKPITUICHHSAM U1 aBTOHOMHOI HaBiramii [1, 2]. AKTyaJbHICTh JOCHIDKCHHS BH3HAYAETHCS
HEOOXITHICTIO CHUCTEMaTH3aIlii PO3Pi3HEHOTO0 MAacHBY HAYKOBHMX ITyOiKamii Ta (GopMyTFOBaHHS
pexoMeHaanid 1040 BHOOPY METOMOJOTIM KepyBaHHS 3aJ€KHO BiJ] XapaKTEPUCTUK Micil Ta
00MeXEeHb CUCTEMHU.

CrarTs cipsMOBaHa Ha BU3HAYCHHS aKTyaJlbHHUX BUKJIHKIB, ITOB’SA3aHUX 13 TApaMETPHUYHOIO
HEBHU3HAYEHICTIO, 30BHIMIHIMH 30ypEeHHSAMH Ta OOMEKCHHUMH OOYMCIIOBAIBHHUMHU PECypCcaMH, a
TaKOXX Ha (OPMYIIOBaHHSA PEKOMEHMAalid 1010 BHOOpPY e(eKTHBHUX METOJOJIOTIH KepyBaHHS
BITJIA 3anexHO BiJl XapaKTEPUCTHK Micli Ta TEXHIYHUX OOMEKEHb CHCTeMH. MeETOr CTaTTi €
cUcTeMaTH3alis Cy4YacHHX HAyKOBUX IMIAXOMIB /0O KepyBaHHS O€3MIJIOTHUMH JITaIbHUMHU
amaparaMd B yMOBaX 3pOCTaloyoi CKIQJAHOCTI cepeloBUlll (YHKIIOHYBaHHS, y3araabHEHHS
TEH/ICHIII PO3BUTKY IHTEICKTYaJIbHUX CHUCTEM HaBITalil Ta aHali3 METOMIB ONTHMIi3alliitHOTO,
Bi3yaJbHOTO i aBTOHOMHOTO KepyBaHHSI.

MeTtoro  JOCHiDKEHHST € po3poOJIeHHS Ta OOIpyHTYBaHHS TiOpHUIHOI  CHCTEMH
aBTOMaTUYHOTO KepyBaHHsS i HaBiramii BITJIA 3 kopekiiiero TpaekTopii Ha OCHOBI KOMIT FOTEPHOTO
30py, 34aTHOi 3a0e3nedyBaTH BHCOKY TOYHICTh IIO3WI[IOHYBaHHS B YMOBax BIJICYTHOCTI a0o
nerpanaiii GPS-curnamy. J{ns 10CATHEHHS METH MPOaHaT30BaHO Cy4YacHI MiTXO0IU 10 KepyBaHHS
ta Hapiramii BIJIA 1 ixHi oOuucirOBanbHI OOMEXKEHHS, CIIPOEKTOBAHO apXITEKTypy CHCTEMHU
TEXHIYHOTO 30py 3 BuKopucTaHHsIM YOLOVS8 Ta GaratoMomajabHOTO 3JUTTS JAAHUX, CHHTE30BaHO
riOpuIHy cUCTeMy KepyBaHHS Ha OCHOBI MOAETHHO-TIPEAMKTUBHOTO Ta aJallTUBHOTO PETYIIIOBAHHS
3 BI3yaJIbHOIO KOPEKINE, PO3pO0JICHO METOAMKY ITO3MIIIOHYBaHHS B MICBKOMY CEPEIOBHUIII HA
ocHoBi OCR-posmi3HaBaHHS aJpecHUX TaOJIMYOK 1 JIOKaJNbHOI 0a3u «ajapeca — KOOPAMHATHY, a
TaKOX TPOBEJCHO MOJICIIOBAHHS Ta E€KCIEPUMEHTAlbHI BUMPOOYBaHHS Ui KUIBKICHOI OIIIHKU
TOYHOCTI HaBiramii Ta eeKTUBHOCTI 3aIIPONOHOBAHUX PIllIEHb.

Orasin cyyacHux MertodiB kepyBanHsi Ta HaBiraumii BIIJIA. Cucremarusaiiis MeTOIIB
kepyBanHsi BIIJIA Bumarae po3ymiHHS (QyHIaMEHTaIbHUX XapaKTEPUCTHK 00'€KTa KepyBaHHS Ta
cnenudikid 3aBAaHb, MIO0 PO3BSI3yIOThCA. MareMaTMyHa MOJENb  KBaJAPOKONTEpa  SIK
HalimommpeHimoro TUIy MyJabTUpoTOopHOro BIIJIA BKIIOWae 12 mudepeHIiaTbHUX pIBHAHB
MEPILIOTO MOPSAKY, 1[0 OMUCYIOTh IWHAMIKY B TPUBUMIpHOMY MpocTOpi. OCHOBHOIO OCOOIUBICTIO €
HEIOBU3HAYEHICTh CUCTEMH, OCKUIBKH 6 CTYNEHIB CBOOOM KOHTPOJIOIOTHCS JIHIIE 4 HE3aIeKHIMU
KepyIUYMMH BIUIMBAMH, 1110 BUMarae KacKaJHUX CTPYKTYp 3 PO3JIJICHHSIM KOHTYPiB KEpyBaHHS
noJiokeHHsIM Ta opieHTtamiero [3]. Knacudikamis MeroniB KepyBaHHS 3a pPIBHEM CKJIQJHOCTI
JI03BOJISIE BUIUIMTH JIeKUTbKa KaTeropiid. JIiHINHI perymsTopu XapaKTepU3yIOThCS MPOCTOTOIO
pearmizanii Ta HU3PKUMH OOYHCITIOBAILHUMH BUMOramu mopsaky 1000-5000 omepamiii Ha TaxT,
OHAK 1X e(EeKTUBHICTh OOMEXY€ThCS BY3bKHUM Jiala30HOM poOOUMX pexuMiB. MopaenpHe
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MPSIUKTHBHE KEepyBaHHSA MOTpeOye pO3B'I3aHHA ONTHMI3AI[iHHUX 3a7a4  PO3MIPHICTIO BiJ
JEKITbKOX JECSITKIB JO0 COTeHb 3MIHHMX Ha KOXXHOMY Kpoui 3 dbactotor 10-100 repi, mio
€KBIBAJICHTHO BUKOHAHHIO MUJILHOHIB OTIEPAIliid 32 CEKYH/IY.

Heranpuuil ananiz myomikamiit 2024-2025 pokiB BUSBISE YITKUI TPeHJ A0 BUKOPHUCTAHHSA
riOpUIHUX TAXOIB, 10 KOMOIHYIOTh MTEPEeBark pizHUX MeTOAOINIOTIH [4]. THIIOBOIO € apXiTeKTypa 3
BukopuctanHsM MPC nans mimaHyBaHHS TPaeKTOpii Ha TOpU3OHTI 1-3 CeKyHIHW 3 HU3BKOIO
yacToTor0 OHOBNEHHS 10-20 repi Ta MBUAKUM BHYTPIIIHIM KOHTYpOM cTaOimi3alli Ha OCHOBI
aJlanTUBHOrO peryisaropa 3 yactotoro 100-500 repn. Event-triggered mMopnenbHe NpeauKTHBHE
KEpyBaHHs TIPEJICTaBIII€ I1HHOBAIIWHUK MAX1J 10 3MEHIIECHHS OOYHCIIOBAIBHOI CKJIATHOCTI
[UIIXOM BHOIPKOBOTO OHOBJIEHHSI KEPYIOUMX BIUIMBIB TUIBKM NPH BUHUKHEHHI 3HAYYIIUX 3MiH
ctany cucrteMu [2]. HocmimxenHs 2025 poky IeMOHCTPYIOTh MOXKJIMBICTh 3MEHIIEHHS KUIBKOCTI
BUKJIMKIB ONTUMI3aLiiHOrO po3B's3yBaua Ha 50—70 BiCOTKIB mpu 30epeKeHHI MOPIBHAHHOI SIKOCTI
KepyBaHHSI.

AnanTuBHE KEpPyBaHHS HA OCHOBI MOJEIbHO-pe(EepeHTHOro Miaxony 3abes3mneuye
aBTOMATHYHE HAJAIITYBAaHHS IapaMeTpiB peryisTopa Ajs KOMIEHcalli HEeB1IOMHUX ab0 3MIHHHUX
XapakTepucTuK o0'ekta. L1-amanTuBHEe KepyBaHHS NpEACTaBIsS€ AlNbTEPHATUBHUM MiAXiJ, IO
3a0e3nedyye IMBHUAKY aJanTaiilo Mpu 30€peKEeHHI BHUCOKOYACTOTHOI (IIbTpalii aganTHBHUX
curHaiiB [5]. 3acrocyBanHs L1-amanTUBHOrO KepyBaHHS [UIs MajlOPO3MIPHUX BEPTOJIBOTIB
JIEMOHCTPY€ 3MEHIIICHHSI TIOMUJIKH peryJitoBaHHs mBUakocTi 10 0.1-0.2 meTpa 3a CeKyHay HaBiTh
IIPU BITPOBUX HaBaHTAXKEHHAX 5—8 METPIB 3a CEKyHIY.

I'muboke HaBYaHHA 3 NIAKPIIUIEHHSM pPEBOJIIOLIOHIZYE MIAXOAM JI0 CHHTE3Y CHCTEM
kepyBanHs BIIJIA. Deep Q-Network Ta i#oro momudikamii 3acTOCOBYIOThCS M 3adad 3
JUCKpPETHUM IpoctopoM Aiil. Jlocmixenus 2025 poky npeactaBisitoTh apxitektypy Agile DQN,
IO IHTErpy€ MeXaHi3M yBaru Juid (OKyCyBaHHS Ha KPUTHYHUX Bi3yaJlbHUX O3HaKax,
LSTM-mepexy it 0OpoOKH TEMIOpaTbHHUX 3aJIKHOCTEH, JOCATal0dd Koe]ilieHTa yCIImHOCTI
noHaj 92 BIACOTKM B 3ajJayax TPUBHMIPHOIO YHUKHEHHs nepemkop [6]. Actor-Critic meToau,
Bimouatoun DDPG, TD3, SAC ta PPO, 1oMiHYIOTh Y 3aCTOCYBaHHSX 3 HENEPEPBHUM MPOCTOPOM
niidi. MeTonu OIiHIOBaHHS CTaHY BiJIrparOTh KPUTHYHY POJIb y 3a0e3IeueHHl SKOCTI KepyBaHHS.
Posmmpennit  ginerp Kanmmana 3amumiaeTbes  HAWOILIBII — MOMIMPEHUM  PIIICHHSIM IS
0araToMOJAJIBHOTO 3JIUTTS JaHWUX BiJl I1HEPIIIAJIBHUX JlaBadiB, MarHiTOMETpiB, OapoMeTpiB Ta
npuitmadiB GNSS, 3a0e3nedyroun TOYHICTH OILIHIOBaHHS ToJokeHHs mopsaky 0.1-0.5 merpa [9].
bescnigauit gineTp Kammana pemMoHCTpye mepeBary B CHCTEMax 3 CHJIBHOIO HEJIiHIWHICTIO,
3a0e3neuyroun 3MeHIIeHHs MOMHUIKY Ha 20—40 BiICOTKIB MOPIBHSHO 3 PO3IIMPEHUM (HiTBTPOM.

Cucrema aBromatuyHoro mizoryBaHHsi BIIJIA 3 BHKOpPHCTAHHSIM KOMI'IOTEPHOIO
30py. [HTerpariss cucTeM TEXHIYHOTO 30py AJISi MO3HIIIOBAHHS B YMOBax BiJICYTHOCTI CHTHAJIIB
GNSS Tta pamio3B'a3Ky € KPUTHYHO BaXXMBOIO Jyis aBTOHOMHOCTI BITJIA. HaitGinpm edexTuBHi
METOJM HaBiramii OCHOBaHi Ha TOPIBHAHHI eTajoHHOI iH(opMmarii 3 0a30l0 JaHUX BiIOMHX
HaBITamitHUX O00'€KTIB 31 CIIOCTEPEKHOIO CIICHOK B peajlbHOMY MacmTabi 4dacy. Po3pobGiena
crUcTeMa aBTOMAaTHMYHOTO MUIOTYBaHHs 3a0e3redye MOBHOLIHHE aBTOHOMHeE ympaBniHHS BITJIA
IUISIXOM BiJICTEKEHHSI HA36MHHUX OPIEHTHUPIB Ta 3ICTABJIICHHS T€OMETPHYHUX TapaMeTpiB 00'€KTIB
MICIIEBOCTI.

ArmapaTtHe 3a0e3MeueHHsT CUCTEMHU 0a3y€eThbcsl HAa Cy4acHUX OOpTOBUX KoMITioTepax 3 ARM-
npoiiecopaMu, 30kpema Ha tuiargopmax tuny NVIDIA Jetson Nano (puc. 1) 3 128-saepHum
rpadgiyauM npuckoproBadeM Maxwell Ta 4 rirabaiiTamMu oOnepaTHBHOI TMaM'ATi, 3 YacTOTOIO
onosiieHHs 10 50 repi [6]. KommakTHi po3mipu 69x45 miniMeTpiB Ta eHeprocnoxuBanns 5—10 Bat
poOsIATE 110 TIAaTGOPMY ONTHMAIBHUM BHOOpoM st manopo3MmipHux BIIJIA macoro 2-10
kimorpamiB. Ilporpamue 3a0e3meyeHHsS CKIANAETbCS 3 JBOX OCHOBHUX MOJYJIIB: TUIAHYBAaHHS
MOJILOTHOT'O 3aBJIaHHS Ta PO3PAXYHKY TPAEKTOPIT pyXy B MOJBOTI.

3acTocyBaHHs CydacHUX JeTeKTopiB 00'ekTiB Tumy YOLOVS Ta anroput™miB BiICTEKEHHS
DeepSORT mo3Bomsie AOCATTH TOYHOCTI Jiokamizaiii B Mexkax 0.3 mMeTpa HaBiTh IPU MIBUIKOCTSIX
pyxy mo 15 metpiB 3a cekynay. YOLOvVS mpezncrasisie ocraHHio itepamiro cimeiictea YOLO
JNETeKTOpiB, IO 3a0e3ledyye ONTUMadbHUIl OajaHC MK IBUAKICTIO OOpOOKM Ta TOYHICTIO
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NETeKTYBaHHS 00'ekTiB Ha Bimeomnorori. Apxirekrypa YOLOvV8 Bkirouae mokparieny backbone-
mepexy CSPDarknet, mogyns PANet nng arperauii o3HaK Ha pi3HUX PIBHSAX Ta ONTHUMI30BaHy
detection head ms kimacudikarii Ta gokasizamii 00'€KTiB.

[lnanyBaHHS MOJILOTHOTO 3aBIAHHS 3/IHCHIOETHCS 3aJaHHSIM OPIEHTHPIB TOMOOCHOBH Ta
napaMeTpiB MOJbOTY IO0A0 HHUX. Ha 1mpoMy eTami CKiIagaroTbes KpHUTEpii reHepaiizarmii pi3HHX
KOMITOHEHTIB JaHAmadTy Ta ix moain mo rpaxamisx. [Iporec BuaineHHS 00'€KTIB HA TOMOOCHOBI
Oe3nocepeIHbO TOB'sI3aHUH 3 11 CerMEHTAIIIE€r0, Pe3yIbTaTH SIKOi 3HAYHO BIUTMBAIOTH HA TOJATBIITUI
nporec aHami3zy 300paxkeHHs Ta ynpasimiHHS BIIJIA. Bci ropusoHTanbHI MOBEPXHI MPUB'SI3YIOTH
HAaWKOPOTIIMMH 3HIMAJTHHAUMH XOJaMH HE MEHIIE HiXK JIO TPhOX TOYOK 3 BUCOTHHMH BiIMiTKaMU
JUIA 3a0e3reuyeHHs HaJiliHo1 HaBiraii.

Pucynok 1 — NVIDIA Jetson Nano: 1 — cucrema 0X0J0IKEHHS, 2 — KOHTaKTH PO3LIUPEHHS,
3 — inaukarop xusnenns, 4 — USB-C, 5 — Gigabit Ethernet, 6 — USB 3.2, 7 — Display Port,
8 — po3’eM kuBIEHHS, 9 — P03’ €MH MIAKITIOUYESHHS KaMep

ITix wac 3amycky BIIJIA BinOyBaeThcst KanmiOpyBaHHSI MOYATKOBOI TOYKH MapuIpyTy 3
BUKOPUCTaHHAM 0araToMoAajgbHOrO 31UTTS AaHux Bij GPS-npuiimaua, iHepLianbHUX JaBayiB Ta
CHCTEMHU TexHiuHOro 30py. IIpoTsirom yciei TpaekTopii pyXy cucTeMa YIpaBIlliHHS aBTOMAaTHYHO
BIJICTEXXYE MO TOMOOCHOBI po3ramryBanHs BITJIA miomo 3a3manerinp 3a3HayeHUX OpIEHTUPIB. Y
MpoIieci MOJIbOTY BHKOHYETHCS Oe3nepepBHE 3ICTABICHHS CTPYKTYPOBAaHHMX KaJpiB MICHEBOCTI Ta
TONMOOCHOBU 3 4acToToro 10-30 repu 3amexHO BiA IIBUIKOCTI MOJBOTY Ta CKJIAJHOCTI CLEHH.
Inrerpamis 3 posmmpernm ¢ineTpom Kanmana 3a0esnedye pobacTHe 37IMTTS JaHUX BiJl CUCTEMHU
TEXHIYHOTO 30py 3 MOKa3aHHAMH 1HEpIaNbHHUX AaBadiB. DIIbTP OI[IHIOE MOBHHUI BEKTOp CTaHY
BIUTA, BKJIrOYaroyM MOJOXKEHHS, IIBUAKICTb, OPIEHTAIII0 Ta KyTOBY HIBHJIKICTb, 3 ypaXyBaHHSAM
IIyMiB BHMIpIOBaHb Ta MOXMOOK Moxeni. TumoBa dactora oHOBIeHHS ¢inbrpa ckiamae 100—200
repl, TOJI SK Bi3yaJibHi BHUMIpPIOBaHHS HaaXxoaaTh 3 yactororo 10-30 repu, mo BuMarae
ACHHXPOHHOT OOpPOOKHM PI3HOYACTOTHHX TOTOKIB JaHWX. KPUTHYHHM acleKToM € 3a0e3NeueHHs
poOaCTHOCTI CUCTEMH JI0 3MiH OCBITJICHHS, TOTOJJHUX YMOB Ta YaCTKOBHX OKJIII031i opieHTHpiB. [is
L[bOTO 3aCTOCOBYETHCS 1€PAPXIUYHMN MiJX1JA 3 BUKOPUCTAHHSIM MHOXKUHU OpPIEHTHUPIB PI3HOTO
Mmaciutady. KpynHomacmtaGHi opieHTHpH Ty OyJiBenb, JOPIT Ta BOJOWM 3a0e3nedyroTh rpyoy
OLIIHKY TMOJOXEHHS 3 TOYHICTIO 1-5 MeTpiB, TOHl AK ApiOHOMAacmITaOHI OPIEHTUPH J03BOJISIOTH
nocsarti TouHocTi 0.3—1 merp. CuctemMa aBTOMATUYHO MEPEMHUKAETHCS MK PI3SHUMHU Habopamu
OpIEHTHUPIB 3AJIEKHO BiJl iX BUAUMOCTI Ta HaIIMHOCTI JE€TEKTyBaHHS.

ExcniepumeHTanbHi JAOCHIKEHHSI IEMOHCTPYIOTh €()EeKTUBHICTh PO3pOOJIEHOI CHUCTEMHU B
pi3HOMaHITHUX yMoBaxX. [lonbOoTH B MICBKOMY CEpEIOBHINI 3 TyCTOH 3a0yJO0BOIO TOKAa3yIOTh
TOYHICTH yTpuMaHHs Tpaektopii 0.5-1.5 merpa npu nosHiil BiacytHocTi GPS-curnamy npotsrom
niepioaiB 0 5—10 xBUIMH. Y CITbCHKIN MICIIEBOCTI 3 MEHIIIOKO MIIJIBHICTIO XapaKTEPHUX OPIEHTHUPIB

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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TOYHICTb 3HIXKYEThCS 110 1-3 MeTpiB, OJHAK 3AIMIIAETHCS TPUHHATHOIO ISl  OLIBIIOCTI
3acTocyBaHb. KpUTHYHUM OOMEKEHHSM € HEOOXiIHICTh MOMEPEAHBOr0 KAPTYBAHHS MiCIIEBOCTI AJIs
(hopMyBaHHS TOOOCHOBH, III0 BUMArae JJOJaTKOBUX YaCOBUX BUTPAT HA MiATOTOBKY MiCii.
[TopiBHsNBHUI aHaNi3 pI3HUX METOJOJIOTIH KepyBaHHS 3 ypaxyBaHHSAM BHUMOI' JI0
OOYHCITIOBAIEHUX PECYpCiB, TOYHOCTI Ta aJanTHBHOCTI mpexactaBieHo y Tabmwmi 1. [ani
JEMOHCTPYIOTh, IO TiOpHAHI MiAXOJH, IO KOMOIHYIOTh MOJENbHE MPEIUKTUBHE KEepyBaHHS 3

CUCTEMaMH TEXHIYHOTO 30py,

3a0€3MevYy0Th ONTHMAJIbHUN OaslaHc

aBTOHOMHO] HaBirauii B yMoBax 0OMeXeHOi KOMYHIKallii.

Tabmuus 1 — [opiBHsUIBHUI aHAI3 OCHOBHUX METO0JI0T1H KepyBanHs BITJIA

XapaKTEPUCTUK IS

Tounicmo Obuucnrosanvna Yac Yacmoma .
Memooo- . . Ocnoeni
nocin KepyeaHHs CKlaoHicmo adan- | onoenennsa OcHnoeHi nepesazu oomescena
(nomunka, m) |(onepauiii/maxm) | mauii (c) (Tu)
M- He IIpocroTa peamizartii, Bi};ig;y:)?{
0.2-0.5 1000-5000 amanty- | 100-500 HU3bKi BUMOTH ][0 a
peryIATOpH . poboumx
€ThCS pecypciB .
PESIKUMIB
Tistiiise He Bucoxka To4HICTS, Bucoka
MPC 0.05-0.15 10°-10¢ amanty- | 10-100 BpaxyBaHHS o0urcIIoOBaNEHA
€TBCS 00MeEKEHD CKJIAIHICTh
Heminiiiae He Haiguima Toumicts, Jlyke BUCOKa
0.03-0.10 10%-107 ananrty- | 10-50 HIMPOKHIA Jiana3oH YKE B
MPC . CKJIAHICTh
€ThCS PESIKHMIB
ABTOMaTHYHA MoBibHa
MRAC 0.1-0.3 104-5%x10* 2-5 100-500 aJlarrranis .
. aJlarnrarnis
napameTpiB
L1- 0.1-0.2 10*-5x10* 052 |100-500 | LlIBwaaanamramis, | Cirajsime
aJlalTUBHE (binbTpariis urymis HaJIAITyBaHHS
Helipomep .
exese | 0.08-025 | 5x10-10° 13 |50-200 | AmpoKemMais Horpetye
MRAC HeiHIHHOCTEH HaBYaHHS
DRL 0.1-0.3 10%-5x10° 2;2?1211?-{ 50-200 EP;?TI;?BHiCTB EKEZI;HIISC;;HH
(PPO/SAC)| ™ ™ (HaB4aHHS) A ’ PanTy
HS y3araJbHEHHS Oe3nexn
TopuaHi s 1ne OnTuManbHICTh + Ckmagna
MPC+DRL 0.05-0.2 10*-10 1-2 10-100 a/IaNTUBHICTh inTerparis

AHaniz nmanmx TaOmumi 1 BHsIBISE YiTKI KOMIIPOMICHI CITIBBITHOIICHHS MK Pi3HUMHU
XapaKTepUCTHKAaMU cHucTeM KepyBaHHa. Heminiitne MPC nemMoHCTpye HaMBHILy TOYHICTh
kepyBaHHs 3 nmoMuiikoro 0.03—0.10 Merpa, ogHaK I TepeBara JOCATAETHCS IIHOK HAJI3BUYANHO
BUCOKHMX OOYMCITIOBANbHUX BUTpaT mopsaky 10°-107 omepaniii Ha Ttakt. g TOpiBHSHHSA,
aJanTuBHI cuctemMu tumy L1-amanTuBHOrO KepyBaHHA 3a0e3MeuyoTh NPUHATHY TouHicTh 0.1-0.2
MeTpa MPH O0YHCTIOBATFHUX BUTPATAX Ha JIBA MOPSIKA HUKYIUX, [0 POOUTH 1X MIPUBAOIUBUMU JJIsI
3aCTOCYBaHb 3 OOMEXEHHMMH OOYHMCIIOBAIBHUMHU pecypcaMu. BizyanbHe mpeicTaBlieHHs
CHIBBIIHOIIIEHHS TOYHOCTI PI3HUX METOJIOJIOTiH HaBeneHo Ha PucyHky 2.

I'padiuna Bizyamsamis Ha PucyHky 2 JAeMOHCTpye€ 3HAYHYy BapiaTUBHICTh TOYHOCTI
KepyBaHHS MDK MeTogonorisMu. OcoOlMBO TOMITHOIO € TiepeBara METO/AIB MOJEIBFHOrO
MPEAMKTUBHOTO KEPYBaHHS, ¢ cepeHs nmoMuiaka ctanoBUTh 0.065—0.10 meTpa 11s HemHIHHOTO Ta
JiHiiHOTO BapiaHTIiB BignoBigHo. ['i6puani migxoagn MPC+DRL 3aiimMaroTh MpOMiXKHY MO3UILIO 3
touHicTio 0.05—0.2 MeTpa, MOEAHYIOUM TIEpPEBaru ONTHMI3AlIMHOTO TUTAaHYBaHHS Ta aJIallTUBHOCTI
HaB4YeHUX moMTHK. Cucrema Bi3yanbHOI Hapiramii 3 MPC nemoHCTpye HaMOLMBIINI PO3KHI
nomuok Bix 0.3 g0 1.5 meTpa, 1110 NOSICHIOETHCS 3aJIEKHICTIO BiJl IKOCTI I€TEKTYBaHHS Bi3yalbHUX
OpIEHTHPIB T4 YMOB OCBITJICHHS.
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Momwunka (m)
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0.154

M CepejHe H Makcumym
Pucynoxk 2 — IlopiBHSHHS TOYHOCTI KEPYBaHHS
KpuTHuHUM acnekToM MPakTUYHOTO 3aCTOCYBAaHHS € CIIBBIIHOIIEHHS MiX JOCSTHYTOIO
TOYHICTIO Ta OOYHMCIIOBAIBHOIO CKJIAIHICTIO, OCKUIBKH OopToBi oOumcmoBaui BIIJIA wmaroTh
00MEXEeHY TOTYXHICTh Ta €HEprocrokuBaHHsA. KoOMIUIEKCHUN aHaii3 I[bOTO CIIBBIAHOIIECHHS 3

ypaxyBaHHSIM YacCTOTH OHOBJICHHS KEPYIOUMX CHUTHAIIB IpeACTaBlIeHO Ha PucyHky 3, me po3mip
MapKepiB BigoOpaxae TOCSKHY 4aCTOTY pOOOTH CUCTEMHU KEpyBaHHS.
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Pucynok 3 — ITopiBHSHHS TOYHOCTI Y BiIHOLIEHHI 0 OOYHCITIOBAIBHOI CKJIQJHOCTI MOJeTel
(Po3mip kpyskeuka BiJIIOBIIa€ YaCTOTI OHOBJICHHS (OUIBIINK = BHIIA YACTOTA))

PucyHok 3 BusiBISi€ HENIHIHHY 3aJIeXHICTh MK OOYHCIIOBAIBHOIO CKJIQJHICTIO Ta
JOCATHYTOIO TOYHICTIO KepyBaHHs. MeToau 3 HalBHIOI TOYHICTIO, Taki sk HeniHiiHe MPC 3
nommiikoro 0.065 meTpa, BUMararoTh 0OYMCIIIOBAIBHUX BUTpAT mopsiaky 10°7 omepariif Ha TakT
(logio = 6.74), mo obmexye yactory oHoBieHHs 10 10—-50 repr. HatomicTe aganTuBHI peryistopu
MRAC ta Ll1-agantuBHe KepyBaHHS 3 0OOUYMCITIOBAIIbHOIO CcKiaaHicTio 104-*® omepariii jocararoTh
gactotu 100-500 repu npu Tounocti 0.1-0.2 metpa. Oco0IMBO BaXIJIMBUM € pPO3TAllyBaHHS TOUKU
riopumaoro MPC+DRL, 1o geMoHCcTpye Maibke onTUMalbHe criBBigHOMEeHHsT ToyHOCTI (0.05-0.2
MeTpa Ta obuuciIoBalbHUX BUTpaT 10°-7* omepariif, 3abe3neuyroun yactoTy oHoieHHs 10-100
repu. s xoHdiryparis € HalOuIb nepcnekTuBHOO Ais cyyacHuX BIIJIA cepeanboro kiacy 3
6oproBumu kKomm'torepamu Ty NVIDIA Jetson.

JletanpHa Kkimacudikaris Bapiaiiid MOJEIbHOTO IPEIUKTUBHOTO KEPYyBaHHS MpECTaBIcHA Y
Tabmuui 2, mo no3Bossie oOpatu ontumansHui T MPC 3anexxHo Bif crierudiky micii.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Tabmuus 2 — Bapiatii MogenpHOTO petnKTUBHOTO KepyBaHHs it BITJIA

3menuiennsn
Topuszonm . ,
Tun RDOHOIVEd- Iinvosa gynxuin Tunoesi oouucnio- OcHosni
MPC P V6! VK 3acmocyeanus 6aIbHUX ocobnusocmi
HHA (KPOKig)
eumpam
Ksanpatnyna
. . . CranngaptHe . . . .
Jliniiine (BimxuneHHs Bif . bazoBuit Jlineapu3anis B OKOJI1
20-50 BiJCTEXXEHHSA .
MPC TpaexkTopii + P1BEHb TpaeKTopii
TPaEKTOPii
KEpYBaHH:)
Heni ArpecuBHi
Hilise 20-30 Ksagparuyna 3 MaHEBpH, IIUPOKUIA IToBHa HeniHiliHA
MPC HEJIHIMHOIO MOJEIUII0 | Alama3oH MOJENb TUHAMIKHA
IIBUAKOCTEH
Exono- e Makcnmizaris
. Minimizamisa . besnocepeans
MIYHE 30-60 TPUBAJIOCTI - L
CIIOXKMBAHHS CHEPTii ONTHMI3aIlisl eHepTii
MPC MOJIBOTY
30BHIIIIHIHN: . ..
Kackan JIBoxpiBHEBA 3 Hasgiramisa B . .
2040, N o Po3nineHHs KOHTYPIB
-He L PI3HMMH MacIITabaMu | CKJIAJHUX 20-30% .
BuyTpimmii: MTOJIOKEHHS/Opl€HTAITi T
MPC qacy CepeIOBHIIAX
10-20
Event- CrangaptHa Poi 3 oOMexxeHuMu OHOBJIIEHHS TiJIBKU
triggere | 20-50 P 50-70% .
d MPC KBaJ[paTHYHA pecypcamu MIPH 3HAYYIIUX 3MiHAX
Posmno- JlokanpHa Jliniitna OoMmin
) 15-40 . KepyBanns posmu .
nineHe onTuMizallisa + . MaciiTaOboBaHi | MPOrHO30BAHUMHU
(JToKaIBEHO) . 10-100 amapatiB .
MPC KOOpAMHALS CTh TPAEKTOPIIMU
Neural KBagparuyna 3 Cucremu 3 Iurerparis NN s
Networ | 10-30 HEHpPOMEpEKEBOIO HEBI1OMOIO - anmpoKCUMaIii
k MPC KOMIIEHCAIIIEI0 IIMHAMIKOIO MMOXUOOK MOJe

[opiBHsubHUI aHami3 Bapiauii MPC BusiBisie CyTT€EBI BIIMIHHOCTI y 3aCTOCOBHOCTI Pi3HUX
migxoniB. Event-triggered MPC 3a0e3nedye HaiO1IbIe 3MEHIICHHS! O0YHMCIIIOBAIbHUX BUTPAT HA
50-70 BiACOTKIB MOPIBHSHO 3 KJIACHUHUMH peai3allisiMH, IO JOCATAE€ThCS uepe3 BUOIpPKOBE
OHOBJICHHSI KEPYIOUMX BIUIMBIB TUIBKM NPW BUHUKHEHHI 3HAYYIIWX BiIXWJIEHb BiJ 3aIJIAHOBAHOI
Tpaektopii. Lle poOuthk manuit miaxix ontuMmanbHuM Ut poiB BITJIA 3 oOmexxeHuMH OOpTOBUMHU
oOuncmoBauamMu. Posnoaiuiene MPC  neMoHcTpye JiHIMHY MacHITaOOBaHICTh, J03BOJISIOUU
KOOpP/IMHAIIIO AECATKIB Ta COTEHb anapaTiB yepe3 0OOMiH JIOKAJIIbHO ONTHMI30BaHUMH TPAEKTOPISIMU
Mixk cycigHimu BITJIA B paaiyci komyHikanii 20—50 metpis.
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Pucynox 4 — INopiBasHHS Bapiamiit MPC
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Bisyamizamist Ha PucyHKy 4 UIFOCTpy€ KOMIIPOMICHI CIIBBITHOIICHHS MiX TOPHU30HTOM
MIPOTHO3YBAHHSA Ta JOCSTHYTHM 3MEHIIICHHSIM O0YMCIIOBAIbHUX BUTPAT Ui pi3HUX Bapiatiit MPC.
Exonomiune MPC BukopucTOBYyE HaWIOBIIMI TOPH3OHT mNporHodyBanHs 30-60 KpokiB s
ONTUMI3allil EHEeProcloXKMBAaHHSI Ha TpHUBaIUX I1HTepBaiax, Toal sk Neural Network MPC
oomexyerbesi 10-30 kpokamMu uepe3 BHCOKY CKIQJHICTh OOYHMCIICHHS HeHpoMepeKeBol
KOMIIeHcallii Ha koxxHoMYy Kpoii. Event-triggered ta posnoainene MPC 3abe3neuyroTs HalKparii
MOKAa3HUKHU 3MEHIICHHS 00YuCIoBaIbHUX BUTpAT 50—70 BinCOTKIB Ta JiHIMHY MacimiTaboBaHICTh
BIJIIOBIIHO, 110 POOUTH 1X HAMOLIBII NEPCIEKTUBHUMHU JJI MPAKTUYHUX 3aCTOCYBAaHb y CKIIAIHHUX
cuenapisix 3 MHOUHOIO BIIJIA. Pe3ynpraté ekcriepuMEHTaIbHHUX TOCTIKEHb MiATBEPIKYIOTh
TEOPETHYHI IepeadadeHHs moA0 ePeKTUBHOCTI TiOpuaHux miaxomiB. [loaboTHI BUIIPOOYBaHHS
cucreMu BizyanbHoi Hairanii 3 MPC na kBaapokontepi DJI Matrice 300 RTK B ymoBax MicbKOTO
cepenoBuINa 31 MTy4HUM MpuaymieHHaM GPS-curnamy neMOHCTPYIOTH CTaOlUIbHE YTpUMaHHS
TpaekTopii MpoTsAroM 8—12 XBUIMH O€3MEePEPBHOTO MOIBOTY 3 CEPEAHBOKBAIPATHUHOIO TTOMUIIKOIO
0.8 merpa. IlopiBHsiHO 3 0a30BOI0 CHCTEMOIO Ha OCHOBI TUIBKM IHEpIIAJbHOI HaBiraimii, o
Hakormuye npeiid no 50-100 merpiB 3a aHaNOTiYHMIA Mepioa, po3pobiieHa cucTema 3ade3neuye
MOKpAIIEHHs! TOYHOCTI Ha MOPSAOK BenuunHU. KpuTuuHuM (akTopoMm € MIIbHICTh XapaKTepHUX
Bi3yaJIbHUX OpPIEHTHUPIB Y poOO0Uiil 30Hi, 110 MAa€ CTAHOBUTH HE MeHIIEe 3—5 10o0pe po3pi3HIOBaHUX
00'eKTIB Ha KaJIp KaMepH )1 3a0e3MeUeHHs HaJiiHOT JIOKaTi3aIlii.

Y po6oTi po3TIsSHYTO eKCIepUMEeHTanbHUI miaxin g0 Hasiramii BIUIA B miuibHIA MiChKil
3a0y70B1 3a BigcyTHOCTi HaniiHOro GPS-curHamy, Koim TpaauIliiiHi CYIMyTHHKOBI 3acoOu
MO3MIIOHYBAaHHS YaCTKOBO ab0 MOBHICTIO HeAocTymHi. OCHOBHUMH 30BHIIIHIMU OpPI€EHTHpPAMHU B
TaKOMY BHIAJIKy BUCTYMAIOTh aIpecH TaOJMuku Ha dacagax OyaiBens, Kl MICTATb Ha3BU BYJIHUIIb 1
HOMEpH OYIHMHKIB Ta € CTATHYHUMHU, JOOpE JIOKAII30BaHUMH 00’ €KTaMU MICBbKOi iHPPACTPYKTYpH.
Ha 6opty anapara peanizoBaHo MOAyJb KoMIT toTepHOoro 30py 3 OCR, mo Buaisise Ha BiI€ONOTOII
TEKCTOBI ()parMeHTH, PO3Ii3HAE iX SIK a[pecy Ta 3iCTaBIISAE 3 3a3/1aJIEri(b MIATOTOBICHOW ONnboard-
0a3010 BIAMOBIAHOCTEH «aapeca — KOOPAWHATH», CHOPMOBAHOK HA OCHOBI T'€OJIOKAIIMHUX
cepiciB. OTpuMaHi 300paXeHHs BYJIUIb TAKUM YHHOM TIEPETBOPIOIOTHCS Ha TOBHOIIHHI
HaBITaIliiiHI BUMIPIOBAaHHS, JI€ KOXKHE YCITIIIIHE PO3IMi3HABAHHS aJpPECH Ja€ OIIHKY MOTOYHOTO
nonoxkeHHs BITJIA BiZHOCHO KOHKpeTHOi Oy[iBii, a pe3yJibTaTH IHTETPYIOTHCA 3 1HEPIiaTbHOIO
HaBiramiero 3a gomomoror ¢inpTpa Kanmana. Ilepiomnuni Bi3yasibHI KOPEKIli J03BOJISIOTH
KOMIICHCYBAaTH HAaKOMMMYCHUH Apeil] 1HEepIiIHOT cCUCTEMH 1 yTPUMYBATH MOMMIIKY TTO3UI[IOHYBaHHS
Ha cTabiIbHO HU3LKOMY PiBHI IMIPOTATOM YChOTO MOJLOTY. Y MIJACYMKY HaBiTh 32 ITOBHOTO TTYIIIHHS
abo cyTTeBOi jaerpanaiiii CyMyTHHKOBHX CHCTEM O3MUIOTHHK 30epirae 37aTHICTH HaaiifHO
BIJICTE)KYBaTH BIIACHY TPAEKTOPII0 Ta BUKOHYBAaTH 3aJady, CIMPAIOYHUCh BUKIIOYHO HA TMAcHBHI
Bi3yaJIbHi OPIEHTHUPU MICHKOTO CEpEeIOBHINA.

®inbTp Kanmana H Bnok

NO3ULiOHYBaHHA

BukoHasui
MexaHismu BIMJA

Bnok reHepauii
KepyHunx curHanis

———>| MPC-kontponep |——>

IMU

OCR-moaynb
po3ni3HaBaHHA Basa paHux
appec H ‘appeca-GPS

KoopauHara'

CeHcopu: Kamepa,

Pucynok 5 — Cxema cucteMu pe3epBHOTO MO3UIIOHYBaHHS

PucyHok 5 imoctpye npoekt riopuanoi cucremu kepyBanHs BIIJIA, mo noennye momayinb
KOMIT'IOTEPHOTO 30py Ta MOJAEIbHO-TIpeAUKTHBHE KepyBaHHsA. Kamepa ta IMU ¢dopmyroTs moTik
CCHCOPHHUX JaHMX, Je¢ 300paxkeHHS HamxomaTh jJo OCR-Momyns mis posmi3HaBaHHS aJpeCHHX
TaOJIMYOK, a IHEpUiiHI BHUMIpPIOBAaHHS — JO HaBiramiiiHoro ¢ineTpa. Posmi3HaHi anpecu
3ICTaBJISIOTHCS 3 JIOKAJIBHOIO 0a3010 BIAMOBIIHOCTEH «ajpeca — KOOPAWMHATHY, 3aBISIKA YOMY
cucreMa OTpUMye aOCONIOTHI mompaBku 10 monoxkeHHs BIIJIA. ®inptp Kanmana o06’ennye
IHepIiiHI Ta Bi3yallbHI BHMIPIOBaHHS W (OpMy€ IOTOYHY OIIHKY CTaHy, SIKY BHUKOPHUCTOBYE

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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MPC-xontposnep. Ha ocHoBi mi€i ominku ta 3amanoi tpaekropii MPC (y mozmieBomy pexumi)
00YHCITIOE ONITUMANBHI Kepytoui aii. J{ami 6ok reHepaiiii KoMaHa NepEeTBOPIOE X Y HU3bKOPIBHEBI
CUTHAJIN JIJIsl BAKOHABYMX MEXaHi3MiB (MOTOPIB i CEpBONPUBO/IIB), IO 3MiHIOIOTE pyX BITJIA.

id address_ua address_en lat lon json_data
1 Neci Ykpainku 1, IBaH-@PpaHkiscbk, YkpaiHa  Lesi Ukrainky 1, lvano-Frankivsk, Ukraine  48.9216  24.7095
2 INeci Ykpainku 2, IaH-@paHkiscbk, YkpaiHa  Lesi Ukrainky 2, lvano-Frankivsk, Ukraine  48.92162 24.70958

INeci ¥Ykpainku 3, IBaH-PpaHkiscek, YkpaiHa  Lesi Ukrainky 3, lvano-Frankivsk, Ukraine  48.92164 24.70966
e YKt .l opsceoe Yepals Lol Unriny 5 e rarkive UNnG  [.52166 (25 20505 | aLov |
Neci YkpaiHku 5, IBaH-@paHkiscbk, YkpaiHa  Lesi Ukrainky 5, lvano-Frankivsk, Ukraine  48.92168 24.70982
Neci ¥Ykpainku 6, IaH-PpaHkiscek, YkpaiHa  Lesi Ukrainky 6, lvano-Frankivsk, Ukraine  48.9217  24.7099
Neci Ykpainku 7, IBaH-PpaHkiscbk, YKpaiHa Lesi Ukrainky 7, lvano-Frankivsk, Ukraine  48.92172 24.70998
Neci Ykpainku 8, IBaH-@paHkiscbk, YkpaiHa  Lesi Ukrainky 8, lvano-Frankivsk, Ukraine  48.92174 24.71006
9 INeci Ykpainku 9, IBaH-@paHkiscek, YkpaiHa  Lesi Ukrainky 9, lvano-Frankivsk, Ukraine  48.92176 24.71014
10 Neci Ykpainkn 10, IBaH-®paHkisebk, YkpaiHa Lesi Ukrainky 10, lvano-Frankivsk, Ukraine 48.92178 24.71022
1 Neci Ykpainku 11, IsaH-®paHkiBebk, YkpaiHa Lesi Ukrainky 11, Ivano-Frankivsk, Ukraine 48.9218  24.7103
12 Neci Ykpainku 12, IBaH-®pankisebk, YkpaiHa Lesi Ukrainky 12, lvano-Frankivsk, Ukraine 48.92182 24.71038
13 Ieci ¥Ykpainku 13, Isan-®pankiscbk, YkpaiHa Lesi Ukrainky 13, Ivano-Frankivsk, Ukraine 48.92184 24.71046
14 Neci Ykpainku 14, IBaH-Ppankiscbk, YkpaiHa Lesi Ukrainky 14, lvano-Frankivsk, Ukraine 48.92186 24.71054
15 Neci Ykpainku 15, IBaH-®pankisebk, YkpaiHa Lesi Ukrainky 15, lvano-Frankivsk, Ukraine 48.92188 24.71062
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Pucynok 6 — 300pakeHHs 0a3u JaHUX 31 CIIBBITHOMICHHSIMH apec 10 KOOPAHHAT

Jis  Bamijamii  3amporoOHOBAaHOrO  miAxoay Oyio  chopMOBaHO JIOKajdbHY 0azy
BIJIOBIAHOCTEN «ajpeca — reorpadiydi KoopauHaTH» Uil GparmeHTa Micta IBaHO-DpaHKIBCHK,
Vkpaina. Ha puc. 6 HaBeneHo ¢parmeHT wiei 0a3u JHaHUX, y SKIiH A8 KOXXHOTO 00’€KTa
30epiraroThcsi ~ TEKCTOBI  TOJAHHS  agpecd  yKpaiHChKOIO  Ta  aHTJIHCHKOID  MOBAaMH
(address_ua, address_en), mmpora ta gosrota (lat, lon), a takoxx mose json_data s 30epiranHs
posmupeHoi ciyk6o0Boi 1H(opmarii. Ilig yac momepeaHpoi 00pOOKM aapecu HOPMATI3YIOTHCS
(emuHi CKOpOYEHHs, (opMmar 3amucy, KOIyBaHHA), 110 3a0e3ledye OAHO3HAUHICTh KIIoYa MpHU
Mo/1ajIbIIOMY MOIIYKY 3a pe3yiabTaramu OCR.

JlxepenoM KOOpAMHAT CIYTyIOTh T€OJIOKAlliifHI cepBicM (30KpemMa, Ha OCHOBI JaHMX
OpenStreetMap). Ha puc. 7 mokazano npukian JSON-Bigmosiai ais 3anuty 3a agpecoro «Lesi
Ukrainky Street, 4, lvano-Frankivsk, Ukraine». ¥V ctpykTypi BiAIOBiIi NPHUCYTHI MOBHI PEKBI3UTH
00’exTa (kpaiHa, 001acTh, MICTO, OIITOBH 1HJEKC, HA3Ba BYJIHIIl, HOMEp OYJUHKY), @ TAKOXK TOYH1
IIMpOTa Ta JIOBrota OyniBmi. TakuM 4WHOM (POPMYEThCS Y3roJKeHa TaOJHIsL, /e KOXKEH 3aruc
MICTUTH SIK JTFOAMHO3PO3YMLITY aJpecy, TaK 1 ii YUCIIOBE MOJaHHs B II100abHIN cucTeMi KOOpAUHAT.

v results:
v @:
v datasource:

sourcename: "openstreetmap"
attribution: "© OpenStreetMap contributors”
license: "Open Database License"
url: "https://www.openstreetmap.org/copyright"

country: "Ukraine"

country_code: "ua"

state: "Ivano-Frankivsk Oblast"

city: "Ivano-Frankivsk"

municipality: "Ivano-Frankivsk Urban Hromada"

postcode: "76010"

district: "Ivano-Frankivsk Raion"

suburb: "KHArUHUH"

street: "Lesi Ukrainky Street"

housenumber: "4"

i503166_2: "UA-26"

lon: 24.71006976536578

lat: 48.9216079

result_type: "building"

formatted: "Lesi Ukrainky Street, 4, Kuarudud, Ivano-Frankivsk, 76018,
Ukraine"

address_linel: "Lesi Ukrainky Street, 4"
address_line2: "KuaruuuH, Ivano-Frankivsk, 76010, Ukraine"
category: "building.commercial"

Pucynok 7 — @parmMeHT AETaNbHOTO ONUCY aApecu
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m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

VY MmoibOTHOMY €KCIepuMeHTI sl 0a3za IaHWX 3aBaHTaxyeTbcs Ha O00pt BIJIA y Burmsmi
KOMITAaKTHOTO Kemry B mam’sti. Jlns 3a0e3nedeHHs MaKCUMaibHOI IIBUAKOAII Ha OopTy
BUKOpHCTOBY€EThCS He persitiiina CYB/], a BucokomBuakicHe in-memory cxosuiie tuiy Redis: miz
gyac migroropuoro eramy Bci 3amucu 3 MySQL mepenocsathes B Redis y Burmsai map
«HOpMAJIi30BaHUI TEKCT agpecu — CTPYKTypa 3 KOOpAWHATaMU Ta CIyXO00BHUMHU moisimMu». Lle
JI03BOJIsIE BAKOHYBATH ITIOIIYK 3a KitoueM Ta Heuitki 3amuth (fuzzy search) y cepemaromy 3a O(1)
Yac HaBiTh NPH BEJHKii KUIBKOCTI ajpec.

L PO

Pucynok 8 — Ilpuknan kagpy 3 po3mizHaBaHHSIM TEKCTY

Ha puc. 8 naBeneno tunosuii kaap 3 kamepu BIIJIA mixg yac mponboTy Han Bynuuero Jleci
VYkpainku. Moysb KOMIT FOTEPHOTO 30py BUUIAE HAa 300pakeHH1 KaHAWIATH Ha TEKCT 1 mepenae ix
1o OCR-monymsi. Ha xaapi oqHOYacHO MPUCYTHS MIJIbOBA aJpecHa Tadinuka «Byil. Jleci Ykpainku
4» Tta npyropsaai Hanucu «I11-2» 1 «SABw». Ilicnst po3mizHaBaHHA cUCTEMa BiACIKAE PSAAKH, 110 HE
CXO’I Ha aJipecH, HOpMaJi3ye TeKCT (PO3ropTaHHS CKOPOYEHB, IPUBEICHHS 0 €IHMHOTO (hopMmarty,
J0JIaBaHHs MicTa i KpaiHH) 1 OTpUMY€E KJII0Y, KUl 301raeThCs 3 3aMiCOM Yy JIOKaIbHii 6a3i «aapeca
— KoopaMHaTH». 3a MM KirodeM y Redis 3HaxomsaThes koopauHatu OyniBii, KOOpIWHATH
MIEPETBOPIOIOTHCS Y JIOKAJIbHY METPUUYHY CHCTeMY, (OPMYIOThCS K HaBirauiiiHe BUMIPIOBaHHS 1
nojatoThest 10 ¢inbrpa Kanmana. @inetp xopurye cran BIIJIA Ta xommencye apeitd iHepiitHol
HaBiramii, a SBHO HEKOHCHUCTEHTHI BUMIipIOBaHHsA Binkumac. OHOBJIEHA OIlIHKA ITOJOKEHHS
HA/IXOJUTh Y MOJICIbHO-TTPETUKTUBHIIA KOHTPOJIEP, KU y pa3i CyTT€BOI KOpPEKIii MO3MIii 1HiIit0e
MOJIIEBUM TepepaxyHOK TPaeKTOpii. Y pO3MISHYTOMY HpPUKIIAAI KOPUCHUM € JIMIIE HAIUC «BYIL
Jleci Ykpainku 4», tomi sik «I1-2» 1 «SIB» ycmimHO BiadiabTpOBYIOTECS 1 HE BIUIMBAIOTH HA
HaBIraIro.

ExcniepumenTanbHi BUITPOOYyBaHHS MOKa3alH, 1110 HaBiTh 3a moBHOI BigcyTHOCTI GPS BITJIA
3/1aT€H BIIEBHEHO OPIEHTYBATHUCS, BUKOPHCTOBYIOYHM aJpecHI TaONMUYKH SK Bi3yaldbHI MasKH.
JlocsiTHyTa TOYHICTh Ha piBHI O61au3pk0 10—15 M moctaTHs Ui IPOJIBOTY 3a 3alaHUM MapIIpyTOM
BYJIMIISIMH, a TIOXHMOKa HE HAKOMHUYYEThCS 3 YAaCOM, OCKIJIbKM KOXKHE HOBE PO3Mi3HaBaHHS ajpecu
ckuaae apeild iHepuiHoi cucremu. Iliaxin 3HMKY€E 3aJeKHICTh BiJl CYNyTHHKOBOi HaBiramii Ta
POOHTH CHCTEMY MEHII BPA3JIMBOIO JIO TUIYIIIHHS, CIIMPAIOYHCh Ha TTACHBHY KaMepy W y)Ke HasBHY
MICBKY 1H(pacTpyKTypy, 06e3 morpeOu B crenialbHuX Maskax. OOMeXeHHSMHU € HEeOoOXiJHICTh
BIJITHOCHO HEBEJIMKOi BUCOTH TOJIbOTY ¥ HAsSBHICTH JOCTATHHOI KITLKOCTI YNTAOETHHUX TaOIUYOK,
OJTHAK y THUIIOBOMY MICbKOMY CEpEeJOBHINI Ile HE 3aBaka€ CTaOUIbHIA poOOTI, L0 J03BOJISE
posrisgaty OCR-HaBiramiro 3a agpecaMu SIK NEPCIEKTUBHY PE3€pBHY CHCTEMY IO3WIIOHYBAHHS
BIUIA.

BucHoBku. AHa3 CydacHHUX JOCTIDKEHb JAEMOHCTPYE 3HA4YHY E€BOJIIOIIIO METOJIB
kepyBanHsi BITJIA B Gik iHTerpamii KOMIT IOTEPHOTO 30py, 0araTOMOJalIbHOTO 3JIUTTS JAaHUX Ta
riOpUIHUX apXITEKTYyp KepyBaHHs. Y poOOTI 3aIIPOIIOHOBAHO Ta OMKUCAHO CHCTEMY aBTOMATHYHOTO

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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MUTOTYBaHHS, MO0 ToenHye nerekrop o0’ektiB YOLOVS, wnapiramiitnmii ¢inetp Kammana ta
MO/JIEIbHO-TIPEIUKTUBHE KEPyBaHHS 3 MOI€BOIO0 aKTUBAIlI€l0. Y TECTOBUX CLIEHApisAX HaBiramii 3a
HazeMHUMH opieHTHpamMu 0e3 GPS ns cucrema 3a0e3nedye yTpUMaHHS TPAEKTOPIi 3 TOUYHICTIO
6mm3bko 0.3—1.5 M, a Bukopucrtanus event-triggered MPC 103BoJ1sie 3MEHITUTH KiTbKICTh BUKIIUKIB
onTuMizaiiitHoro po3s’s3yBada Ha 50-70 % TMOPIBHSIHO 3 YacO-TPUTEPHOIO peali3alli€lo 3a
30epekeHHsT SKOCTI KepyBaHHS. JlomaTkoBo mokazaHo, mo 3amydeHHs OCR-po3mizHaBaHHA
aZpecHNX TaOJWYOK Ta JIOKAJbHOI Oa3W BIJAMOBIIHOCTEH «ajpeca — KOOpAUHATH» 3a0e3leuye
rinobanbHe no3unionyBanHs BIIJIA B micbkoMy cepenoBuili 3 moxuOkoro Ha piBHi 10—15 M Oe3
HAKOTIMYCHHS Apei(y Ha MPOTHKHUX JUITHKAX MapIIPYTY.

OTtpumani pe3ysapTaTd MiATBEPAXKYIOTh JOLLIBHICTH NEPEXOAy BiJl CYTO iHEpLiadbHUX a0o
GPS-opieHTOBaHMX CXe€M O TiOpWIHUX CHUCTEM, Yy SKHX Bi3yaJbHI OpIEHTHPH Ta IIO/II€BO
aktuBoBaHe MPC miaBuimlytoTh pobOacTHICTH HaBiramii B yMoOBax JAerpajamii CymyTHHKOBHX
CUTHAIIIB 1 0OMEKEHUX O0YMCITIOBAILHUX PECYPCIB.

IlepcieKTUBHMMHM HanpsAMaMU MOAAJbIIMX JOCTGKEHb € iHTerpauis (i3uuHO-
1H(GOpPMOBaHUX HEMPOHHUX MEPEX y KOHTYp HaBiraimii Ta HNpOrHO3yBaHHS 30ypeHb, (hopMmaibHa
Bepu(dikaiss TIOpUIHMX apXITEKTyp KepyBaHHS s KPUTUYHHUX 3aCTOCYBaHb, a TaKOX
pO3po0JIeHHS CTaHIAPTU30BAHNX OCHUMAPKIB 1 TECTOBHX MOJITOHIB ISl 00’ €EKTUBHOTO MOPIBHIHHS
metoniB Hapiraiii BITJIA B8 GNSS-o0MexeHnx Ta TMHAMIYHO 3MIHHUX CIIEHAPIsX.
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Ushkarenko O., Diakonov O., Obrubov A., Sirivchuk A., Bilyuk I. DESIGN OF AN AUTOMATIC
CONTROL AND NAVIGATION SYSTEM FOR UAVs WITH COMPUTER-VISION-BASED
CORRECTION

Abstract. The article is devoted to the design of an automatic control and navigation system for unmanned
aerial vehicles (UAVs) with trajectory correction based on computer vision. The architecture of a machine-
vision system for autonomous navigation under GPS-denied conditions is considered. It is based on visual
recognition of ground landmarks and multimodal data fusion from cameras and inertial sensors. The visual
navigation algorithm employing the YOLOV8 object detector for recognizing key terrain landmarks and
matching them with a reference topographic base map using the least-squares method is presented in detail.
Methods of real-time visual data processing for determining the UAV position and orientation relative to
ground objects are described. The integration of the computer-vision system with a model predictive control
loop is analyzed in order to provide accurate trajectory correction based on visual observations. Special
attention is paid to algorithms for fusing visual and inertial measurements using extended and unscented
Kalman filters which improve the robustness of the navigation system. The presented simulation and
experimental results confirm that the proposed hybrid system, which combines YOLOv8-based ground
landmark detection, optical character recognition (OCR) of address plates, and data fusion in a Kalman filter,
provides stable UAV positioning in the absence of a GPS signal with an error of about 10-15 m, without drift
accumulation. The integration of visual navigation with a model predictive control loop with event-based
activation makes it possible to reduce the computational load on onboard resources without degrading control
quality. The proposed technical solutions can serve as a basis for building robust UAV navigation and control
systems intended for use in GNSS-constrained urban and tactical scenarios.

Key words: unmanned aerial vehicles (UAVS); computer vision; GPS-denied navigation; model predictive
control; adaptive control; automatic control system; YOLOv8; GPS-denied navigation; machine vision.
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MODEL OF THE TRAFFIC FLOW MANAGEMENT SYSTEM
OF TWO INTERCONNECTED INTERSECTIONS
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The article presents the development of a model of a traffic flow control system for two consecutively located
controlled intersections of an urban street and road network based on a discrete-cellular approach. The study
is aimed at ensuring such a control mode in which a formed group of vehicles approaching the first
intersection, after turning on the permitted signal, can overcome the second intersection without stopping also
at the permitted signal. The model takes into account the width of the intersections, the distance between them,
the number of vehicles in the group, their speed of movement and the logic of changing traffic light phases. The
time dependencies for each vehicle within the group are analyzed and generalized formulas for determining
the durations of the permitted and prohibited phases for both intersections are obtained. The proposed
approach allows one to determine traffic light cycles in such a way as to avoid delays and excessive
accumulation of vehicles at the second intersection, which is especially important in conditions of urban traffic
flows with high intensity. The use of a cellular model allows one to visually reproduce the movement of cars,
monitor their positions at any given time, and assess the impact of regulation parameters on the overall
throughput. The developed model can be used to optimize the operation of controlled intersections, set fixed
traffic light modes, and also as a basis for creating more complex adaptive control systems. The results
obtained are practically significant for designing transport schemes, improving road infrastructure, and
reducing congestion in the urban environment.

Key words: traffic flow; road traffic; intersection; traffic flow control system; traffic signal; intersection
capacity; transport network.

DOI: 10.33815/2313-4763.2025.2.31.091-099

Introduction. Traffic light control systems are usually divided into two main types: systems
with fixed parameters (so-called "hard" control) and adaptive systems that can change their modes
depending on the current traffic situation.

Rigid control involves operating traffic lights on a predetermined cycle. The signals are
switched at constant time intervals, without taking into account actual traffic volume or other
dynamic factors (e.g., diurnal traffic fluctuations). This approach is typically used at intersections
with predictable and relatively steady traffic flow.

Intelligent (adaptive) control, on the contrary, is capable of changing the duration of the
phases in real time. For this purpose, various types of sensors are used — video cameras, induction
loops, acoustic sensors and other devices that monitor traffic and pedestrian flows. The obtained
data are processed by optimization algorithms that form the most efficient time structure of the
traffic light cycle.

Compared to traditional systems, adaptive solutions provide a number of advantages:

Increased throughput: Flexible phase settings reduce latency and reduce the likelihood of
congestion.

Rational use of energy. Optimizing traffic light operating modes during periods of light
traffic helps reduce energy consumption.

Quick response to changes. The system quickly adjusts modes when traffic intensity
changes, making control more efficient and stable.

Thus, adaptive traffic light systems are a more modern and effective traffic management
tool, especially in conditions of heavy urban traffic and a complex network of intersections.

One of the problems of urban intersections in the case of tight control is such a parameter as
the number of vehicles that manage to pass during the time of the permitted traffic light signal. This
parameter is important for the efficiency of the traffic light. This parameter can be critical in urban
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conditions, where a large number of cars can create traffic jams if the time devoted to traffic is
insufficient to allocate all vehicles.

With tight traffic light management, it is important to ensure that the time allocated to traffic
is sufficient to avoid congestion and ensure smooth traffic flow. This may require careful
adjustment of traffic light cycle times, taking into account peak loads and interactions with other
traffic lights on the route.

Therefore, the development and implementation of traffic flow management systems at
intersections that allow for the number of vehicles that can pass during the permitted time of the
traffic light signal is an important task. Balanced traffic light management allows for optimizing
traffic flow in the city, reducing carbon emissions and waiting times, contributing to the overall
efficiency of the transport infrastructure.

Analysis of recent achievements and publications. Recent studies on traffic light control
show a gradual shift from classical methods with rigid regulation to adaptive and intelligent
approaches. Some works take into account the impact of external factors, such as vehicle emissions,
on the urban environment [1]. However, they do not provide specific solutions for organizing
continuous movement of groups of vehicles through several interconnected intersections, which
limits their practical effectiveness.

Classical models with fixed parameters of traffic lights [2, 3] are used as basic optimization
tools, but their effectiveness is limited in variable traffic flows and peak loads. They do not take
into account the accumulation of vehicles at subsequent intersections and do not allow for precise
control of the movement of a specific group of vehicles.

Systems based on simulations and intelligent controllers [4] allow for the evaluation of
different control strategies under controlled conditions but are mostly tested in simulations or
limited scenarios. Adaptive control methods using reinforcement learning [5, 6 and 10] make it
possible to take into account the relationships between intersections and optimize flows, but they
rarely provide accurate control of a specific group of cars and do not reproduce the visual position
of cars at each moment in time.

Multi-agent and deep models [7-9] allow for the coordination of intersections on a network
scale, but their testing is mostly limited to simulations, which reduces practical effectiveness in
specific urban conditions. Review works [11, 12] emphasize the problems of scaling and integrating
new approaches into real control systems.

It is these limitations that justify the need to create a model that allows synchronizing the
phases of traffic lights at two consecutive intersections, ensuring continuous movement of formed
groups of cars and increasing the throughput of the transport system.

Goal and problem statement. The purpose of this work is to create such a model of a
traffic light control system for a system of two regulated intersections located one after the other,
which allows a fixed group of cars from the traffic flow approaching the first intersection, after
turning on the permitted traffic light signal at this intersection, to cross it at the permitted signal
when moving to the second intersection.

Presentation of the main research material. To build the specified model, we will use a
discrete-cell model of the transport network [13—-15]. A similar approach can be attributed to a type
of cellular automata (CA) — Block-sequential CA (or partitioned CA), in which the updating of cell
states occurs in portions and sequentially in blocks. The essence of this approach is to cover the
transport network with cells that can take two states, which are indicated by either black or white
coloring of the cell and mean, respectively, that a car is located in this cell or there is none.

Movement through the network occurs by conditional “jumping” of cars from a cell to a
neighboring cell, which is indicated by the corresponding coloring. Moreover, it should be noted
that movement is possible only in free cells, that is, if it is necessary to move a certain car to a
certain cell, then if it is black, you should wait until it becomes white and only after that it will be
possible to carry out the movement itself.

This rule ensures that conflicts between vehicles are avoided and allows the model to
reproduce basic patterns of traffic flow behavior.
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Consider a transport network that is a system of two intersections located one after the other,
each of which we will call "intersection 1" and "intersection 2", respectively. Such a configuration
is typical for urban street networks, where closely spaced intersections often significantly influence
each other due to the propagation of queues and changes in signal phases.

On the main approach to intersection 1, consider a group of cars of a fixed number,
assuming that their arrival rate remains constant during the observation period, which allows us to
analyze t[affic dynamics under controlled and repeatable conditions.

[]

Intersection 2

Intersection 1

[

Figure 1 — Cellular model of a transport network with two intersections, located one after another
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The control process begins at some initial moment in time. Let us assume that at this
moment the specified group of cars is already located on the approach.

Let us assume that both intersections are equipped with traffic lights operating in two-phase
modes.

For the convenience of further discussion, we will consider only the durations of traffic light
phases without dividing them into main and intermediate cycles. If for practical application it is
necessary to establish specific cycle values, then it will be necessary to subtract the corresponding
recommended fixed values of intermediate cycles from the phase duration values to obtain the
values of the durations of the main cycles.

Let us introduce the necessary input parameters of the model, which are shown in Table 1.

Table 1 — Model parameters

Designation Unit
Ne g Parameter name measurement
parameter
parameter
Model input parameters

1 to Initial time units of time

2 K Number of cars in the group units

3 T2 Duration of the first intersection cycle units of time

4 T3, !Duratlon_ of the first (permitted) phase the first units of time
intersection

5 T3, !Duratlon_ of the second (forbidden) phase the first units of time
intersection

6 TZ Cycle duration of the second intersection units of time

- T2, !Z)uratlon_ of the first (forbidden) phase second units of time
intersection

8 T2, !Z)uratlon_ of the second (permitted) phase second units of time
intersection

9 Li-2 Distance (in cells) between intersections units

10 Sp Width of each intersection (in cells) units
The time it takes for one car to move from one cell . .

11 At units of time
to the next

Since, as it was established, at the initial moment of time at the first intersection the
permitted signal for the forward direction is turned on, then at the same time at the second
intersection the prohibited signal for the same direction should be turned on. And it will work until
the first car from the group reaches the second intersection.

Let's find how long it takes from the start of the countdown to turn on the permitted signal at
the second intersection, in other words, let's find the duration of the prohibited phase of
intersection 2:

TZ = (S, +Ly—2) - At.

Next, we determine the duration of the allowed phase of the first intersection — it is equal to
the time it takes for the last car in the group to leave intersection 1. To obtain this value, we create a
schematic table that clearly shows the change in the position of the cars and the corresponding time
spent on this. Let us consider the case when S p =2.
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Table 2 — Change in the position of cars on the network and the corresponding time spent it's time
in the case of Sp=2

No Position of cars on a fragment of the transport network Time to reach position

| OmEEO000CO000 :

s OROROEBO0O0OO 241

S ENEREN RER REE RERERE 341

JENEREREE NEN BEE REEE 441

s QJOQOOWMOWRONEO 54t

0000000 . 641

s OOO0OO0OO0OOEmOEO 741

As can be seen from Table 2, for one car the time to leave the intersection zone 1 in the case
of Sp=2is 3 4t , for the second car 5 4t , for the third — 7 A¢ . Reasoning similarly, it is clear that
for the k -th car this time will be (2 £ +1) 4t .

Let us find similar quantities at S p =3 . They will be respectively:

( 1 - 4At
2 - 6At
4 3 - 8At

lk S 2k +2)- At

Then, for an arbitrary value of the intersection width S p, these values will be respectively
equal to:

1-(S,+1)-Ac
2-(S,+3)- At
3-(S,+5) At
\k - (S, + 2k —1) - At
Therefore, the duration of the allowed phase of intersection 1 is:

Th = (S, + 2k — 1) - At.
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Next, we will determine the duration of the permitted phase of intersection 2. It will be equal
to the time it takes for the last k — th car of the group to leave the intersection zone 2. This value
conventionally consists of two parts, the first of which is equal to the time it takes for the k-th car to
cover the distance from its current location on the network at the moment when the permitted phase
of intersection 2 begins to operate, and the time it takes to cover the zone of intersection 2 itself.

To find out the position of the k-th car of the group in the system, we will perform inductive
reasoning.

If k =1, then it is obvious that the duration of the permitted phase of intersection 2 is equal
to the time the car leaves the intersection zone, i.e.:

TZlk=1 = (S, + 1) - At.

For k = 2 we get:

TZ k=2 = (S, + 3) - At.
At k =3 we have:

TZ k=3 = (Sp +5) - At.

Then for an arbitrary value of k the duration of the allowed phase of intersection 2 will be
determined by the expression:

T2, = (S, + 2k — 1) - At.
Then the complete traffic light cycle for intersection 2 is:

Tg=T1?1+TF2.2=
= (Sp+Liz) At + (S, +2k—1) At =

14

Considering that for the coordinated operation of the system of two intersections, it is
necessary to fulfill the following condition:

T} = T2,
Then, the complete traffic light cycle for intersection 1 will be determined using the system:

I( TH =Tk =(S,+2k—1) At

Td, =TA = (S, +L1-5) - At
Té=Th+Th=(S,+2k—1)-At+ (S, + L;_5) - At =

=(2S,+ Ly, +2k—1)-At.

Let us consider a numerical example of the application of the proposed model.

Let the studied intersection system have the following input characteristics:

1) the length between intersections is — 1000 m;

2) the width of the intersection is — 35 m;

3) the dynamic dimension of vehicles in aggregate units is — 4 m;

4) the average speed of cars is — 45 km/h;

5) the number of cars in the group is — 20.
To apply the model, it is necessary to transform the input parameters to the parameters specified in
Table 1. The results of the transformations are presented in Table 3.
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Table 3 — Model input parameters

Designation Unit
Ne g Value measurement
parameter
parameter
Model input parameters
1 k 20 units
2 L1 =1000/4=250 units
3 Sp =[35/4]+1=9 units
4 At =(5/45)*3,6=0,4 sec

Let's calculate the values of the durations of phases and traffic light cycles using the
formulas above:

((TH =[(9+2-20—-1)-0,4] + 1 = 20 (sec)
T, =[(9 + 250) - 0,4] + 1 = 104 (sec)
T =Tk + T = 20 + 104 = 124 (sec)
T2, = T3, = 104 (sec)
T2, = T = 20 (sec)
\ \TZ¢ =T} + T2, = 104 + 20 = 124 (sec) .

The results of the calculations are presented in the form of Table 4.

Table 4 — Model output parameters

Designation Unit
MNe g Value measurement
parameter
parameter
Model output parameters
1 T¢ 124 sec
2 T 20 Sec
3 T, 104 Sec
4 T 124 Sec
5 T? 104 Sec
6 TZ, 20 Sec

Conclusions. Thus, the paper proposes the development of a traffic flow control system
model for two interconnected controlled intersections, based on a discrete- cell description of the
transport network. Formulas for determining the duration of traffic light phases at each intersection
depending on the number of vehicles in the group, the width of the intersections, the travel time
between cells and the distance between the intersections are obtained. It is shown that by means of
phase synchronization it is possible to ensure the unhindered passage of the formed group of
vehicles through the second intersection without waiting, which allows to increase the throughput
and reduce the volume of queue accumulation. The proposed model is suitable for use in urban
traffic conditions and can serve as the basis for further improvement of traffic light control systems
within the framework of both rigid and adaptive control.

Prospects for further research. Further research can be aimed at expanding the model by
taking into account the variable intensity of the traffic flow, stochastic traffic parameters and the
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non-constant structure of groups of cars. It is also relevant to apply the model in conditions of
multi-lane traffic, the presence of turning flows and different traffic light operating programs. A
promising direction is the integration of the discrete- cell model with adaptive control algorithms
based on data from sensors or video surveillance to ensure automatic adjustment of the duration of
phases in real time. In addition, it is advisable to develop software for modeling the operation of a
group of interconnected intersections and conduct a comparative analysis of the effectiveness of
synchronized modes in real urban conditions.
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Cnasuu B.I1., Bosomancekuii B. O. MOJEJIb CHUCTEMU VIIPABJIIHHA TPAHCIIOPTHUM
ITOTOKOM JIBOX B3AEMOIIOB’A3AHNX ITEPEXPECTD

Y cmammi npeocmasneno pospobky modeni cucmemu YnpasuinHA MPAHCROPMHUM NOMOKOM Olsl 080X
NOCIIO0BHO PO3MAUOBAHUX DPe2YIbOBAHUX Nepexpecmb MICbKOI 8YIUYHO-00PON’CHbOL Mepedici HA OCHOBL
OUCKPEeMHO-KNIMUHK0B020 Niox00y. Jocniodcenns cnpamosane na 3ab6e3neuents maxKozo pejcumy Ynpaeuiiis,
3a K020 COPpMOBAHA 2pyNa MPAHCROPMHUX 3ACO0I8, WO ZHAXOOUMbCA HA NIOX00i 00 Nepulozo nepexpecms,
nicis BGIMKHEHHA O003601€H020 CUSHANY MOodce 0e3 3YNUHOK No00amu oOpyze nepexpecms maxoxic Ha
00360/1enull cueHail. Modenb 6paxosye WUPUHy nepexpecmos, 8IOCMAaHb MIdNC HUMU, KLIbKICMb asmomoOinie y
epyni, weuoKicms ix nepemiuyenHs ma n02iky 3minu ceimio@opuux ¢as. Ilpoananizosano yacosi 3a1exicHocmi
OJ151 KOJHCHO20 A8MOMODINA 6cepeduni epynu ma OMpUMaHo y3azaibHeHi Qopmynu 6UsHAUeHHs mMpusaiocmel
0036011eHUx | 3a00poHeHux @az 0ns 000X nepexpecmv. 3ANPONOHOBAHUU NIOXIO O00360/1€ GUIHAYAMU
CEIMNOGOPHI YUKIU MAK, WoO YHUKHYMU 3aMPUMOK MA HAOMIPHO20 HAKONUYEHHA MPAHCHOPMHUX 3aC00i8 Ha
opyeomy nepexpecmi, Wo 0COOIUBO BAICTUBO 6 YMOBAX MICLKUX MPAHCHOPMHUX NOMOKIE i3 BUCOKOIO
inmencuguicmio. Bukopucmanns kiimuHkogoi modeni 0ae 3mMocy HAOYHO 8I0MBOPHOGAMU PYX ABMOMOOINI8,
KOHmMpomogamu ix no3uyii 6 KOJMCHUL MOMEHm Yacy mda OYIHIO8Amu 6niue napamempie pe2ynio8aHHs Ha
3a2anbHy NPONYCKHY 30AMHICMb.

Pospobnena moodens mooice Oymu eukopucmana Ons onmumizayii pobomu pe2yrbO8AHUX Nepexpecmy,
HanaumysanHsa (QIiKco8anHUux pexcumis ceimioopis, a maxoxc K OCHO8A Ol CMBOPEHHS Oilbul CKIAOHUX
adanmugnux cucmem xepysauua. Ompumani pe3yiomamu € NPAKMUYHO 3HAYYWUMU ONA NPOEKMYEAHHSA
MPAHCHOPIMHUX CXeM, YOOCKOHANEHHS OOPOICHbOI iHPPACMPYKMYypu ma 3MeHUleHHs 3amopie y MIiCbKOMY
cepeoosuuyi.

Kniouogi cnosa: mpancnopmuuii nomix; 00podiCcHill pyx; nepexpecms; cucmema ynpasninHi mpascnopmuum
NOMOKOM, CEIMN0GOpHA CULHANI3AYisA,; NPONYCKHA 30aMHICb Nepexpecms, MpaHCnopmHa mepesica.
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ABTOMOBLIBHUX TATbMOBHUX MEXAHI3MIB TUCKOBOT'O THITY

Ipouenko B. O., 0.m.n., npogecop, npoghecop ragheopu mpancnopmuux cucmem i
MmexHiuno20  cepsicy  XepcoHCbKo20  HAYIOHANbHO20 — MEXHIYHO20  YHIGepcumemy,
M. Xepcon, Yrpaina, email: 1904pvo@gmail.com, ORCID: 0000-0002-3468-4952;

PycanoB C. A., x.m.H., ooyenm, ooyenm Kageopu mpaHcHOPMHUX CUcmem i MexHiuHO20
cepsicy XepCcoHcbKo20 HAYIOHANbHO2O MeXHIYHO20 YHieepcumemy, M. Xepcow, YKpaiua,
email: ohvpbm@i.ua, ORCID: 0000-0002-1003-4867;

Muxape I'. T., cmyoenm XepcoHcbkoco HaAYiOHANLHO2O MEXHIYHO20 YHIGepCUmMemy,
M. Xepcon, Yrpaina, email: glibshikarev@gmail.com, ORCID: 0009-0006-2797-5459.

Cmamms npucesiuena amanizy nepeoymos mMoou@ikayii cmpyKkmypu asmoMOOUIbHUX 2AbMOSUX MEXAHI3MI6
oducxkosoco muny. Iloxazano, wo nNiOGUWEHHS MEXHIYHO20 DPI6HA 2ANbMOBUX MEXAHIZMI8 MOJICHA
3abesneuysamu 080MA OCHOGHUMU WIISAXAMU — MAMeEPIanosHaguum ma Koucmpykmuenum. Ilepuwiuti
HanpaenieHo Ha NIOBUWEeHHS (DI3UYHUX HNOKA3HUKIG Mamepianie mepmvo8Ux HOBEPXOHb, PeanizyembCs
MEeXHONI02IAMYU 3MIYHEHHS ICHYIOYUX MAMePIanie ma CMeopPeHHAM HOBUX, 30KpeMa KOMNOSUMHUX. [pyeutl uLiax
HANpAaeieHo Ha 3a0e3neveHHsi PIBHOMIPHO20 DPO3NOOINY HABAHMANCEHHS MIJC eNeMEeHMAaMy MeXauizmy,
30KpemMa 2anbMoUMU KoAoOKamu ma ouckamu/bapabanamu. Bukowano cmpykxmypuuil ananis eanbmosoco
MeXaHizMy 1e2K08020 A8MoMO0iIA NOKA3A8, WO 6IH MICMUMb 7 He3ANeNCHUX KOHMYPI8 8 AKUX PO3MAUOBAHO
15 Haonuwxosux 36'a3kie. AHani3 6NAUGY HAOMUWKOBUX 36'13KI6 OeMOHCMPYE, WO GOHU 30AMHI YUHUMU
cymmesuii 6niu6 Ha pooomy mexauizmy. 3oxpema, 00MedNCeHHs 00epMANTbHUX PYXOMOCMeU KOI0OOK
NepeuKo0Hcaoms ix CamMOBCHMAHOBNIEHHIO NO OUCKAX, W0, PA30M (3 HEpiBHOMIDHUM 3HOULYBAHHAM, MOJiCe
cmamu NPUYUHOIO 30iNbULEHHST HEPIBHOMIPHOCII pO3NOOLTY Hasanmasicenus midic numu. Lle 6 ceoio uepey
Modice npu38ecmu 00 KOAUBAHHIL MOMEHNY MEPIs KONICHUX MeXAHI3MI6, sKe CNPUYUHAE PUCKAHHS A8MOMODLIs
npu eanomyeanti. Haonuwkosi 36'a3Ku Mooicymes maxkosc npuzgooumu 00 RO3AUWMAMHO20 HABAHMANCEHHS
eleMeHMi8 MeXaHizMy, 30KpeMa CKIA0aHHs ma pobomu 3 HenepeOOaueHuMu HAmsaeamu, wo He Ni0suUWye
AKocmi pobomu 2anbmosux Mmexanizmie. Haseuicmv HAOIUWKOBUX 36'3Ki6 Ha Npakmuyi HIGENI0Mb
30IMbUIEHHAM 3A30pI8 Y KIHeMAMUYHUX NApax, wo npuzeooums 00 3aNi3HeHHS CNPAYbOBYEAHHS 2albM Md
000amKOGUX OUHAMIYHUX Haganmadicenb. Ompumani pesyromamu C6i04aMb HA KOPUCHDL OOYLIbHOCTI
MOOUQIKYBAHHS CMPYKMYPU —2ATbMOBUX MEXAHI3MIE 3 MemoK 3MeHUleHHs KilbKocmi uu  aikeioayil
HAOIUUKOBUX 36'S3KIB.

Knrouosi cnoea: zanvmoguii Mexanizm, asmomo0ine, CMpyKmypa, pyxomicms, HAOIUUKOBUL 36'S30K.
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Beryn. [ManbMyBaHHS aBTOMOOLIS € OJTHUM 13 HalOUTbII HEOE3MEUHUX PeXUMIB HOTO pyXy,
OCKUTBKH TIPH IbOMY MOKJIMBHHA HOTO BHXiJ 32 MEXi KOPHIOPY, HIMPHHY SKOTO BCTAHOBIEHO Y
3,5wm [1], m0o Moxke TpU3BECTH A0 aBapii, 30KpemMa 3ITKHEHHS 3 IHIIUM aBTOMOOiIeM. AHami3
raJIbMiBHHX JllarpaM, OTpUMaHHUX Ha aBTOMOO1II kKaTeropii M1 i3 3actocyBanHsiM GPS-cucrem, nas
MOXITUBICTh BCTAHOBUTH, 1110 Ha MOYATKOBI mporiecy rajapmyBanHs (t = 0) monepedHe croBiIbHEHHS
al Ma€ HEHyJIhOBE BiJ'€MHE 3HA4YEHHS, TOOTO MOYATKOBA MOTEPEYHA IMIBHUIKICTH aBTOMOOLIS TEX
HEHYJIbOBA, a 3 OYAaTKOM TaJIbMyBaHHS MOYMHAE MIHATH HamnpsMok. [lomepeuHe croBUIbHEHHS al
IIpU TaJIbMyBaHHI MIHS€ CBOIO BEJIMYUHY Ta 3HAK MEPIOAUYHO, MPUUYOMY Iepio]l 30UIbIIYEThCS 3
0,2 ¢ Ha mouatky mpouecy a0 0,5 ¢ y KiHI, a aMIUTITyJa CIOYaTKy 30L1bIIYEThCS, a MOTIM
3MEHIIY€EThCA. 3MiHA MOB3JOBKHBOTO af Ta MOMEPEYHOro al MPUCKOPEHb BiIOYBAa€ThCs B OJHIN
¢a3zi, TOOTO momepevyHe MPUCKOPEHHS TAKOX 3aJEKUTh BiJ IHTEHCHBHOCTI POOOTH TalbMOBHUX
MexaHi3miB. [l{o0 aHamizy MpPUYMH TAaKOTO XapakTepy MpPOTIKaHHS MpPOIEeCy TalbMyBaHHS, TO
MPUIMHOIO TIEPIOIUYHOT 3MIHHM TIOTIEPEYHOTO MPUCKOPEHHS al 1 BiITaK pUCKaHHS aBTOMOOUIS TIPH
raJbMyBaHHI MO)ke OyTH TepioJuYHe 3pOCTaHHS MOMEHTY TepTs KOJICHUX TaJbMOBUX MEXaHi3MiB
10 KOJIOZIKAaX, MPUUMHH YOT0 HAJIC)KUTh MPOAHATI3yBaTH.

AHani3 myOJikaniii. 3HauHa KUTBKICTh HAYKOBUX JIOCIiIKEHb, OIMyOJIIKOBAHUX B OCTaHHIN
yac, MPUCBAYEHA MOCHIKEHHIO, METOJaM Ta 3aco0aM IMiJBUIICHHS 3HOCOCTIMKOCTI €lIeMEHTIB
raJlbMOBHX MEXaHI3MiB MaTepiaO3HaBYMMHU Ta KOHCTPYKTHBHUMH METOJIaMH.
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Y poGoti [2] BUKOHAHO EKCIEPUMEHTAIBHE JOCHIKECHHS 3HOCOCTIMKOCTI TaJbMOBHX
KOJIOJJOK YOTUPHOX MOLIUPEHUX Ha HirepiicbkoMy puHKY OpeHaiB. byrno BiniOpano i3uuHi 3pa3ku
(bpuKLiifHOTO MaTepiary KOJOAOK (THJIbHA IJIacTHHA + (GPUKLIKHUI 1Iap), BUMIPSHO TBEpPIICTb 3a
MeTtonoM bpiHens, BUKOHaHO TpPHOOBUIIPOOYBAaHHA Ha CTEHl: BH3HA4alu Koe(illieHT TepTs Ta
3HOCY TIpYM 3a/IaHOMY HABAaHTAXCHHI 1 MIBUAKOCTI. 3a pe3ysbTaTaMH EKCIIEPUMEHTIB OyIi0
3aCTOCOBAHO CTAaTUCTHMYHE MOJENIOBAHHS 3 BUKOPHCTAaHHAM po3nonuty BeiiOymna ans ouiHku
OYiKyBaHOTO JXHTTEBOTO PECYpCy KOJOIOK KOXKHOro OpeHmy. Pe3ynbpraT Bkasain Ha 3HA4YHI
MDKOPEHI0B1 BiIMIHHOCTI: TBEPAICTh, KOE(ILIEHT TEPTS Ta IHTEHCUBHICTh 3HOCY KOJIOJOK Oynu
CYyTTEBO pI3HMMH. MOJENIOBaHHS [1aJl0 MOXJIMBICTh BUKOHYBATH KUIBKICHI OIIIHKH PECypcy
(Hampuknaa — UMOBIPHICTh AOCATHEHHS 3aaHoro mpooiry). [loaioHi qocmimkeHHs Oynu BUKOHAHI
B YkpaiHi — y poOoti [3] Oyji0 MmpoBeneHO IOCIIKEHHS e()EeKTUBHOCTI POOOTH JAMCKOBOIO
raJbMOBOT0 MexaHi3My aBToMoOuIs «Hyundai Accent» 3a J0MOMOror MOJAETIOBAHHS pPI3HUX
peXUMIB poOOTH pyXy aBTOMOOLIS Ha BUIPOOYBaJbHUX CTEHAAaX. MoO/eNOBaHHS BUKOHYBAJIOCh 3
BUKOPHUCTaHHAM TaJbMOBHUX KOJOJOK JJs MEepeHIX TUCKOBHX TraibM aBToMoOuIs «Hyundai
Accent», BiJ pi3HMX BUpOOHUKIB. OTpuUMaHi pe3yibTaTH CBI4YaTh, L0 3aJI€XKHO BiJl BUPOOHUKA
MOKa3HUKH 3HOIIYBAHHS raJIbMOBHX KOJIOJIOK Ta JUCKIB, @ TAKOXK BEIMYUHA TaIbMIBHOTO MOMEHTY
CYTTEBO BIJIpi3HAIOTbCA. PoOota [4] mpucBsSYeHAa AOCHIDKEHHIO IEPCHEKTUB BUKOPUCTAHHS
¢byHKUIHHO-TpagieHTHOro KoBKOro yaByHy (FGDI) sik MaTepiany ajs TajJbMOBUX KOJOJOK 3 METOIO
IIJIBUIIICHHS X 3HOCOCTIMKOCTI. MeToarKa MiCTHIIA J[BA €Talli: KOHTPOJIbOBAaHI TPUOOJIOTIYHI TECTH
y J1a00paTOpHUX YMOBaX, 1100 BUSBUTU MEXaHI3MHU 3HOCY Ta OLIIHUTU KOEQII[IEHTH TEPTS, @ TAKOXK
CTEHJI0B1 BUIIPOOYBaHHS Ha IMCKOBUX MAIlIMHAX TEPTS, SIKI IMITYBaJIHl peailbHl YMOBU I'aJIbMyBaHHS
JOCIIJKYBAaHUX Tap TepTs IpU Pi3HUX Temreparypax. MiKpoCKOMmiYHHUIA aHali3 IOBEpPXHI MOKa3aB
(dbopMyBaHHS rpadiTOBUX IUIaTO HA KOJIOAKAX Ta IUIIBKM MEPEHOCY Ha Auckax. BcraHoBieHo, 110
Mmatepian FGDI i3 QyHKUIHHUM IpalieHTOM JEMOHCTPYBAB BUILY 3HOCOCTIHKICTh, CTaOUIbHIIIMNA
Koe(ILI€HT TepTsd Ta MEHIIy YyTIMBICTH JO TEMIEpaTypHUX 3MiH. Y JociijkeHH1 [5]
[IPOAHAJII30BaHO 3B’SI30K MK 3HOCOM TaJlbMOBHUX KOJOJOK 1 JMUCKIB Ta €(EeKTUBHICTIO poOOTH
raJIbMOBOI CHUCTEMH aBTOMOOWUIsA. MeToauka BKJIIOYajga TOJHOBI BUIPOOYBAHHS HAa aBTOMOOLII
(excrmyaTarfii B iHTEHCHBHOMY/TIOMIDHOMY  pEXKHMi) 1 CTEHJOBI BHNpOOyBaHHS Ha
JTUHAMOMETPUYHOMY CTCHHi. Y Tpoleci BUKOHAHHS JIOCHIKCHb BHMIPIOBAIA TOBIIUHY
(dbpukIiitHOro MaTepiady KOJIOJAOK (HapHUKIIal, IEpPeaH] KOJIOIKH 3HOCHIuC 3 13 MM 1o maiixe 10
MM micns 18,5 Tuc. kM mpo0iry), a TakoX raJbMiBHY CHJIY, Ta OLiHIOBAIH €()EeKTUBHICTH poOOTH
raJibMOBO1 cucTeMH y % (K BiAHOIICHHS TajJbMiBHOI CHJIM 10 Macu aBToMoOiis). BcTaHoBneHo,
o eQeKTHBHICTh poOOTH TalbMOBOI cucTeMH Tichs 18,5 Thuc. KM mpobiry y MiCbKOMY peXHUMIi
cTtaHoBWIa OMU3bKO 59 %, a micis 3aMiHM JTUCKIB 1 KOJOMOK ii eekTuBHICTH 3pocia a0 72 %.
TakuM 9MHOM TMOKa3aHO, M0 3HOC KOJIOJOK/IMCKIB Ma€ CYTTEBUH BIUIMB Ha €(EKTUBHICTH pOOOTH
raJbMOBOI cucTeMH. Y PoOOTI [6] PO3TISHYTO TPHOOBIACTUBOCTI Ta 3HOC PPHUKIIHHUX Map «JIACK-
KOJIOJKa» Ha JlabopaTopHOMY CTeHII. [IpoaHanizoBaHO KiIbKa THITIB MaTepialliB KOJOAOK 1 JWCKIB
(tumu A, B, C, D, E, F) y remneparypromy aianazoni 100...450°C 3 kpokom 50°C. MeToro OyJio
BCTAaHOBUTH, AK CKJIaJ (PUKIIIHHOTO Marepiajlly BIUIMBAE HA 3HOC JHCKa Ta 3MiHY KoedilieHra
TEPTA MiJl TEMIEPATypHUMH peKUMaMH. BCTaHOBIIEHO, 110 CMIBBIIHOIIEHHS MaKCUMAJIBHOTO 0
MiHIMaJILHOTO 3HOCY JHcKa BapiroBaiocs Bix 6,0 g0 10,0 3anexno Big marepiany. [Tpu 800 ta 1000
IUKIaX TaibMyBaHb 1 Temmeparypi 100...250 °C / 100...450 °C BignoBigHi KoeQilieHTH
cranoBwin 7,6 1 14,0. TakumM YMHOM TIOKa3aHO, IO TPAIUIKHI Marepianu Kouoaok (turmu A-D)
MPU3BOJATH 10 OUIBII BUCOKOTO 3HOCY JIUCKA y APYrOMy TeMIEpaTypHOMY pexxuMi, a MaTtepianu E
i F € OinpIn crabutbHMMH. PeKOMEHI0BaHO MiOUpaTH CKIIaJ KOJIOJOK 3 YpaxXyBaHHSIM BIUIMBY Ha
JUCK Ta TEIJIOBUH pexuM. Y poOoTi [7] mpomoHyeTbcss METOA BIUIMBY Ha 3HOCOCTIHKICTH
raJlbMOBHX JIMCKIB YJBTPa3ByKOBHMHU KOJMBAHHSIMHU IIi/1 Yac JIUTTS 3aTOTOBOK il HUX (dactoTa 20
k' 1 25 k') s mokparieHHss Horo (pUKINHHO-3HOCOCTIMKUX BilacTUBOCTeH. [Ipu BHKOHAHHI
CTEHJIOBUX JIOCII/DKEHb BUKOPUCTOBYBAJIM JlaBadi TUCKY, IIBUIKOCTI, TEMIEpaTypH, U100 BUMIPATH
cepenHii KoedilieHT TepTs Ta HOro CTabIIbHICTh M PI3HUMH YMOBaMU TalibMyBaHHs. Pesynbpratu
CBIYaTh, IO JAWCKHU, BUTOTOBJICHI 13 3aCTOCYBaHHSIM YJIBTPAa3BYKOBOI OOpOOKH, TIOKa3alH Kparry
CTaOUIBbHICTh BJIACTUBOCTEH 1 3HM)KEHY IIBUJAKICTh 3HOCY Yy MOPIBHAHHI 31 craHaapTHumu. Ciifg
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BiJI3HAYNTH, 110 3aCTOCYBaHHSA JI0IaTKOBOi 0OpOOKH MPH BUTOTOBJICHHI 3arOTOBOK 301JIBIIyBaTHME
BapTiCTh JHUCKIB Ta BIATAaK BapTICTh eKciulyarainii MamuHd. PobGoTa [8] MICTHTH pe3ynbTaTu
excnepuMenTanbHOro BuBUeHHs (hopmyBanHs DTV (Disc Thickness Variation) y mabopaTopHux
yMOBax 3aJIeKHO BiJ PEeXHMMIB HaBaHTAXXEHHS, KOHCTPYKLIi cymopTa Ta Temmeparypu. Tyt
MIPEJICTaBJICHI Pe3yJIbTaTH CTEHJOBUX BHIIPOOYBaHb 3 IMITAIi€I0 KOJICHOTO By3ja Ta JBa THIU
CYMOPTiB, KUIbKICTh HUKIIB TambMyBaHHs craHoBuiaa 500...5000, a KOHTAaKTHI THUCKH CSTalu
1,2...2,8 Mlla. BumiptoBanus DTV BukOHaHO Ha KUIBKOX pajiycax, 3a¢iKCOBaHa IIBUIKICTb
HapoctanHs DTV — Ha nodatkoBiil ¢a3i po6otu cranoButh 6...12 MxM/1000 1ukiIiB, Ha Mi3HIA —
1...3 Mmxm/1000 muxomiB. JlocnipkeHHs 3HOCY B pajiaIbHOMY HaIpsIMKY I10Ka3aJio, 1[0 MaKCUMaJlbH1
ammnityau DTV jokanizoBaHi B CeKTOpi pajiyca, Je 0XO0JoJukeHHs Hairipuie. Ilokasano, mo
OCHOBHUHM ME€XaHI3M 3HOIIYBaHHS JUCKIB — KOMOIHOBaHUM aJre3iiiHO-aOpa3uBHUI 13 JOKAJIbHOIO
IUTACTUYHOI Jedopmaniero. Tuck cymopra poO3MOAUIAETbCS HA JETAlAX HEPIBHOMIPHO, MIO
kopemoe 3 DTV, a 3a HepiBHOMIpHOCTI THCKYy >20% ammutrityna DTV 3pocrae B 1,8...2,6 pasa.
Ilokazano, mo mnpaktuyHe 3HWkeHHA DTV MoxiuBe npu OalaHCyBaHHI THUCKY 1 MOKpAIICHHI
termooOMiny. CtatTs [9] MICTUTH aHaNi3 TPOLECIB TEPTS 1 3HONIIYBAHHS MapHu JUCK-KOJIOAKA Ha
peXuMax BHCOKOro HaBaHTaxeHHs (puc. 1). TyT BCTaHOBIIEHO, IO MaKCHUMajbHa JIOKaJbHA
IMOMHA 3HOCY KOJIOAKH B MOJIEl BUHUKIM HAa KPUTHYHUX AUISHKAX (KPOMKU MOBEPXOHb TEPTS),
IHTCHCUBHICTh 3HOLIYBaHHS IIBMJIKO HApOCTa€ Yy IMOYaTKOBiM (a3l podOTH, MOTIM TeMI
3HIDKYETHCS, paialbHUN 3HOC 3MEHIIYETHCS BiJl 30BHINIHBOI JO BHYTPIMIHBOI KPOMKH (4Uepes
JiHIMHE 3pOCTaHHs KOJIOBOT IMIBUJIKOCTI 31 30IbIIEHHAM pajiiyca). BinoBiqHUMHU HACHIiKaMH € Te,
10 HECUMETPUYHUH PO3MOJLI KOHTAKTHOTO THUCKY IO JMCKOBI Ta JIOKAJBHUHA TEPMIYHHN BIUINB
BEIYTh 10 (popMyBaHHS «rapsyux Kijelb» 10 pajaiycy 1 BAHUKHEeHHS Ha HuX DTV.
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Pucynoxk 1 — Po3ranryBaHHs! KOHTPOJIBHHUX TOYOK (@) Ta 3HOC Y IIUX TOYKAX
(6) raTpMOBOT KOJIOJKH, OTPUMaHi B pe3yiIbTaTi po3paxyHKy [9]

Hocmimkenns [10] mictute ominky BBy DTV Ta OOR (HEkpyriocti) Ha poboTy
enekTpomexaniyHux raneM (EMB). Bukopucrano aHamiTH4HI MOJENi Ha IMITamiiHIi Mopaemni
rajibMa, 110 BKJIIOYA€ >KOPCTKICTb MOTOp-peaykropa EMB, a Takox ekcniepuMeHTH Ha CTEH[1 31
IITY4YHO BBeleHMMHU moxuOkamu. [lokazaHo, mo mopir kputuyHoi mikimmuBocti DTV ans EMB
BUSIBUBCSI HM)KUMM, HIK JJIS KJIACHYHUX T1IPaBIIUHUX CYIMOPTIB, 30kpeMa mpu DTV > 36 mMkm
CIIOCTEPIraloThCcsl TOMITHI JIOJATKOBI JWHAMIYHI HABaHTAXCHHS HAa MOTOP-PEIyKTOpU Ta
MiJBHUINCHe HaBaHTaxeHHs Ha migmunHuk. OOR y mexax cormx monei mimimerpa (opmye
HEOJHOPITHUN KOHTaKT MO pajiyCy, IO CIpHsE JOKali3amii 3HOCY, IO Beae J0 YTBOPCHHS
MEePIOIMYHUX paJiaTbHUX KUI/CerMeHTiB 3 OutbmuM 3HocoM. Tomy st EMB noTpiOHO »opcTkite
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koHTpomoBaty jmomycku DTV/OOR, a Biarak st HUX OCOOJMBO BaYKIIMBUM € ITiIBUINCHHS
pecypey. Po6ora [11] posrnsnae siBuie «moABIHHOro» ab0 KIMHOMOZIOHOTO 3HOCY TalbMOBHUX
KOJIOJIOK y CHCTeMax rajbMyBaHHS BaHTQKHUX 3aTi3HUYHUX BaroHiB. BUABIIEHO, IO MPHUCTPOT 1JIst
3a0e3neueHHs] PIBHOMIPHOIO 3HOCY KOJIOJOK YacTO YIIKOJXKEHi, TOMY KOJOJKH Yy BaroHHHUX
rajpMax 3a3HaloTh KIMHOMOZIOHOTO 3HOCY: BEpXHI Kpai OuTbllle HaBaHTAXEHi, 1 CTHKAIOTHCS 3
KOJIECOM HaBiTh y HE3araJlbMOBaHOMY CTaHI TajbMyBaHHS. lle cTBOproe pomaTkoBe TepTs,
MPUILIBUIIIYE 3HOC 1 MOpyllye Horo piBHOMIpHICTb. Jocnimkenns [12] 3ocepemxeHe Ha
CTaTUCTUYHIN 00poOILl TeOMETPHUYHUX MapaMeTpiB 3HOCY TaJbMOBUX KOJOJOK MOJIEPHI30BAaHUX
CUCTEM TaJlbMyBaHHS BaHTa)XHHUX BaroHiB. 3a paxyHOK 300py JaHUX 13 KOHTPOJbHUX IYHKTIB
CTaHLIN TeX00CIyroByBaHHs, NOOYJ0BaHO Ipadiky 3aJEeXKHOCTEH 3HOCY KOJOIOK BiJ MpoOiry i3
3aCTOCYBAHHSM CTaTUCTMYHUX METOJIB. Pe3ynbTaTu mokasanu, IO Micis MOJEpHi3alil cucTteM
rajJlbMyBaHHS 13 BIPOBA/DKEHHSAM YJOCKOHAJIEHMX 3aXO/iB 3a0e3MedeHHs] pIBHOMIPHOCTI 3HOCY,
pecypc KOJIOAOK 30UIBITUBCS MPUOIU3HO 10 2,6 pa3iB. TakuM YMHOM JOBEICHO, IO ITiABUIICHHS
PIBHOMIPHOCTI 3HOCY KOHCTPYKTUBHUMH METOJJaMH BEJI€ 1O CYTTEBOI'O 3pOCTaHHS PECYpCYy.

IMocTanoBka npodaemMu. TakuM YHHOM, pecypc TallbMOBHX KOJIOJIOK Ta AMCKIB MOYHA
KpiM MaTepiajlo3HaBUMX METOJIB 3a0€3MEYUTH MiJBUIICHHSM DPIBHOMIPHOCTI 3HOLIYBaHHS IMX
€JIEMEHTIB, 10 3aJEeXKUTh Y TOMY YHWCII BiJl PIBHOMIPHOCTI THCKY B 30HI KOHTaKTy. 3a0e3meunuTi
PIBHOMIPHICTh TUCKY JTa€ MOJIMBICTh CAMOBCTAHOBIIIOBAHICTh JIAHOK TaJIbMOBOI'O MEXaHi3My, abo
BIJICYTHICTh Y HbOMY HAJJTUIIKOBHX 3B’s13KiB. Y pobortax [13, 14] mpoaHani3oBaHO HasBHICTh Ta
BIUIMB HAJJIMIIKOBUX 3B’SI3KIB Ha pOOOTY TajibMOBUX MEXaHI3MIB BAHTA)XOMIAHOMHHUX MAIIHH.
PosrnsinyTo MexaHi3MH JUCKOBOro Ta OapaOaHHOTO THWITIB 1 MOKa3aHO, MO0 OUIBIIICTh HasSBHUX
HAQ/UTMIIKOBUX 3B'A3KIB € KyTOBMMH, BOHM BHMAararoTh BHCOKOI TOYHOCTI BUTOTOBJICHHS JeTajnen
rajibM Ta iX CKJIaJlaHHS, a TaKOXK KOHTPOJIIO MapaMeTpiB B ekcIuTyarauii. KomneHncaiist HasiBHOCTI
HAQ/UTUILIKOBUX 3B'SI3KIB 3a3BUYail BUKOHYETHCS 30UIBIICHHSM 3a30piB y KIHEMaTHMYHMX Hapax, L0
NPHU3BOJAUTH [0 3ali3HEHHS CHpPAlbOBYBAaHHS TallbM, a TAaKOXX BHHHUKHEHHS JWHAMIYHUX
HaBaHTaXEeHb NpU poOOTi. YacTHMHA HAUIMIIKOBUX 3B'SI3KIB YHEMOJKJIMBIIIOE CaMOBCTaHOBJICHHS
raJbMOBHUX KOJOAOK IO JAWCKax 4u Oapabanax. 3a HAasgBHOCTI OWTTS [MCKa I[I€ MOXE CTaTh
INPUYMHOI0 KOJMBAHHSA BEJIMYMHHU TajJbMIBHOIO MOMEHTY Iii 4Yac TajbMyBaHHS Ta ONOpPY
0o0epTaHHIO JTUCKOBI 4m OapabaHy MpH pO3raJbMOBaHOMY raibMmi. sl rabMOBHX MeXaHI3MiB
aBTOMOOUTIB JOCTIDKEHh CTPYKTYPH MEXaHI3MIB 3HAWTH HE BIanocs, mo (GopMye yMOBH IS
HACTYITHUX HayKOBHX PO3BiIOK.

MeTtoww poboTH € aHadi3 CTPYKTYpHOi JIOCKOHAJOCTI TajbMOBOIO  MEXaHI3MY
aBTOMOOUTHHOTO TajbMa JUCKOBOTO THITy Ta OIJIAJ MEPCHeKTHB sl 3a0e3nedeHHs
CaMOBCTAHOBJIIOBAHOCTI JIJAHOK MEXaHI3My Ta PIBHOMIPHOCTI TUCKY TaJbMOBHUX KOJOJOK Ta JIHCKIB.

3agaui podoru:

— CKJIACTH CTPYKTYPHY CXEMY T'aJbMOBOI'O ME€XaH13My aBTOMOO1JIs AUCKOBOTO THILY;

— BUKOHATH CTPYKTYPHHMH aHalli3, BCTAHOBUTH KIJIBKICTh 1 pO3TAallyBaHHS HAJIUIIKOBUX
3B’SI3KIB;

— OI[IHUTH MOXJIMBUH BIUIMB HasIBHUX HAJUIMIIKOBUX 3B’ A3KiB HA pOOOTY MEXaHI3MY;

— MOKa3aTH MEPCIEeKTUBU YAOCKOHAJICHHS raIbMOBOI'O MEXaHI3MY 33 PaXyHOK BUKITIOUEHHS
Ha/TUIIKOBUX 3B’ S3KIB.

Bukian ocHoBHoro marepiauay. [lani aHamizyBaTUMEMO MEXaHI3M JUCKOBHUX TajlbM
aBTOMOOLTST «Daewoo Lanosy, sik THIIOBOTO MpeICTaBHUKA TaKUX MPHUCTPOiB (puc. 2). BiH mMicTuth
BCTAHOBJICHUH 13 MOJKJIMBICTIO OOEpTaHHS BIJHOCHO ITiJIBICKM aBTOMOOIS TaJbMOBHH JHCK 1,
30BHIIIHIO 2 Ta BHYTPIIHIO 3 (11010 OCi aBTOMOOIIS) raJibMOBiI KOJIOJKH, IIO BCTAHOBIIEHI MO
obuBa OOKHM BiJl TaJbMOBOTO JMCKa 1, Ta MarOTh MOXKJIMBICTh MEPEMIIICHHS B3JIOBXK HOTO OCi, a
TaKOX B3a€MOJIii CBOIMH POOOYMMH OiYHMMHU TOBEPXHSIMH 3 POOOYOI0 MOBEPXHEIO TOPIIIB JMCKA,
HEPYyXOMO BCTAHOBJICHHH BIJHOCHO MiJBICKH KOPIyC rajibMoBoro cynopta 0, y mpu3MaTH4HI Ma3u
SKOTO BBEJCHI NMPHU3MATUYHI HANpsSMHI HIMIK TaJlbMOBUX KOJOAOK, Ha HAMpPSIMHUX CymopTa 3
MOJKJIMBICTIO OCHOBOTI'O MEPEMIIIEHHS! BCTaHOBIIEHO //-oi0Hy cKOOy rajJibMOBOIO cymnopTa 4, sika
i3 30BHINIHBOTO OOKY TaJbMOBOTO JHMCKAa | Mae MOXXIHMBICTH B3a€MOJil 13 HEPOOOUOIO OIYHOIO
MIOBEPXHEIO 30BHIIIHBOI TaJIbMOBOi KOJIOAKM 2, a 3 BHYTPIIIHBOTO OOKYy IajJbMOBOro Jucka 1 B
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OCBOBHI OTBIp CKOOM cymopTa 4, 13 MOKIUBICTIO OCKOBOTO TICPEMIIIICHHS BCTAHOBEHO TaJIbMOBHUIN
MOpUICHb 5, 110 Ma€ MOXKIHUBICTH B3a€MOJii CBOIM TOpIEM 3 HEPOOOYOI0 OIYHOIO MOBEPXHEIO
BHYTPIIIHBOI TAIEMOBOI KOJIOJIKH 3.

Pucynok 2 — 3aransHuii BuA (a) Ta CTpYKTypHa cxeMa (0) KOJIICHOTO raJlbMOBOTO MEXaHI3My

Onucannii MeXaHi3M MICTUTh N = 5 pyxoMmmux JaHOK (muck 1, xomoaku 2 ta 3, ckoOa 4,
nopmenb 5). KinbkicTh KiHEeMaTHYHHMX Map M'STOr0 Kiacy TyT craHoBuTh Ps = 1 (0Os),
KiHEeMaTHYHUX Iap detBepToro kiacy Pa = 3 (Ms, N4, R4), KUTBKICTh KIHEMATHYHUX T1ap TPETHOTO
knacy Ps = 8 (43, Bs, C3, Ds, Es, Fs, L3, K3s), mapu apyroro Ta mepmioro KiaciB BiICYTHI —
P2=P1=0.

3arajpHa KUTBKICTh KIHEMAaTUYHUX TIap:

P=Ps+Ps+P3+P2+P1=1+3+8+0+0=12 (1)
Cyma pyxomocTeil KiIHeMaTH9YHUX Tap:
f=1Ps + 2P4 + 3P; + 4P2+ 5P1 = 1x1 + 2x3 + 3x8 + 4x0 + 5x0 = 31. 2
KinbkicTh He3alIeKHIX 3aMKHEHHX KOHTYPIB MexaHi3Mmy 3a (opmyoro ['oxmana [15]:
k=P—-n=12-5=7. 3)

Hesanexxni xontypn Mexanizmy: RaFsEsD3CsRa; MaCsD3OsMa; NaC3D3OsNa; AsD3BsAs;
A3Cs3BsAsz; KaFslsKs; KaEsLsKs.
Cryminae pyxomocTti mexanizsmy W =Wp + Wi =1+ 3 =4,
ne Wb = 1 — ocHOBHaA pyXOMICTh MeXaHi3My (00epTaHHs raJlbMOBOIO AUCKa 1);
Wi = 3 — MicrieBi pyXoMOCTi JTaHOK (KOJIOJIOK 2 Ta 3, a TAaKOK MOPIIHS 5).
KinbKicTh HaJJTUIIKOBHX 3B’s13KiB MeXxaHi3My 3a Gopmyoro ComoBa-Manuinesa [16]:

Oy =W +5P, +4P, +3P,+ 2P, + B, —6n =

4
=4+5x1+4%x3+3x8+2x0+0-6x5=15. )

KinpkicTh HAITUIIIKOBUX 3B’ A3KIB MeXaHi13My 3a (popmyoro O3oiica:
Ooy = W+6k—f =4+6x7-31=15. (5)

[TigTBepmKye MpeAcTaBICHI PO3PaxyHKH 3aCTOCYBaHHS MOKOHTYPHOTO MeTony (Tabm. 1).
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Tabmurg 1 — 3acTocyBaHHS MTOKOHTYPHOTO METOY IS TAIbMOBOTO MEXaHI3My

Inacki pyxomocmi f Hennacki pyxomocmi f
Konmyp
A A i G &
R4F3E3D3CsR
et F[F/?TW/W g 0 r
19 Yy
MsC3D305M4 o 0 M g g M
*03 'QA
N4C3D305N4 g /VUjWb/” ag g N
[ *475 "76
A—l—l
AszD3B3A3 W,/2/L,4u5 g o g A A
*177 *178 "79
A3C3BsAs J ?0’0[ ?07/ 7s
WONKL F O g K K
KsF3LsKs foe o
FE O F g [ [
KsEsLsKs ia be
W =4, q=15

Hani tabn. 1 cBigyare, mo OUIBIIICTh HAATUIIKOBUX 3B A3KiB Aal0Th OOMEXEHHS KyTOBHX
PyXOMOCTEH KOJIOJIOK, a BIATAaK MEPEIIKOKAIOTh IX CAMOBCTAHOBJICHHIO 110 AMCKax (Tabi. 2).

Ile, pa3oM 3 HEpPIBHOMIPHHUM 3HOIIYBAaHHSAM JieTajici MOXKE CTaTH NMPUYMHOKO 301JIbIICHHS
HEpIBHOMIPHOCTI PO3MOALTY HaBaHTAKEHHS MDK HHUMH, IIO0 MOXE TPU3BOJIUTH JO KOJIWBAHHS
MOMEHTY TepTsl KOJIICHHX MEXaHI3MiB 1 PHCKaHHS aBTOMOOUIS TpH TanbMyBaHHI. Hammwumkosi
3B'SI3KM MOXXYTh TaKOX MPU3BOJUTH 10 IMO3AIITATHOTO HABAHTAXKEHHS EJIEMEHTIB MeXaHi3MYy,
30KpeMa CKJIaJIJaHHS Ta POOOTH 3 HemepeAOaYeHUMH HATATaMH, M0 HE MiJBUIIYE SIKOCTI PoOOTH
raJJbMOBUX MEXaHi3MiB. HasBHICTh HAJJWIIIKOBUX 3B'SI3KIB HA MPAKTHIl HIBEIIOIOTH 30UTbIIEHHIM
3a30piB y KIHEMATWYHHUX TMapax, [0 MPHU3BOJAUTH O 3alli3HEHHS CIPalbOBYBAaHHS TajlbM Ta
BUHUKHEHHS JJOJJaTKOBUX TUHAMIYHUX HABAHTAXKEHb.

Otpumani pe3yibTaTH CBig4aTh Ha KOPHUCTh JONUIBHOCTI Moaudikamii CTpyKTypH
MEXaHi3My TrajibM 3 METOI0 MiJBHILIEHHS SKOCTI X poOOTH, 30KkpeMa 3a0e3NeyeHHs] MOXKJIMBOCTI
CaMOYCTaHOBKH KOJIOJIOK MO JTUCKaX Y 3MiHHMX YMOBax ekcruryaraiii. Cepes MOXKIMBUX HAMPSMKIB
JiKBiAUli HAJJIMIIKOBMX 3B'A3KIB CJIIJI BKa3aTW MIABHUILEHHS KiIacy KIHEMaTMYHUX map (4u
3aCTOCYBaHHS KIHEMAaTUYHHX 3'€[IHaHb), 3MEHILIEHHS KITHKOCTI KOHTYpIB MEXaHi3My, a TaKOX
MICLIEBUX PyXOMOCTEH.

BucHoBku:

— CKJIaJICHO CTPYKTYPHY CXEMy Ta BUKOHAHO CTPYKTYPHHH aHalli3 ralbMOBOTO MEXaHi3My
nuckoBoro Tumy. [lokazaHo, mo MexaHi3M MIiCTUTh ( = 15 HaJIMIIKOBUX 3B'A3KiB, SKI MOXYTb
CYTTEBO BIUIUBATH HA HOTO pOOOTY;

— TIOKAa3aHO, IO HAasBHI HAJUIMIIKOBI 3B'I3KM MOXYTh CTAaTH MPUYUHOKO TMO3AMITATHOTO
HAaBaHTAXXCHHS, 30KpeMa CKJIAJaHHi Ta pOOOTH 3 HemepeqO0adYeHNMH HATATaMH, a TaKOX
3MEHIIYIOTh PIBHOMIPHICTh PO3MOJITY HAaBAaHTAKEHHS MK JJAHKAMHM MEXaHi3My, a BIITaK pecypc
poboTH neTaneil raibM, i MOXKYTh 3HW)KYBaTH O€3MeKy MpoIecy TallbMyBaHHS TPAHCIIOPTHOTO
3aco0y;

ISSN-print 2313-4763; ISSN-online 3041-1939 105



M [H>keHepia y TPaHCIIOPTHIN raaysi

Tabmuus 2 — Hacmigky HassBHOCTI HAUTUIIKOBUX 3B SI3KiB Y TaJIbMOBOMY MEXaHi3Mi

Ilpakmuunuii
Haonumkosui Cnocio Higen06anns Hacnioku
26 230K Bnaue Haasnocmi HAOIUWIKOBGUX 36°A3Ki6 eénugy eéiocymnocmi
HAONUWKOBUX CaMOyCmano6Ku
36’°sA3Kie
1 2 3 4
HeMOXITUBICTh CAMOYCTAHOBKU KOJIOJIKH
1
q 3 mo mopmHKO 5 (1), KOJOAKUA 2 IO
cko01 cynopra 4 (g3), Ta 000X KOJOIOK
. " edopMyBaHHS
g3 1o qucky 2 (gs) naskoso oci X ( T, =0), Jed pMYy .
. . ACTAIICH MEXAHI3MY | HepigHOMIpHHIA
33 HasgBHOCTI HEMapajieabHOCTI PoOOUMX | g npoueci  iforo PO3MIOZiN THCKY B
MOBEPXOHb  KOIIOZIOK,  HENEPNEHIUKY- | oGorn, CTUKAX TAHOK
JSIPHOCTI TOPISI TOPIIHS IO HOTO Ocli, . .
05 .. . MEXaHI3MYy, 1X
HATUCKHOI MOBEPXHI CKOOM cyropTa JI0 . SO
.. . HEpIBHOMIpHUY
0Ci T1IpOIMITIHApA.
- 3HOC, KOJIUBaHHS
HeMOXIMBICTh CAMOYCTaHOBKH KOJIOJKH
MOMEHTY TepTH,
02 3 nmo mopmHiO 5 (02), KOJOIKH 2 IO 110 CTBOPIOE
cko01 cymopra 4 (Q4), Ta KOJOJOK IIO MEXaHi3M y
mwcky 2 (qe) HaBkoso oci Y (f; =0), 3a HAedopmysans MEKAX 06T
_ _ neTajel MexaHi3my pTY
g4 HAsBHOCTI HENapalelbHOCTI PO00YMX | o npoueci  iioro | Koreca.
MOBEPXOHb  KOIOZIOK, HENEPNEHIUKY- | noGory,
JSIPHOCTI TOPIA TOPIIHS JO HOro oci,
ge MOBepXHI CckoOM cymopra A0 oOci
T1IpOUMIIIHIpA.
HeMomuBicTh caMOyCTaHOBKH KOJIOJIOK
9
q 2 (qo, g11) Ta 3 (013, 15) MO TAITEMOBOMY
qu1 macky 1 maskonmo oci X (f, =0), za Hasuicts
) MOHTQKHUX
HasIBHOCTI TOPIIEBOTO OWTTS jaucka 1, HATIOVIKCHE
13 HEpPIBHOMIPHOTO 3HOCY TOPLIB JAMCKA YH Py y
TaJIbMOBUX
poOOYHMX TOBEPXOHb KOJIOJOK, HAasB-
. KOJIOJIKax
HOCTI KYTOBUX MOXHOOK pO3TallyBaHHS exaniamy. i
. . . MeXaHi3My, ix
Q15 nas3iB Mijl TaJbMOBI KOJIOJKHA YH IIHITIB . Yo%
. . HEPIBHOMIPHUIA
KOJIOAOK Y IUIOIMHI YZ 301TbLICHHS
- - . . 3HOC, KOJIMBAHHS
a7 HeMOXIuBICTh  CKJIAZIaHHS  KOHTYPIB | JIHIMHUX 3a30piB Y MOMCHTY TeDTs
A3D3B3As (07), AsC3B3As3 (quo), KsEsLsKs | kiHemaTnaanx LY TeP
6 1Y (f =0) |mapax 4, B, K, L B MEXAHISMY B
a0 (q14) Ge3 marsary B3nopxk oci Y ( f, =0), o HMI; c;ci’Y MeKax 00epTy
32 HAABHOCTI TOXHOOK pO3TaITyBaHHS PAMIKY ' KoJeca.
a4 ma3iB MiJ TaJdbMOBI KOJOJIKH YW IIHUIIB BunuknenHs
KOJIOJIOK. JTMHAMIYHUX
HeMoxxnuBicTh CKIafaHHs KOIOJOK 2, 3 HaBaHTaXCHb
Qs 31 ckoborw cymopra 4 0e3 HaTATIB MeXaHi3My uepe3
naskoio oci Z (fz =0), 3a HasgBHOCTI HasBHICThL
KyTOBHX IMOXHMOOK pO3TalllyBaHHS Ia3iB 3a30piB.
Q12 i TaJbMOBI KOJIOAKM YW IIHIIIB
KOJIOJIOK.

— TOKAa3aHOo, IO BIUIMB HAJIUIIKOBUX 3B'S3KiB
3a30piB y KIHEMaTHYHHUX @apax, [0 MPU3BOJUTH [0 3alli3HEHHS CIPAlbOBYBAHHS TalbM Ta

Ha MPAKTHI[l HIBEIIOIOTH 301IbIICHHIM
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JOJATKOBUX NTUHAMIYHMX HAaBaHTAXEHb NpU iX poOOTi, a BiATaK HE CHpPUSAE ITiBUIICHHIO
JIOBTOBIYHOCTI;

— KOMIUIEKCHE MIJBUIIEHHSI TEXHIYHOTO PIBHS TajJbMOBUX MEXaHI3MIB JUCKOBOTO THUITY
MOJKJIMBE MaTepialo3HaBUMMHU Ta KOHCTPYKTMBHMMHU METOAAMH, HANPaBICHUMM Ha IiJBUIICHHS
3HOCOCTIMKOCTI Hap TEPTsA Ta PIBHOMIPHOCTI PO3MOJLTY HAaBAaHTaKEHHS MIX HHUMH, ajleé BaXJIMBE
MicClle B yCIiXy peaiizallii MaTepialo3HaBUUX METOJIIB MaTUME YCYHEHHS HaJUIUIIKOBUX 3B’S3KIB Y
MEXaHI3MI.

Hanpsimku nogajabmmx Aocaizkenb. [lonanbun g0CHiKeHHS AOLUIBHO CIIPSIMYBaTH Ha
BUKJIIOYEHHS YM 3MEHIICHHS KUIbKOCTI HasBHUX HA/UIMIIKOBHX 3B'A3KiB, OCOOJMBO THX, IO
00MEXYIOTh KYTOBI pyXOMOCTI KOJIOJIOK.
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Protsenko V. O., Rusanov S. A., Shikarev G. G. PREREQUISITES FOR MODIFICATION OF THE
STRUCTURE OF AUTOMOBILE DISC TYPE BRAKE MECHANISMS

The article deals with the analysis of the prerequisites for modifying the structure of automotive disc brake
mechanisms. It is shown that the improvement of the technical level of brake mechanisms can be achieved
through two main approaches — material-based and structural. The first approach focuses on enhancing the
physical properties of the materials of the friction surfaces and is implemented through technologies for
strengthening existing materials and developing new ones, particularly composite materials. The second
approach aims to ensure a uniform distribution of load among the mechanism’s elements, including the brake
pads and discs/drums. A structural analysis of a passenger car’s brake mechanism revealed that it contains
seven independent circuits with fifteen redundant constraints. The analysis of the influence of these redundant
constraints demonstrates that they can significantly affect the operation of the mechanism. In particular, the
limitation of the pads’ rotational degrees of freedom prevents their self-alignment with the discs, which,
together with uneven wear, may lead to an increase in the nonuniformity of load distribution between them.
This, in turn, can cause fluctuations in the friction torque of the wheel mechanisms, resulting in vehicle judder
during braking. Redundant constraints may also lead to abnormal loading of the mechanism’s elements,
including assembly and operation under unintended stresses, which does not improve the quality of brake
performance. In practice, the presence of redundant constraints is often compensated for by increasing
clearances in the kinematic pairs, which leads to delayed brake actuation and additional dynamic loads. The
obtained results indicate the feasibility of modifying the structure of brake mechanisms in order to reduce or
eliminate redundant constraints.

Key words: brake mechanism; automobile; structure; mobility; redundant constraint.
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Jocnioocenns 63aemo0ii Ha medci noodiny hasz «onicomep-mooupikamopy 3a paxyHox CmpyKmypHoOi 63aeMo0il
6 npoyeci ¢popmysanns enokcuoHoi mampuyi 015 NIOGUWEHHS I3UKO-MEXAHIUHUX XAPAKMEPUCUK
KOMNO3UMHUX MAmMepianié € 6aniciusum Ha Oauuti uac. Y 0anomy Hanpsamxy O0o0Cuiodcenb O HAYKOGO-
NPOSHO308AHO20 6NIUGY HA EKCHIYAMAyitiii Xapakmepucmuky mMamepianie € UKOPUCMAaHH MoOuQgikamopa
Ha OcHOGI mpumemuaxaopcinany oas 36 azysauie EJ/[-20 (Yxpaina) ma EPOXY 520 (Yexisn). /[na enausy na
npoyec  CMpYKmMYpOYMGOPEHHs. — BUKOPUCMAHO  3ANPONOHOBAHULL  HAYKOB0-OOCHIOHUM — eKCHepmHO-
Kpuminaricmuynum — yeumpom  npu  YMBC  Vkpainu  Tepnoninbcvokoi  obnacmi — moougixamop
mpumemuiaxaopcinany (TMXC-1). Bcmamnosneno, wo 0 enokcuonoeo onricomepy EJI-20 esedenna
moougpixamopa TMXC-1 y kinexocmi 0,25 & na 100 2 E/[-20 nokpawye miynicms aoee3iliHux 3’ €OHAHb HA
30%. [na enoxcuonozo onicomepy EPOXY 520 esedenna moougpixamopa 6 xinekocmi 0,25 2 3abesneuye
spocmanns mooyas FOuea na 70% i nokpawenns yoapnoi 6’azkocmi na 12% 3 nesnaunum nioGuuyyenHaM
3AIUMKOBUX HanpydceHs. Jlosedeno, wo emicm moougixamopa 6 kinbkocmi 0,75 2 npuooums 00 RIOSUUEHHS
Miynocmi adeesitinux 3’conans na 100%, mooyns onea na 15%. Bcmanoeneno, wjo 66edenns Moougikamopa 6
kinekocmi 0,25 2 na 100 2 onicomepy ons 0box 36’szysauie ma 0,75 2 ons enokcuonoi cmoau EPOXY 520
npusooUmd 00 NOKPAWEH S QI3UKO-MEXAHTUHUX MA MEeNAOPIZUUHUX XAPAKMEPUCUK eNOKCUOHUX 36 'S3)6a1i6
34 PAXYHOK 83A€MOOTT pearyitino 30amHux epyn MoOUpikamopa 3 MaKpoMOIEKyIaMU 36 'A3y6aUis.

Knrouosi cnosa: 36’a3ysau; mpumemunxnopciian;, aodeesis;, MenioCMItuKICmy, 3aMUUKOG] HANPYICEHHS,
KOMRO3UMHUL MAMepian, Mampuysi.

DOI: 10.33815/2313-4763.2025.2.31.111-122

Beryn. Ha cygacHomy erammi po3BUTKY HAayKH 1 TEXHIKH CTBOPEHHS HOBHX MartepiajiB, sKi
3a0e3MeuyroTh KOMIUIEKC HEOOXITHMX (YHKIIOHATBHUX BIIACTUBOCTEH ISl  MOKPAICHHS
e(DeKTUBHOCTI BUKOPUCTaHHS OOJagHAHHS, MJABUIIUTH JOBIOBIYHICTH HOTOo pPOOOTH, IO
3abe3nedye 30UTBIICHHS MDKPEMOHTHOTO TMepiofy eKCIulyaramii i 3MEHIIeHHS eHepro- Ta
MeTamoeMHOCTI. OHIEI 3 BAXJIMBUX MPOOJIEM PO3POOKH KOMIO3UTHUX MaTepialliB 3 BUCOKUMH
eKCIUTyaTalliiHIMH XapaKTepUCTUKAaMU € 3a0e3MeueHHs aare3iiHoi B3aeMoIii Ha MeXi moainy ¢a3
MIpH BUKOPUCTAaHHI MOAM]IKATOPIB Ta MIACTH(PIKATOPIB Y cUCTEMi «MOIU(BIKOBAHUN EMTOKCUIHHMA
3B’s3yBay — HAIMOBHIOBaY». BBEeJEHHS BKa3aHMX J00aBOK CYTTE€BO BIUIMBA€ HA BEIHMYUHY
3aIUIIKOBUX HAMpyXeHb Mmichs (OopMyBaHHS MaTepialy 1 iX MOXJIHMBY peNakcalii y Mpoleci

ISSN-print 2313-4763; ISSN-online 3041-1939 111



NEPNEFTNPIPE Marepianossascreo

eKCIUTyaTallii BUpoOiB pH BUKOPUCTAHHI KOMITO3UTIB. BCTaHOBIIEHO, 110 3aJMINKOBI HAIPYKEHHS
BUHUKAIOTh BHACTIIOK MiX(]a3Hoi B3aeMonii mpu GopMyBaHHI MaTepiady 3a paXyHOK yTBOPEHHS
(G3UYHUX 1 XIMIYHUX 3B’S3KIB MK KOMIIOHEHTAMHU CHUCTEMH, & TaKOX — BHACIIJIOK 3MCHIICHHS
00’eMy KOMITO3UTIB MiJ yac ycanaku [1, 2]. BaxinBe 3HaUeHHS TaKOXK Ma€ Pi3HUIT MK TEPMIYHUM
KOe(QiIlieHTOM JIIHIHHOTO PO3IMMpPEHHs TBepaoi a3y — HamoBHIOBaYa 1 MOJIMEPHOI MAaTpHIIi.
3aNMIIKOBI  HamNpy>KEHHS MOXYThb 3MIHIOBAaTUCh 32 pPaxyHOK pekoMOiHauii Ta 3MiHH
KOH(]ipMaIiitHoro Habopy MaKpOMOJIEKYJI Y €MOKCUKOMIIO3UTHOMY MaTepialii, 10 BUKOPUCTaHI 5K
MOKPUTTSI poOOYMX MOBEPXOHb JeTaneil BUpoOiB. ToMmy, BaXXIMBOIO € pPO3poOKa HOBUX METO[IB
pEryiaroBaHHS MIBUAKOCTI IMPOXO/UKEHHS (PI3MKO-XIMIUHUX MPOILECIB MpPU CTPYKTYpPOYTBOPEHHI
Matepialy, IO [03BOJISE HAyKOBO-MPOTHO30BAHO BIUIMBATH Ha BIACTUBOCTI KOMITO3UTHUX
Matepiajax MpH iXHiil eKcrutyaTarii Hajami.

Jlo TemepimiHbOrO Yacy BiAOMO Psi TPAIUIIAHUX METOJIB PETYIIOBAHHS K 3aJIUIIKOBHX
HaIpy>KeHb, TaK 1 KOre31iMHOI MIITHOCTI CUCTEMU B 1iiiomy [3, 4]. Lle 30kpema, mporao3oBaHa 3MiHa
TEMIIEPATypPHO-UYACOBUX TMapameTpiB (HOpMyBaHHS EMOKCUKOMIIO3UTIB, THCKY 1 BOJOIOCTI
HABKOJIMIIHBOTO CEPEIOBHINA, CITIBBIIHOMIEHHS Mi)K KOMIIOHEHTAMH y TETEPOTEHHHX CHCTEMax.
Takuit miaXia AO3BOJISE Y KOMIUIEKCI MOKPAIIUTH EKCIITyaTalliifHi XapaKTepUCTHKH KOMIO3UTHHUX
MarepiajiiB, BHACHIJOK MOKpaleHHs MiX(pa3HOT B3a€MOAIl 1 MPOTHO30BAHOI'O PEryJIHOBaHHS
MIPOXOJKEHHSI CTPYKTYPHHUX MpoLeciB pu ¢opMyBaHHI MaTepiany. 3a3HaUMMO, IO Taki METOIU
Mo diKaIlii € eKOJOriYHO YUCTUMH 1 BIZIHOCHO JICIICBUMH TOPIBHSHO 3 TpamuIiiHumu [5—7].

Ha nanwmii yac BayKJIMBUM € JOCTIIPKCHHS B3a€EMO/II, 1110 BiAOYBaOThCSA Ha MexXi oAty ¢as
«omiromep-monudikaTop», 3a PpaxyHOK CTPYKTypOYTBOpPEHHS B Impoueci ¢GopMyBaHHS
enokcukomno3uTiB. CyTT€BO Ha Taki MPOLECH MOXKHA BIUIMBAaTH 32 PaxXyHOK BBEACHHS B
OJIIFOMEPHY MaTpPHULIIO0 JOJATKOBUX MOAMU(DIKATOPIB J0 MOYATKy MpOLECy TBEpAHEHHs. BBeneHHs
Moau(DiKyroUnx 00aBOK y mpoiieci (opMyBaHHS KOMITO3UTY TO3BOJISE MIABUIIMTU €KCILTyaTalliiHi
XapaKTepUCTUKU MaTepiaiiB. Y 3B 3Ky 3 BUKJIAJIEHUM BHILE JOCIIIKEHHS BIUIMBY MOAU]IKATOPIB
Ha OCHOBHI XapaKTEPUCTHKHU EMOKCUKOMIIO3UTIB € Ha CHOTOJHINIHIN Yac aKTyalbHOIO 3a/adyero
Cy4acHOT0 MaTepiaio3HaBcTBa [8, 9].

Meta podoru. Jlocnmigutu BrumMB MoaudikaTOpa Ha OCHOBI TPUMETHIXJIOPCIIaHY Ha
(hi3MKO-MEXaHIYHI BJIACTUBOCTI EMOKCHKOMIIO3UTHUX OJIITOMEPIB ISl OTPUMAHHS MaTepialliB 3
MiBUIIEHUMH €KCIUTyaTallliHUMHU XapaKTePUCTUKAMH.

Marepiaan Ta Mmetoam. SIK 00’ €KT HOCTIHKCHHS BHOPAHO SIOKCHUIHUIN JIIaHOBHH OJIIrOMEp
mapku EJ[-20 3 BMicToM enokcuaHux rpymn 19,9-22,0% i1 monexkynapHoo Macoro 390—430 r/monb,
SKUN XapaKTepU3yeThCsl HE3HAYHOIO YCAJTKOI0, BHCOKOIO aJre3idiHOI0 Ta KOTe3iHOI MIIHICTIO,
TEXHOJIOTIYHICTIO TP HAHECEHHI Ha JIOBFOBUMIPHI MOBEPXHI CKIAAHOTO MPOdiII0, PO3BUHYTOIO
cupoBuHHOIO 0a3010 [10, 11]. BpaxoByiouu Te, 1o OUIBIIICTh MaTepiaaiB Ha OCHOBI €MOKCHIHOTO
3B’si3yBauya BUKOPUCTOBYIOTH Yy BHUIJIAMI IMOKPHUTTIB, 32 YMOBHU iX (opMyBaHHA Ha pPOOOYMX
MOBEPXHAX JeTalieil MallluH, JJIs 3MIMBAHHS EMOKCHIHOTO 3B’s3yBaya BHKOPHCTAHO TBEPIHHUK
MOTIETHIICHITOIIaMiH, SIKUHM 3a0e3mnedye (opMyBaHHS KoMmo3uTHuX wmatepiamie (KM) npwm
KiMHaTHHX Temneparypax [12, 13]. ¥V 1mocmigkKeHHSX BHKOPUCTAHO J[Ba BHIU 3B’si3yBava:
enokcuianoBuid ojyiiromep EJ[-20 BiTunM3HSHOTO BHUpOOHUIITBA Ta 3akopaoHHUN aHaior EPOXY-
520 BupoOHunTBa Yexii. Sk TBepmHuk BukopuctaHo mnomieruneHnomiamin (IMEITA) mpu
crexiomeTpuuHoMmy criBBigHOmeHHI KommoHeHTiB EJ[-20 : TIEITA=100 mac.u. : 10 mac.u. s
BIUIMBY Ha TIPOIEC CTPYKTYPOYTBOPEHHS BHUKOPHUCTAHO 3allPONOHOBAHMN HAyKOBO-IOCIIIHUM
eKCIIepTHO-KpUMiHANICTUYHUM 1ieHTpoM Tipu  YMBC  Vikpainu TepHominbchbkoi  00sacTi
Mo udikaTop Ha 0CHOBI TpuMeTHixyopcinany (TMXC-1).

TpuMeTunxiaopciiaH MIMPOKO BHUKOPUCTOBYETHCS B OPraHIYHOMY CHHTE31, K JKepeso
TPUMETHUJICHIILIIFHOI TPYITH, TaK SK 1 0€3BOJHE JuKepero xyopuay. OyHKIIOHATBHI TPYTH CIIHPTIB
Ta aMiHIB JIETKO IMIJIAIOTHCS PEaKIii 3 TPUMETHIXJIOPCHIAHOM, YTBOPIOIOYH TPUMETHUIICHILIBHI
edipu abo TpumeTwicWIUbHI amiau [14, 15]. Otpumani rpynu MOXyTh OyTH BUKOPHCTAHI SIK
3axucHi rpynu. Jlanuit MmonudikaTop € piAMHOIO, CTPYKTYpHA opMyJia sIKOTO MpUBeJeHa Ha puc. 1.
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Pucynok 1 — CtpykrypHa popmysia Tpumetmixiopcinany (TMXC-1)

@Di3UKO-XiMiYH1 BIACTUBOCTI

—  Momnekynspua popmyna: (CH3)3SiCl.

— Monekynsipna maca: 108,7 r/moib.

— Temneparypa kuninus: 57°C.

— Temmneparypa iaBnenHs: - 58°C.

— Temmeparypa cranaxy: - 28°C (3aKpuTa Jaiika).

—  Twuck mapu: 26,7 xIla (mpu 20°C).

— PosumnHIcTh Y Bogi: Pearye (Tigpo:i3) 3 yTBOPEHHSIM COJISTHOT KHCIIOTH.

— 3oBHimHIA Bursaa: bedapBHa a0o 351erka >KOBTyBaTa Mmpo30opa piguHa.

[Ipu mocmipKeHHI €MOKCUIHUX KOMIIO3UTHUX MaTepiaiaiB BUKOPUCTOBYBAIM BiIOMi METOIU
JocTiKeHHs (Pi3UKO-MEeXaHIYHUX BIACTUBOCTEH €MMOKCHKOMIIO3UTHHUX MatepiaiiB [16—19], a came:
3aJIMIIKOB] HANpY>KEHHS, yJapHa B’ A3KICTh, MIIHICTh aAre3iHUX 3’€HAHb, MUTTEBUNA MOIYJb
MPY>KHOCTI Ta TEIUIOCTIHKICTb.

3alMIIKOB] HAMpPY>KEHHS B €MOKCHUIHUX KOMIIO3UTaX OI[IHIOBAJIM NU(paKUiiHUM METOJIOM,
SIKUM TPYHTYETHCS Ha BUMIPIOBaHHI Jedopmariii KpuCcTaaiqHOl IpaTKH 3a 3MIIICHHSIM MaKCHMYMIiB
TUGpakIifHUX  MIKIB.  Y3arajpHEHy MpOLEAYpY BHU3HAYCHHS  3alUIIKOBHX  HAINpy>KEeHb
mudpakiiaumMu Metogamu BukopuctoByrouu cranaapt ISO 20104 «Residual stress measurement
by diffraction methods», 13 BpaxyBaHHSM BHMOI JO MIJATOTOBKU 3pa3KiB, KaniOpyBaHHS
oOJyanHaHHs, 3HIMaHHS Ta 00pobIeHHs nudpakrorpam.

VYaapHy B’M3KICTh  €MOKCMKOMIIO3UTIB  3a3BMYail  BHM3HAYalOThb 3a  pe3yJbTaTaMu
MasTHUKOBUX BHINpoOyBaHb 3a meromoM [lapmi. BimmoBimno mo ISO 179-1:2023 «Plastics —
Determination of Charpy impact properties — Part 1: Non-instrumented impact test»
BUNPOOYBaHHS MPOBOJWIM Ha OpyCKax, BCTAHOBJICHUX Ha OMNOPHU SK OJHOMPOIITHY OalKy;
MasTHUKOBHAM KOTICPOM HAaHOCSTHh OJAMHHYHUH yaap, a MOTIMHYTY €HEPril0 pyWHyBaHHS JIIATH Ha
TJIONTY TIepepi3y B 30HI pyHHYBaHHS, OTPUMYIOUH BEJTMUUHY YIapHOT B’ SI3KOCTI B KJIK/M?.

MinHicTh KiIeHoBUX (aare3iiHux) 3’ €qHaHb €MOKCHUIHUX KOMIIO3UTIB JIOIIIHFHO OIIHIOBATH
3a cxeMow BHMPOOyBaHHS Ha po3TAr 3 mepekputtsMm (lap-shear). Crammapt [ISO 4587:2003
«Adhesives — Determination of tensile lap-shear strength of rigid-to-rigid bonded assemblies»
perjJamMeHTy€e BHUTOTOBJICHHS 3pa3KiB 13 JBOX JKOPCTKHUX IJIACTHH 13 3aJaHUMH PO3MipaMu 30HU
MEPEKPHUTTS, YMOBH BUTPUMKH JO BHIPOOyBaHb Ta IIBUAKICT, HaBaHTaXeHHs. [lig dac
BUIIPOOYBaHHS 3pa30K PO3TATYIOTH 0 PYWHYBaHHS aAre3iifHOrO MIapy, a MIIHICTh 3YeTUIeHHS
BH3HAYAIOTH K BIIHOIICHHS MaKCHMAJTLHOI PYHHIBHOI CHITH JIO TIOMII TIEPEKPUTTSI KIICEHOTO IIBA.

MuTtTeBHii (MOYATKOBUI) MOAYJH MPYXKHOCTI €MOKCUKOMIIO3UTY BU3HAYAIOTh 13 Jiarpamu
«Hanpyx)eHHs—AedopMaIlis», OTPUMAHOI TiJ Yac CTAaTHYHOTO PO3TATYBAIHHOTO BUIIPOOYBAaHHS.
3araipHI TPUHIMIIKA TaKUX BUNpoOyBaHb HaBeaeHO B ISO 527-1:2019 «Plastics — Determination
of tensile properties — Part 1: General principles», a yMOBH 151 JTUTHUX/TIPECOBAHKUX ILIaCTMAC 1
KOMITO3UTIB — y BIAMOBiIHUX yacTuHAxX [SO 527-2.

TemmocTIHKICTh SNOKCHIHUX KOMIIO3HUTIB YacTO XapaKTEePH3YIOTh TEMIIEPATYPOIO TIPOTHHY
mig HaBantaxkeHHsMm (HDT). Bigmosigno mo ISO 75-1:2020 «Plastics — Determination of
temperature of deflection under load — Part 1. General test method» 3pa3ok y Burmsiai Oanku
HaBaHTAXYIOTh Y CXeMi TPUTOYKOBOTO 3THHY 3aJaHHM HABAHTAXXEHHSM, IMICIII YOTO TEMIIEpaTypy
CEpEeIOBHINA IMIBUIIYIOTH 13 ()IKCOBAHOIO MIBHJKICTIO; TEMIIEPATYPOIO TEIUIOCTIHKOCTI BBAXAIOTh

TEMIIEPATypy, 3a SIKOI MPOTUH JOCATAE 3a]aHOTO 3HAYCHHS PIBHOTO 6 MM, MpHU JOBXKHUHI 3pa3ka
100 mm.
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KommnosuTHi MaTepianm GopMyBaiu METOAOM TiAPOJUHAMIYHOTO CYyMIIIIEHHS KOMITOHEHTIB.
3 METOI0 BH3HAUEHHS ONTHMAJIBHOTO CIIBBITHOLICHHS KOMIIOHEHTIB y CHCTEMi IMPOBEACHO
JocmiKeHHs: BrnacTuBocTed KM mim BIJIMBOM JWHAMIYHUX HAaBaHTa)KEHb Ta  IMiJBUINEHUX
TEMIEpaTypax 3aJeKHO BiJl BMICTy MOAudiKaTopa.

OOroBopeHHsi pe3yabTaTiB J0CTiTKeHb. BumpoOyBaHHS TNPOBOIWIM Yy KiJIbKa
MOCIIJOBHUX €TalliB: JOCHIKEHHS (I3UKO-MEXaHIYHUX XapaKTEepPUCTUK Ta TEIUIONPOBITHOCTI
€MOKCHIHOTO MaTepiaiy BiJ BMICTY MoaudikaTopa.

OpauM 3 QakTopiB, M0 BU3HAYAIOTH MOBEHIHKY MaTepialy y MpoIleci eKCIUTyaTalii €
CHIBBIJITHOILIEHHSI BEJIMYMHU MILHOCTI aAre3iiiHuX 3’€lHaHb 1 3aJUIIKOBUX HampykeHb. [lpu
BBEJIEHHI MOJU(IKATOPIB y €MOKCUAHY MATPHIIO 3MiHa BKa3aHUX XapaKTEPUCTUK CBIAYUTH PO
3MIHYy MeEXaHi3My B3a€MOJIi MpH 3IIMBAHHI emnokcuaHoi Marpuii. [Ipore BHCOKI 3Hau€HHS
3aJMIIKOBUX HANpyXeHb € HEraTuBHUM (PakTopoMm, 110 MNPHU3BOJATH JO HOTIPLICHHS
eKCIUTyaTallliHUX XapaKTepUCTHK MaTepiady — MOSBH MIKPOTPIIIMH, YaCTKOBUX Jedopmariid,
BiJlIIIapyBaHHs MOKPUTTIB To1o. [20, 21].

JlocaiakeHo 3MiHY 3aIMILIKOBUX HanpykeHb (o3ai1) npu BukopuctanHi EJ[-20 3anexHo Bij
BMicTy Moaudikaropa (puc 2). HaiiBumi noka3HuKH 3apeecTpoBaHi mnpu BBedeHHi 0,1 T
MoaudikaTopa Ha 100 r BkazaHoro 3B’s3yBaya (c63an=0,463 Mlla mis E/I-20 ta o3an=0,337 Mlla
s EPOXY-520) i mpu 1 r moaudikatopa Ha 100 r 3B’s13yBaua (03a1=0,499 MIla mns EJ1-20 ta
o3an=0,354 MIla nns EPOXY-520). HaiiMenmni 3HaueHHs 3aJIMIIKOBUX HAlpy>KeHb BUSBJICHO MPU
nonasanHi 0,25 T monudikatopa Ha 100 r enokcuanoro marepiany anst EJ[-20 (63an=0,264 Mlla)
Ta npu BMicTi Moaudikatopa 0,75 r Ha 100 r EPOXY-520 (03a51=0,85 MIla).

3anuIIKOBI HAPY>KEHHS MIPU BBeIEHHI MojudikaTopa B enokcuaHuil 38’ s13yBau TMXC-1 3
ocHoBoro cmonu EPOXY-520, 3miHIOIOTBCS Bi BMIcTy MonudikaTopa. MakcuMmanbHi 3HaY€HHS
3aIIMIIKOBUX HAmNpyXeHb 3apeecTpoBaHi npu BeeneHHi 0,1 r 1 mpu 1 r moaudikatopa na 100 r
3B’s3yBada (TyT 1 Hajajal IO TEKCTy KOHLEHTpauilo Moaudikaropa npuBeneHa Ha 100 T
€MOKCUIHOTO 3B’s13yBaya). Taki ) 3HaYEHHS BKA3aHOI'O MOKAa3HMKA XapakTepHi JUis MaTepiairy 6e3
MoudikaTopa.

3anuWwKoBi HaNpyKeHHA
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PucyHok 2 — 3anexHiCTh 3aIMIIKOBUX HANPYKEHb CIIOKCUIHOI MaTpHILi
(EJ-20 Ta EPOXY 520) Bin Bmicty moaudikaropa TMXC-1

ExcniepuMeHTaNbHUMU JOCHIKEHHSIMU BCTAHOBJICHO HEOJHO3HAYHUM BIUIMB KOHLIEHTpALi]
MoaudikaTopa B €OKCUIHOMY MaTepiajli Ha BETMUYHMHY 3aJUMIIKOBUX HampyxkeHb. Ha Hamy qymky,
Mo u(iKyBaHHS BIUIMBA€ Ha CTPYKTYpHY OpraHizallilo B Marepialli, TOMY CIiJl OYiKyBaTu 3MiHy U
iHImux xapakrepuctuk KM. Beaxaemo, 1110 B MaTepiaii NpoXoAaTh OJHOYACHO MPOLECH 3IIMBAaHHS
1 TuiactTudikamii B eNoKCUIHOMY 3B’s3yBayi. Y mporeci (opMyBaHHS MOKPHUTTIB BHUHUKHEHHS
3aJIMIIKOBUX HAIpy’KE€Hb CTBOPIOE MPOOJIEMYy Ui MOKPUTTS B LiIoMy. [liIBUIEHHS 3aIMIIKOBHX
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Hanpy>KeHb HETaTUBHO BIUIMBAE HA MEXaHIYHI Ta (DYHKIIOHAIbHI XapaKTEPUCTUKH, OCKUIBKH BOHU
4acTo MPU3BOAATH 10 MEPeIYacHOr0 BUXOAY 3 JIaay depe3 BiJIIapyBaHHS MOKPUTTS Ta, B OKPEMHX
BUMAJIKaX J0 Jedopmamii emOKCHKOMIO3WTY. BimmapyBaHHS 4YacTO TOYHMHAETHCS 3 KYTIB Ta
3arnu0JeHb, SKI XapaKTepHI KOHIIEHTpAaTOpaMH HampyxeHb mpu ¢opMyBaHHI BupoOy. Bupimmru
BKa3aHy npoOieMy MOXYTh MOIU(IKATOPH 32 paXyHOK 3MiHH MEXaHi3My CTPYKTYPOYTBOPEHHS B
KOMITO3UTi, 10 BIJIMBAE HAa MEXaHIYHI Ta Termnodi3zuyHi BracTuBOCTi. Moaudikatop, y LbOMY
BUMAJIKY, B3a€MOJII€ 3 MaKpOMOJIEKYJIaMH 3B’s3yBada, IO BIUIMBAE Ha TPOIECH YTBOPEHHS
MOJIIMEPHOI CITKU. Y IbOMY BHUMAJIKy MOJU(IKATOp, L0 BUKOPUCTOBYIOTb, MOXE [ISITH SK
wiacTudikaTop, 301IbIIYIOUM BUIBHUN 00'eM Ta 3a0e3meuyrodd CYTTEBY 3MiHY KOH(ipMaliiiHOro
Habopy Makpomosekyid. Crif O4iKyBaTH pejakcallilo HalpyXeHb HaBITh 3a HIDKYMX TEMIIEparyp,
110 MOKpaiiye MixkgasHy B3aemoito [21-23].

MinHicTh aAre3ifHuX 3'€JHAHb B €MOKCHIHUX KOMIIO3UTaX 3aJE€KUTh BiJl TaKuxX (aKkTopiB,
SK TUI 3B’sI3yBaya, KOHCTPYKIIs 3'€HaHHS, HIATOTOBKA Ta TOIOJIOTiSI MHOBEPXHI pPoOOUYMX
MOBEpXOHb JeTasiel oOmagHaHHsA. L9 XxapakTepuctuka BimoOpaskae MIIHICTB, 3  SKOIO
€MOKCUKOMIIO3UT B3a€EMOJIIE 3 OCHOBOIO 1 3yMOBIIIOE HOTO a/re3iifHi XapakTepucTuku [24, 25].

ExcniepuMeHTanbHO BCTAHOBJICHO YTBOPEHHSI KUIBKOX EKCTPEMYMIB HpHU JOCIHIKEHHI
MILHOCT1 ajire3iiHux 3’enHaHb (puc. 3) Hpu BUKOpPUCTaHHI enokcuaHoi cmonu EJ[-20 3
MonudikatopoM. HaiiBummii pesynsrar 3adikcoBanuit npu Bmicti 0,25 r moaudikaropa Ha 100 T
3B’si3yBava (ca=161,0 MIla). Ilpu BBegenni 0,1 r Ta 0,5 T MogudikaTopa MIIHICTH AATE3IHHUX
3’¢HaHb HW)KYa HDXK y 4ucToi cMonu (6a=86,8Mmna ta 6a=93,0 Mlla BinmoBigHO), @ MpH BMICTI
moaudikatopa 1 r Ha 100 r 38’s3yBaya ca=119,2 MlIla.

JloBeieHO, 110 pe3yJIbTaTH AOCHIHKEHb MIIHOCTI aAre3iiHuX 3’€lHaHb, IPU BUKOPUCTAHHI
EPOXY 520, Takox crmocTepiraid JBa €KCTPEMyMH BII KOHIEHTpali Moaudikaropa.
Bcranosneno, mo npu aogasanHi 0,75 r mogudikaropa ca=146,3 MIla. Ilpu Bmicti 0,1 110,25 1
Moaudikatopa Ha 100 r 3B’sa3yBava 3HAYCHHS MapaMmeTpa ctaHOBUTH ca=87,8 Mlla ta 124,4 MIla
BIJIMOBIAHO, a Mpu noaaBanHi 1 T mogudikaropa Ha 100 r 3B’ sa3yBaua ca=61,7 Mlla (TyT 1 gami no
TEKCTY KOHLIEHTpaIito Moaudikatopa npuseaena Ha 100 r enmokcuaHoro 3B’ A3yBaya).

MiLHicTb agresiMHMX 3'egHaHb
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Pucynoxk 3 — 3anexHICTh MIITHOCTI aare3idHuX 3’ €THaHb SMTOKCHUTHOI MATPHUIT
(EA-20 Ta EPOXY 520) Bix BmicTy Mmoaugikatopa TMXC-1

3aNexHICTh MUTTEBOTO MOJIYJISI IPYKHOCTI €MOKCUIHOI MaTpHLll BiJl BMICTY MoaudikaTopa
npuseneHo Ha puc. 4. Moayns Onra (E) mis enmokcuaHOI CMOJM € BaXKIIMBOIO MEXaHIYHOIO
XapaKTEPUCTUKOIO, SIKa BU3HAYAE HOTO 34aTHICTh YHHHUTH OIIIP MiJ JI€I0 30BHINTHIX HABAHTAXKECHb.
3a 710MOMOrOI0 BKa3aHOI XapaKTEpUCTHKH MOXHA OLIHUTH JAe(QopMalliio TMOKPHUTITIB TpHU
pO3TATYBaHHI 200 CTHCHEHHI €MOKCUAHOTO MaTepiany [26, 27].
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[Moxazuuku Monyns FOHra npu noxaBanHi Mmomudikatopa no marpumi E/1-20, mpu 0,1, 0,5 i
0,75 r nmemio HIKYI BiJl YUCTOI CMOJH, JOcsArarouu cBoro MiHiMymy mpu 0,5 r Mmoaudikaropa Ha
100 r 3B’s3yBaua (E=0,686 I'Tla). [Tpu xonnentpamisx y 0,25 i 1 r monudikaropa E Bumi Big E
gyucToi cMond. MakcumanbHe 3HaueHHs crocTepiranu npu KoHuentpauii 0,25 r moaudikatopa
E=1,192 I'TIa.

PesynbraTi nociigkeHb MUTTEBOro Moyt FOHra npu gogaBanHi MogudikaTopa 10 CMOJIU
EPOXY 520 npu Bmicti B 0,1 T nemo Hmk49i Bix umcroi cmoym. [lpm Bwmicti 0,5, 0751 1 r
monudikatopa Ha 100 r 3B’s3yBaua pe3ysibTaTH AOCHIKeHb Momyist HOHra mifBUILYIOTHCS.
HaiiBummii noka3zHuk monyns FOHra excrnepuMeHTaabHO BCTaHOBJIEHHM mpu BmicTi B 0,25 1
monudikatopa E=1,981 I'Tla.

Pesynbratu mocmipkeHb ynapHOi B’SI3KOCTI 3’€/IHaHb €MOKCHIHOI MaTPHIl BIJ BMICTY
MonudikaTopa MpPHUBEIEHO Ha pHC. 5. YaapHa B’A3KICTh EMOKCHMKOMIIO3HMTIB — 1€ OCHOBHMH
MOKA3HUK TPH JWHAMIYHUX HABAHTAXKCHHAX Ta XapaKTEPU3yE€ MOKIUBICTH BUPOOY BUTPUMYBATH
yJlapHi 3HaKO3MiHHI IIUKJIIYHI HaBaHTaxeHHs [28, 29].

[Toka3HukM ynapHOi B’S3KOCTI Hpu jgociikeHH1 3B’s3yBaua EJI-20, npaktuyHO He

3MIHIOIOTBCS 3aJI€KHO BiJl BMICTYy MoaudikaTopa, 3a BuHATKOM 0,1 r TMXC-1, ne BoHM HalHUXKY1
(a=7,70 xJIx/M?).

MuTTEBMI MoAyNb Npy*KHOCTI (Moay/b KOHra)
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Pucynok 4 — 3anexHicTb MUTTEBOT'O MOAYJIS PY>KHOCTI €NOKCHAHOI MaTpHIIi
(EJ-20 Ta EPOXY 520) Bin BmicTy Mogudikaropa TMXC-1
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Pucynoxk 5 — 3anexxHicTh yaapHOi B’SI3KOCTI 3’ €JHAHb €MTOKCUIHOT MaTpULI
(EJ-20 Ta EPOXY 520) Bix BmicTy Mogudikatopa TMXC-1
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JlocmimpkeHHssMu  BIMBY Monugikaropa Ha omiromep EPOXY 520 BcraHoBiIeHO
MiJBUIICHHS YJapHOI B’ S3KOCTI MpH 301IbIIeHHI BMICTY Moaudikaropa 0,5 r, sika CTAHOBUTH a =
9,13 xJIx/m% Hanani qanuii moxasHuk 3MeHnryeTses i pu 0,751 1 T a gocarae HIDKUMX HOKA3HUKIB
HIX Y HeMOIM(IKOBAaHOMY 3B’ sI3yBadi.

3aneXHICTh TMOKAa3HWKA TEIUIOCTIHKOCTI €NMOKCHIHOI MaTpHIll Bix BMiCTy MonudikaTopa
MIPUBEJCHO Ha pHC. 6.
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PucyHOK 6 — 3a5IeXKHICTh TETUIOCTIHKOCTI €MOKCUAHOI MaTPHIT
(EA-20 Ta EPOXY 520) Bix BmicTy moaugikatopa TMXC-1

BaxnuBumu Temno@izMYHUMH  BJIIACTUBOCTSIMHM, IO BIUIMBAalOTh Ha EKCIUTyaTalliiHi
XapaKTePUCTUKH TMOJIMEPKOMIIO3UIIIHUX MOKPUTTIB € TemnocTiikicts [30]. ¥V poGoti Oyino
MIPOBEACHO OCIIIKEHHS TEIIOCTIMKOCTI 32 MapTeHcoMm.

JlocnipkeHo BILIMB Moau(ikaTopa Ha TermtocTiikicTs cMonu EJ[-20. BusBneHo 3HMKEHHS
naHoro mokasHuka npu BwmicTi 0,1 T ta 0,5 r MonudikaTopa — TEIIOCTIMKICT HMXKYA HIK Y
HeMoaudikoBaHOMy 3B’s3yBaui. BcraHoBieHo, mo mpu BMIcTi B 0,25 T pi3HUIS TEMIOCTIHKOCTI
MOPIBHSAHO 3 YHCTOK cMmojioro MiHiManeHa. [lpm momaBamni 0,75 1 1 1 wmommdikaropa
TEIUIOCTINKICTh BUIIIA HIX Y HEMOJM(IKOBAHOTO 3B’s3yBaya 1 Jocsraia MaKCUMalbHOTO 3HAUCHHS
T = 404,75 K npu xounnentparii 0,75 r mogudikaTopa (TyT 1 Hajaml MO TEKCTY KOHIIEHTpPAIliO
MoaudikaTopa npuBeneHa Ha 100 T eMOKCUAHOTO 3B’s3yBaya).

Buuaroun BmmB moaudikatopa Ha TeriocTidkicte cmonun EPOXY 520 cmoctepiranu
3HIDKEHHS JaHOTO moka3Huka mpu BmicTi 0,1 11 0,5 r, mpu sIkux TemnocTidkicTs Hk4a (mpu 0,1 1)
abo piBHa (npu 0,5 r) BigHOCHO yHcTOi cMoiu. BogHowac mpu Bwmicti B 0,25 T mMoaudikaropa
TerIoCTiKicTh mokpamuinack 1o T=406,55 K. Ilpu nonmaBanni 0,75 r i 1 r moaudikartopa
TEIJIOCTIMKICTh BHINA HIXK y unctoi cmosn T=405,15 K ta T=400,55 K BiamoBiaHO).

AHanizytoun pe3yibTaTH €KCIEPUMEHTAIbHUX TOCTIKEHb JJS €MOKCHIHOTO OJIroMepy
EJI-20 moxHa cTBepKyBaTH, W0 JAofaBaHHA | T Monaudikatopa HE PEKOMEHIYIOTh IUIs
BUKOPUCTaHHA. 3HAYHO 3aHMXKY€ETHCS TEIIOCTINKICTh, MUTTEBUI MOIYJb MPY>KHOCTI Ta MIIIHOCTI
anre3iiHux 3’€AHaHb EMOKCHUIHOTO oJiiromepa. 3 iHmoro OOKy BBeACHHS Moaudikaropa y
KimpkocTi 0,25 T 3HMKY€E 3aIMIIKOBI HAaNpPY>KEHHS Ta MOKpAIy€e JOCTIKYBaHI XapaKTEPUCTUKH.
AHani3yro4M eKClepuMEeHTaNIbHI JaHI MO’KHa CTBEPKYBaTH, 1110 BBeJleHHS Moaupikatopa TMXC-
1 y ximpkocti 0,25 r Ha 100r E/I-20 mouinpHO [uisi mOKpamieHHs aaresii. ca 3poctae Ha 30%.
Hesnaune migBUIIEHHS BCIX MOCTIDKYBaHMX XapakTepucTuk (Ha 1-3%) CympoBOIKY€ETHCS
MiABUILEHHSIM 3aJIMIIKOBUX HampykeHb Ha 70%. BBeaenns moaudikaropa TMXC-1 y KimbKocTi
0,75 r 3abe3nedye MiIBHINEHHS TerocTiikocTi Ha 1,5%, 3MiHIOE (i3MKO-MEXaHIuHI
XapaKTepUCTUKH y MeKax MNOXMOKM eKclepuMeHTy. ToMmy BBeleHHs MoaudikaTopa B I1HIIMX
KOHIEHTPALIIX HE PEKOMEHI0BAaHO ISl BAKOPHUCTAHHS.

JHns enokcugHoro omiromepy EPOXY 520 BBemenHs omiromepy B KutbkocTi 0,25 mr
3a0e3neuye 3pocTaHHs TerocTiiikocti, Mmoxyna KOura Ha 70% Ta mokpalye ynapHy B’SI3KICTh Ha
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12% mpu He3HAYHOMY TMiJBHIICHHI 3aJMIIKOBHX HAIpYyXeHb. TakoX BBEACHHS Moamdikaropa B
kinpkocti 0,75 T NMPUBOAWUTH O MiJBHUINEHHS MIIHOCTI aare3idHux 3’enHanb Ha 100%, momyns
npyxHocTi Ha 15%. TemnocTifKICTh 1 3aJIMIIKOBI HAIPYXEHHsSI 3MIHIOIOTHCSI B MeXaX MOXHUOKU
eKCIepuMeHTy. BBeneHHs MonudikaTopa Npu IHIIMX KOHLEHTpALisX HE MPU3BOIUTH J0
KOMIUIEKCHOTO MOKpAIlleHHs BJaCTUBOCTEN MaTepiaiiB.

BucnoBku. IlpoBeneHo moCHiIKeHHs BIUIMBY  po3poOieHoro moaudikaropa —
TPUMETHIIXJIOpCiIaHy Ha (i3MKO-MEeXaHIYHI XapakTepUCTUKH emnokcuaHux omiromepis EJI-20
(Ykpaina) Ta EPOXY 520 (Yexist). BctanoBneHo, mo BBeneHHs MoaudikaTopa B KibkocTi 0,25 T
Ha 100 r omiromepy amnst 06ox matpuils Ta 0,75 T st enokcuanoi cmoiit EPOXY 520 npuBoauts
710 IOKpaIIeHHs (i3UKO-MEXaHIYHUX Ta TEIUIO(QI3NYHUX XapaKTEPUCTUK EMOKCUHUX MaTepialiB 3a
paxyHOK BIUIMBY peakLiHHO3AaTHUX 3B’SI3KIB MOAM(IKATOpa HAa MPOLECH CTPYKTYpPOYTBOPEHHS.
[nm  koHueHTpamii Moau@ikaropa HE pPEKOMEHIOBaHI Ui 3acTOCYBaHHA 1 MOTPeOYIOTh
[IO/IAJIBIIOTO AOCHIIKEHHS.

IlepciekTHBM MNOJANBIIMX JOCHiIKeHb. Il1aHyeTbCS BIOCKOHATUTH  CTPYKTYpPY
MoaudikaTopa Ta MPOBECTH OUIBIN JCTaJbHE BHUBUEHHS BIUIMBY IHIIUX KOHIIEHTpAIlld Ha OUIBII
LIMPOKHUNA CHEKTP XapaKTEPUCTUK MIPU HAIIOBHEHHI €OKCUKOMIIO3UTIB.
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RESEARCH ON THE INFLUENCE OF A TRIMETHYLCHLOROSILANE MODIFIER ON THE
PHYSICAL AND MECHANICAL CHARACTERISTICS OF AN EPOXY COMPOSITE

Abstract. The study of the interaction at the interface between the ‘oligomer-modifier’ components, due to
structural interaction in the process of forming an epoxy matrix, is currently important for improving the
physical and mechanical characteristics of composite materials. In this area of research, the use of a modifier
based on trimethylchlorosilane for the ED-20 (Ukraine) and EPOXY 520 (Czech Republic) binders makes it
possible to scientifically and predictably influence the performance characteristics of materials. The
trimethylchlorosilane modifier (TMHS-1) proposed at the Research and Forensic Centre of the Ministry of
Internal Affairs of Ukraine in Ternopil Oblast was used to influence the structure-formation process. It was
found that for the epoxy oligomer ED-20, the introduction of the TMHS-1 modifier in the amount of 0.25 g per
100 g of ED-20 improves the strength of adhesive joints by 30%. For the epoxy oligomer EPOXY 520, the
introduction of the modifier in the amount of 0.25 g provides a 70% increase in Young's modulus and a 12%
improvement in impact strength, with a slight increase in residual stress. It has been proven that a modifier
content of 0.75 g leads to a 100% increase in the strength of adhesive joints and a 15% increase in Young's
modulus. It has been established that the introduction of the modifier in the amount of 0.25 g per 100 g of
oligomer for both binders and 0.75 g for the EPOXY 520 epoxy resin leads to an improvement in the physical,
mechanical and thermal characteristics of epoxy binders due to the interaction of reactive groups of the
modifier with the macromolecules of the binders.

Key words: binder; trimethylchlorosilane; adhesion; heat resistance; residual stresses; composite material;
matrix.
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A project-oriented approach to maritime transport safety management at the macro level is proposed, based
on a physical analogy with a gravitational-inertial model in which the mission of the multi-project is
interpreted as a vertical axis, the execution rhythm wz and process maturity Is form the momentum of the
stable regime L, and the external environmental pressure Hi, G, St and the disturbance moment t define the
controlled precession Q of the system. A system of generalized parameters and multi-project segments P1-Pg
(regulatory compliance, ship traffic management, navigational infrastructure, human factor, cyber protection,
environmental safety, emergency readiness, analytics and DSS) is developed, for which, using EMSA reports,
weight matrices of impacts and a normalized matrix A are constructed that link the development levels of
segments with the states {ws, 13, H, Gt, S, 6, t}. On the basis of matrix B, which takes into account amplitudes
and signs of effects, a weighted least-squares problem is formulated for the vectors Ap that provides the search
for optimal changes in segment levels, while subsequent discretization AP; € {—=2,...,2} transforms them into
interpretable expert recommendations on strengthening or unloading individual blocks of the multi-project. A
software module in Python (NumPy, pandas, matplotlib) is implemented, which automates the calculation of
the indicators L and Q, classifies scenarios by stability, and generates tabular reports and plots for six typical
scenarios of the European region, demonstrating the possibility of transforming crisis and stressed regimes
into a new balanced state with increased momentum L and reduced precession frequency Q.

Key words: project-oriented approach; gravitational-inertial model; maritime safety multi-project; expert
system; scenario analysis; project management; automation; Python; intelligent systems.
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Introduction. The maritime transport sector is one of the largest in the world, as it accounts
for more than 60% of total freight transportation. The performance of the sector is influenced by
numerous factors, including the requirements of international organizations, flag States, shipping
companies, ports, crewing agencies, and various supervisory services [1]. The current level of
hazards and the risk space of maritime transport, in particular the human factor [2], reveal gaps in
the theory and practice of project management at the macro level (state, industry clusters, large
companies). These gaps are driven by growing organizational and technical complexity, instability
of the external environment, and the high interdependence of operational processes.

Existing approaches mostly accumulate indicators (voyage delays, documentary non-
conformities, incidents, deviations from routes), but do not provide an integrated controllable model
and concept capable of explaining and predicting the evolution of the system, its stability, and the
boundaries of controllability under external and internal disturbances. This leads to reactive
decision-making, data fragmentation and the absence of transparent criteria by which transitions to
unstable regimes of the maritime safety project can be recognized in due time. Thus, there arises a
contradiction between the practical demand and the real conditions for organizing safe navigation
on the part of international organizations, flag-state regulators and shipping companies that provide
maritime transport services.

This situation necessitates the development of a concept and a project-oriented approach to
maritime transport safety management that would allow one to assess and ensure:

1. An adequate level of integration between the operational execution rhythm, process
performance and external pressure of norms and rules within a common space of controllable states
and disturbances;

2. The introduction of formal, reproducible indicators of alignment with the project mission,
enabling the establishment of stability thresholds for a company’s project;

3. Operation based on open and verifiable data, with their intelligent processing, compatible
with real supervision and operation practices;

124 o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Ipancnopmui mexuonociiy



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil M

4. The possibility of proactive decision-making in real time through resource reallocation,
process reinforcement and risk prevention, based on transparent cause-and-effect relationships
rather than ex-post indicators.

In practical terms, this study is oriented towards solving a specific applied problem, namely:
the proposed gravitational-inertial model is implemented as a computable macro-level tool. The
model is designed to transform measurable scenario data into discrete recommendations on
reconfiguring the levels of eight safety segments at the level of the maritime sector or an individual
shipping company. On this basis, it is planned to develop a Python (Anaconda JupyterLab)-based
decision-support module, which, for scenarios in the European region, will automatically calculate
the relevant indicators, verify stability thresholds, and output interpretable changes to the
configuration of the maritime safety multi-project. Thus, the study not only introduces a conceptual
framework but also addresses a concrete control problem: how to transfer a safety multi-project
from crisis or stressed regimes into a new balanced state on the basis of formal optimization
procedures.

Literature review. The issues outlined in the introduction highlight the need to develop a
comprehensive concept for managing a maritime safety project at the macro level. Such concepts
are typically described through analogies with processes or phenomena from physics and other
exact sciences. In this context, models and concepts describing global processes in the maritime
transport sector were analyzed.

In [3], the authors treat global freight flows as a complex network characterized by “scale-
free” regularities, gravity-type flow dependencies and diffusion-like dynamics of propagation over
network nodes. This approach provides physical intuition for macro-level management of risks and
resilience in supply chains (propagation of disruptions, bottlenecks), and lays the groundwork for
policies at the level of port clusters and corridors. In turn, [4] formulates safe navigation as an MPC
problem with probabilistic (chance-constrained) limitations, where “safety” is represented by
barrier functions/admissible sets; trajectories are generated by an EMA router and safety is ensured
within the control loop (PSB-MPC).

Further analogies are found in [5], which describes a risk-oriented “decision field”
consistent with COLREGs and proposes a risk measure for vessel encounters based on entropy
weights and TOPSIS, where the geometry of ship interaction (DCPA, TCPA, relative
courses/speeds) is aggregated into a scalar risk indicator. Another study that introduces spatio-
temporal barriers (ship domain) and combines them with local path planning also defines a “trust
zone” (ship domain). This continues the classical physical analogy with potential/repulsive fields
for collision avoidance, but reinforces it with kinematic—geometric constraints and COLREGs
requirements [6].

In conceptual modelling of safety processes in the maritime sector, a controlled “flow”
structure (stock—flow system) is considered separately in [7]. The authors model port congestion
using a system-dynamics approach: causal feedback loops between hinterland demand, throughput
capacity and sets of governance measures (infrastructure, multimodality, “smart strategies”,
interconnectivity). However, these approaches are not directly suitable for designing a
comprehensive maritime safety project that explicitly accounts for the human factor, as they remain
narrowly focused on specific processes within the maritime domain.

Instead, attention is drawn to physical analogies of a gravitational—inertial nature, where the
state of the system depends on moments and forces that keep an axis aligned in response to external
disturbances. Similar ideas have appeared in other societal domains. The first example was
identified in a book review that introduces a political metaphor in which a “compass” sets the
direction through science, while a “gyroscope” stabilizes via a policy of “limited conflict” and
dialogue within communities of citizens. This provides a valuable framework for public policy, but
the paper does not offer formalization or precise definitions for the model [8].

Subsequently, the notion of a “cultural gyroscope” was found in [9]. The authors treat the
conceptual level of culture as the axis, the institutional/behavioral/artefact levels as the “flywheel”,
the employee as a “particle” on the flywheel, and entrepreneurship as the driving force of rotation.

ISSN-print 2313-4763; ISSN-online 3041-1939 125



NPYERTPIPE Cynnosoninua Ta enepreTuxa cymen

While this idea is conceptually interesting, it remains too abstract for application in large-scale
project management systems for maritime safety. A similar idea appears in macro-social and
economic analysis, where the author introduces the notion of a “gyroscope-like economy”: systems
that maintain quasi-equilibrium only due to high “rotation speed” — hyper-mobility of people, goods
and capital; once rotation slows down, failures emerge [10].

A more formalized use of gyroscopic framing is presented in an article where the authors
apply it to digital transformation. They sketch physical analogues and map them to controllable
factors: moment of inertia «» urban infrastructure (carrier of stability), “angular velocities” « target
thrust and the mechanism of the economic cycle. However, the proposed model is predominantly
descriptive and verification-oriented: it identifies that infrastructure, knowledge and the economy
correlate with the “effect” of transformation. It relies on an empirical panel and demonstrates
statistically significant coefficients for the “infrastructure—knowledge—economy” triad.

By contrast, the maritime sector requires a control-oriented model that explicitly defines
regulators. In other words, what is needed is a controllable physical-type model with thresholds,
laws of precession and gravitation, and a direct operational linkage to open maritime data and
managerial actions. Such a model would be suitable not only for “explaining” but also for actively
managing a company and an industry-level programme in real time.

Research objectives. Based on the literature review, it can be stated that although there
exist effective approaches and conceptual analogues for describing individual processes in the
maritime domain, they do not cover all aspects of maritime safety at the macro level, generally lack
formalization and measurable indicators, focus on isolated subsystems of the sector, and do not take
into account project life cycles and mission in a global representation.

For this reason, the development of a comprehensive concept within a project-oriented
framework for maritime safety management is proposed, which should provide a reference,
controllable dynamics with stable benchmarks and well-defined stability thresholds.

By analogy with a gravitational-inertial device embedded in a project macro-environment,
such a conceptual model must have a vertical axis corresponding to the project mission; an angular
deviation representing strategic drift; spin representing the operational execution rhythm; and a
longitudinal moment of inertia reflecting process maturity and institutional capacity. In the model,
the external moment of forces is treated as the aggregated pressure of norms, oversight and
environmental events, while precession corresponds to the frequency of reprogramming and
revision of policies and requirements. The reserve of stable motion is interpreted as execution
inertia, which determines the system’s ability to maintain course without breakdowns and
emergency reorientations.

Normative “gravitation” in the model is represented by the requirements of international
conventions, national regulations and safety standards; it pulls the system towards its mission and
generates corrective influence only when deviations occur. Hence, the key controllable levers are:
increasing project maturity, maintaining a uniform execution rhythm, and reducing external and
internal pressure through risk prevention and harmonization of interpretations. At the level of a
state, sector or maritime cluster, the impulses of subsystems are aggregated: the better the “mission
axes” of individual programmer and organizations are aligned, the lower the need for frequent
reprogramming under a given level of external pressure.

In this formulation, the physical analogy of a gyroscopic device is used not as a mere
metaphor but as a clearly structured state space for the control problem. The mission axis, execution
rhythm and process maturity are mapped to the variables 6, ws and Is, respectively, while the
external pressure of norms and risks is mapped to the disturbance torque t and the indices Ht, Gt and
St. Accordingly, the control problem is formulated as governing the evolution of these physically
interpretable variables so as to satisfy the stability condition L>L_, and to minimise the
precession frequency Q. In other words, the gravitational—inertial model serves as the mathematical

backbone that links the practical task of maritime safety management to a well-defined dynamical
system with explicit control laws.
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The aim of this study is to develop and validate a controllable gravitational—-inertial
macromodel of maritime transport safety and to implement it as a software-supported tool for multi-
project management. To achieve this aim, the following objectives are set:

1. To formalize the analogy between the physical gyrocompass device and the structure of
the safety multi-project by defining a consistent system of aggregated indicators (ws, I3, Ht, Gt, St, 6,
7, L);

2. To construct influence matrices that link the eight safety segments P1—Ps with these
indicators on the basis of expert weights and EMSA data;

3. To formulate a stability threshold and controllability laws describing how changes in
segment levels affect the momentum L and the precession frequency Q;

4. To implement an optimization module in Python that solves a weighted least-squares
problem and generates discrete recommendations for different regional scenarios;

5. To demonstrate, on six representative scenarios for the European region, how the
proposed control mechanism transforms crisis and stressed regimes into a new balanced state.

Main part of the research. From the methodological point of view, the proposed model is
operationalized through a sequence of clearly reproducible steps. First, EMSA accident
investigation reports and related open statistics are analyzed to derive expert weights that quantify
the influence of the eight safety segments P1—Ps on the macro-indicators (ws, Is, Hi, Gt, St, 6, 7);
these weights are encoded in Tables 2—4 and normalized to form the influence matrix A. Second,
amplitude ranges for each macro-parameter are specified on the basis of engineering judgement,
which yields the diagonal scaling matrix D and the signed influence matrix B. Third, six
representative regional scenarios are constructed (Table 5) by fixing plausible combinations of ws,
I3, Hi, Gt, St, 6, 7 that correspond to baseline, stressed and crisis regimes. Fourth, for each scenario

the control problem x —x* =BAp®is solved in a weighted least-squares sense under the stability
constraint L>L_, . Finally, the continuous solution Ap® is discretized into integer levels
AP, e {-2,...,2}, which are interpreted as expert recommendations to strengthen, maintain or unload

the corresponding segments. Taking into account the above features of the gravitational—inertial
concept, we then construct a set of variable parameters with controllable elements of portfolios,
programmes and projects within large maritime organizations and cluster systems (Table 1).

Table 1 — Variable parameters of the gravitational-inertial concept

Physical variable/parameter

Interpretation in project management (macro level)

V_ertlc_al axis (upward Mission and strategic objectives

direction)

Angle Deviation from the mission (strategic loss of project synchronization)

Spin ws Working execution cadence (stable rhythm of planning/ delivery/ audits,

throughput capacity)

Precession Q

Cadence of managerial reorientations (frequency of priority/ policy
revisions)

Longitudinal moment  of

inertia Iz

System maturity (standards, processes, competencies, IT infrastructure,
institutional memory)

Transverse moment of inertia

I

Stiffness of interactions between subsystems (unified regulations, inter-
agency alignment)

Angular momentum
L=Lo,

Systemic execution inertia (resilience to turbulence)

Gravitational moment

r=mglsing

Aggregate external pressure (regulatory functions, market, risk events,
societal demands)

Gravity g

Aggregate set of IMO, flag State and international maritime safety norms
and rules, ISPS Code, etc.

Losses dE/dt <0

Operational losses (bureaucracy, “manual” approvals,

technical debt)

duplication,
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The analogies in Table 1 are chosen so that each physical variable captures a distinct
managerial role. The vertical axis of the spinning top corresponds to the mission and strategic
objectives because it defines the reference direction in space relative to which all deviations are
measured. The spin w3 reflects the execution cadence of the multi-project, as the rotation speed
determines how much stabilizing inertia can be accumulated. The longitudinal moment of inertia I3
is mapped onto process maturity: a more “massive” and structured safety system is harder to deflect
from its course. The gravitational moment r=mglsin@ aggregates the pressure of regulatory,
market and societal forces, which tend to pull the system back towards the mission axis when
deviations occur. In this way, the physical structure of the model directly mirrors the architecture of
macro-level maritime safety management.

Analogy between g and “normative gravity”. Let introduce the normative gravity vector (2):

0y (t)=G(t)e,, (1)
where G(t)ZO represents the aggregated pressure of norms and rules, and e; is the “mission

vertical” (normative axis) fixed in space (2).

)=k [ TR 0340, (0)| @
reR qeQ

Here Rr is an indicator of the intensity of the corresponding regime (frequency and strictness
of inspections, penalty coefficients, new mandatory requirements, security levels, etc.); Q is a group
of situational factors (geopolitics, war risks, hydro- and meteorological conditions, social pressure);
Qq(t) are normalized indices of the influence of such factors; wr, vq > 0 are influence weights; kg > 0
is a scaling coefficient in the torque units of the model. The interpretation is that G(t) is the “pull-to-
vertical factor”, i.e. the combined effect of norms and environment at a given moment (3).

_5V6N = mG(t)lsin. ©)

|z|=mglsing, |z, (6.t) =

Taken together, Egs. (1)—(3) formalise the normative-gravity block of the model. Equation
(1) defines the normative gravity vector gn(t) as a vector aligned with the mission axis e; whose
magnitude G(t) represents the aggregated pressure of maritime norms and rules; Eq. (2) decomposes
G(t) into weighted contributions of regulatory regimes Rr(t) and situational factors Qq(t); Eq. (3)
converts this pressure into a gravitational torque =n(6, t) that increases with the deviation angle 6,
capturing how mission misalignment generates corrective forces in the system.

We then assume that the corresponding relationships between G(t), the gravitational torque
and the system state hold. From this it follows that normative “gravity”” does not generate a moment
about axis 3, and therefore the projection L = |, is preserved.

Law of controlled precession (macro level) (4).

T
sts r—L— : (4)
IS,sys ’ a)B,sys

Equation (4) expresses the macro-level precession frequency Qsys as the ratio of the total
disturbance torque zsys to the axial momentum Issyswssys; in other words, the higher the maturity
Issys and execution rhythm wssys, or the lower the disturbance torque zsys, the less frequently the
multi-project has to be reprogrammed.

This leads to a direct organizational conclusion: in order to avoid “rocking” (an excessive
frequency of project/portfolio reprogramming), it is necessary to increase system maturity I3 sys and
maintain a stable execution cadence wssys, While simultaneously reducing the external and internal
torque zsys (risk prevention, harmonization of interpretations, transparency of decisions).

3. “Global system”: aggregation at the level of state/industry/cluster (5).

For a set of coordinated subsystems i = 1.N:

dL,
Lsys = Z I-i ! z-sys = Z z-i ! d::ys = z-sys ' (5)
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With well-aligned mission axes (6):

20
Lsys ~ [Z I3,ijw3,sys’ sts ~ ( (6)

i
z I3,ijw3,sys
i

> 2\/ || 4sMg Gl COSE .

sys =

System stability threshold: L

Here | the first coefficient characterizes the “transverse” stiffness of inter-agency links;

1,sys
m, gl the second is the aggregate “weight” of external pressure; 6 the third is the mean deviation

angle. Equations (5) and (6) show that, when the mission axes of subsystems are aligned, their
individual momenta Li and disturbance torques zi are aggregated into the overall momentum Lsys and
precession frequency Qsys Of the maritime safety system. The stability inequality defines a minimum
value of Lsys that must be maintained, meaning that only above this threshold can the system operate
in a controlled-precession regime without falling into chaotic reorientations. The meaning is that
there exists a minimally required “powerful momentum” Lsys (the product of maturity and rhythm),
below which a controlled precession regime of projects becomes impossible.

4. Formal model of controlled dynamics

4.1. Continuous time (strategic level). A continuous-time model is introduced in the form of
a dynamic system (7, 8).

o=1(60.0..)+d(t); @)

g
o =—awm,- ploss+u,, K=-51,+u,, (8)

where U, — “fine-tuning of rhythm” (rhythm of planning/delivery, preventive maintenance,
staffing);

ur— investments in maturity (standards, procedures, competencies, digitalization);

a, 5, 0 — loss parameters;

d(t) — disturbances (risk events, regulatory changes).

Equations (7) and (8) jointly describe the continuous-time dynamics of the strategic
variables. The first equation specifies how the deviation angle 6 evolves under the influence of
precession and external disturbances, while the second governs the evolution of execution rhythm
3 and maturity Is as a balance between natural losses and managerial control actions u. and u.

4.2. Discrete time (tactical / operational level; step = control period) (9, 10).

z'

‘9k+1:0k_Kp0k_Kd (ek_ekl)—‘rg( X J+Vk; (9)
3,kas k

Daq = (1_a)a)3,k +U,« — Bloss,, Iy = Loy Uy =015y, (10)

where Kp, Kd form a “PD controller” for mission alignment, and vk denotes noise/disturbances.

Equations (9) and (10) provide a discrete-time counterpart of the continuous model for a
chosen control period. They show how, at each step k, the controller updates the mission angle 6k,
execution cadence w3k and maturity Isx in response to current deviations, disturbance torque and the
selected control actions, thus operationalizing the strategic dynamics for practical planning cycles.

The objective function Fp (a class of controlled optimization problems) (11). This objective
function penalizes large deviations of the key indicators 6, Q and the energy-related term, as well as
excessive control efforts u» and ui; it therefore encodes the trade-off between achieving a stable
regime and limiting the cost and intensity of managerial interventions:
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92
F,=min>"| 0,67 + 0,9 + o Ex+ o, (ui’k +u|2’k) : (11)
k

Up Uy

subject to the dynamic constraints and the stability threshold Lk > Lecritk. This is a natural place for
applying predictive control methods.

The four controllability laws derived from the obtained relations define the logic of macro-
level management. First, the precession law states that the frequency of reorientation Q increases
with growth in the total external disturbance moment z and decreases as maturity Is and operational
rhythm ws increase; therefore, before initiating frequent meetings or reprogramming cycles, I3
should first be reinforced and w3 stabilized. Second, the threshold law asserts that when the
momentum of stable motion is insufficient (L < Lcrit), the system enters “nutations” — chaotic
reorientations and emergency directives; consequently, the condition L > Lcrit must be treated as a
hard policy constraint. Third, the energy law fixes that any losses accelerate the depletion of L
(dE/dt < 0), so eliminating sources of loss directly extends the resource of the stable regime. Fourth,
the axis alignment law indicates that the smaller the average angular mismatch 6 between
subsystems (“aligned missions”), the better the individual momentum vectors Li add up in a single
direction and the lower Qsys becomes for the same 7. Taken together, these provisions establish a
hierarchy of managerial actions: priority is given to increasing Is and ws, guaranteeing the threshold
Lcrit, Systematically removing losses, and aligning subsystems around a common mission (Fig. 1).
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actual results and the intended development of the
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Figure 1 — Diagram of the dynamics of multi-project management in maritime safety

Within multi-project management, the set of tasks can thus be represented as a coherent
programme of actions. First, integration is ensured: alignment of the “axes” of all projects with a
common mission, minimization of the average deviation #, and strengthening of inter-agency
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interface stiffness (growth of 1.). In parallel, a maturity ramp-up plan for Is is implemented:
updating procedures and regulations, developing a competence framework, and deploying unified
digital registers with a fixed increment step of the maturity indicator. The execution rhythm is
stabilized through cadence-based planning, regular audits and preventive cycles, the use of WIP
limits, and avoidance of “peaks/valleys” in throughput, which keeps the “spin” ws at the specified
level. Resource allocation is organized as a balance between long-term investments u (in maturity)
and operational support ue (for rhythm), with the aim of minimizing the frequency of reorientations
Q under the constraint L > Lerit.

Risk management is directed at reducing the disturbance moment t through event
prevention, early detection of deviations, and unified interpretation of requirements, organized
according to a “single window” principle for incidents. The quality and continuous improvement
loop is oriented towards minimizing the loss rate dE/dt via elimination of duplication, automation,
and targeted efficiency audits with the construction of a “loss map” along the value stream.
Stakeholder communications are supported through a consistent information policy and regular
reviews centred on the core metrics {6, Q, ws, Is}. When external disturbances increase, controlled
pivots are executed: the trajectory is deliberately changed while preserving the I3 core and following
a transition plan that maintains the “spin” ws and does not violate the stability condition. In this
formulation, the multi-project becomes both controllable (via the threshold Lcr) and measurable (via
standardized indicators), ensuring reproducibility of management decisions at the macro level.

Thus, the proposed physical gravitational-inertial model is transformed into a multi-project
governance architecture in which maturity and execution rhythm control the frequency of
reprogramming, while elimination of “losses” prolongs the “life cycle” of the stable regime of the
multi-project. This model is sufficiently rigorous and, at the same time, operational for
implementation in real macro-level maritime safety management systems.

Within the proposed model, the internal state of the maritime safety multi-project is
described by three basic parameters: the execution cadence ws (the rhythm of operational cycles),
the integral process maturity I3, and the generalized momentum of the stable regime L = L o, .

In this context, the execution cadence ws denotes the regularity and throughput of
operational cycles (planning, service, audits, corrective actions) expressed on a dimensionless scale
from “fragmented and irregular” to “continuous and well-paced”. The integral process maturity I3
characterises the degree to which safety-related procedures, competencies, digital tools and
institutional memory are formalised and consistently applied. The momentum L = l,@, therefore

represents the reserve of stable motion of the multi-project: high values of L indicate that the system
can withstand external disturbances without frequent emergency reorientations. Throughout the
paper, these terms are used in this precise operational sense.

To formalize the impact of individual multi-project segments (P1—Ps) on these parameters, it
is reasonable to introduce an expert weight matrix that reflects the relative importance of each
segment in maintaining work rhythm, process maturity and the ability of the system to preserve a
stable regime under disturbances (Tables 2—4). For expert assessment, we use EMSA reports [11].

The second block of model parameters reflects the interaction of the multi-project with the
risk environment, which is described by the threat index Hi, normative “gravity” Gt Ssocio-
geopolitical risk index S, and the aggregated disturbance moment z. These variables characterize
how strongly external factors (incidents, regulatory requirements, sanction regimes, geopolitical
events) affect the system, forcing it to change its precession, rhythm and even its overall operating
mode.

To construct the influence weight matrices in Tables 2-4, an expert elicitation procedure

was performed with m = 6 experts for n = 8 segments P1 — Ps using a discrete scale sff,) €{0,1,2,3},

where g denotes a model parameter (e.g., ws, Is, Hy, G, St, 6, 7), i is the segment index, and e is the
expert index. Aggregated weights for each parameter were computed by averaging and normalizing
[12, 13] (12):
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1< Sai
q.i Ezsq,i ) a'q,i ~=n _ ! (12)
el Zj:lsq,i

where aqi is the normalized contribution of segment Pi to parameter g.
Inter-expert agreement was assessed by converting scores into ranks and computing
Kendall’s coefficient of concordance Wq (separately for each parameter q). For each expert e, the

scores {sée,)}n_l were transformed into ranks r.7 (higher score implies higher priority). In the

presence of ties, average ranks were used: if a tied group of size t occupies positions k,...,k +t—1,
then each element is assigned (13):

k+(k+t-1)
r= — (13)
Next, aggregated ranks and their dispersion were computed as (14):
N 6 B n+1 4 _
Rq,i:zljrq{i), Rq:m-T,Sq:;(Rq’i—Rq). (14)

_ 123, RSy _

where te g is the size of the g-th tied group in expert e ranking and Ge is the number of tied groups. If
needed, the statistical significance of agreement was assessed using the chi-square approximation
(16):

Ze=m(n-1)W,, df =n-1. (16)
Table 2 — Influence of multi-project segments P1—Ps on parameters ws, I3, L (0 — minimal; 3 — key)
Multi-project segment Contribution to w3 Con'Fribution t(_) I3
(cadence, rhythm) (project maturity)
P1. Regulatory and legal compliance 1 3
P2. Safety of ship traffic control; automation of
collision avoidance and manoeuvring 2 2
Ps. Navigational information infrastructure
(ECDIS/AISIVTS) 2 1
P4. Human factor and crew training 1 3
Ps. Security, protection and cybersecurity 1 1.2
Ps. Environmental safety 1 1
Pz. Emergency preparedness and SAR 1 2
Ps. Analytics, risk management and DSS 2 3

Expert assessment of the contribution of segments P1—Ps to these indices makes it possible
to identify those areas through which external disturbances are transmitted into the multi-project
most intensively.
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Table 3 — Influence of multi-project segments P1—Ps on parameters Hi, Gt, St, ©

Contribution | Contribution | Contribution | Contribution
Multi-proiect seament to H, to G, to S; (socio- tot
pro] g (operational | (normative geopolitical | (disturbance
threats) “gravity”) risks) moment)
P1. Regulatory and legal
compliance 1 3 1 2
P2. Safety of ship traffic control,
automation of collision 3 1 0 2
avoidance and manoeuvring
Ps. Navigational information 3 1 0 5
infrastructure (ECDIS/AIS/VTS)
P4. Human factor and crew
training 2 1 0 2
Ps. Securlty, protection and 5 5 5 3
cybersecurity
Pes. Environmental safety 2 2 1 3
Pz. Emergency preparedness and
SAR 2 1 1 1.2
Ps. Analytics, risk management
and DSS 1.2 1.2 1.2 2

It should be noted that, in the proposed model, the angle & is treated as an integral indicator
of the multi-project’s deviation from the mission and strategic goals of the maritime safety system.
Unlike local performance indicators, & reflects the cumulative effect of structural, operational and
social disruptions across different segments. Therefore, it is reasonable to introduce a separate table
that captures not only the notional “weight” of each segment’s influence on 6, but also the
qualitative nature of this influence, i.e. how a given block can realign or, conversely, systematically
distort the “mission” vector.

Table 4 — Influence of multi-project segments P1—Ps on deviation from mission 6

Influence on 0
Multi-project segment (deviation Brief description of impact on mission alignment
from mission)
P1. Regulatory and legal Systematic  non-compliance with  IMO/ISM/
compliance ISPS/STCW requirements gradually diverts the
2 system from its declared safety and reliability
objectives.
P2. Safety of ship traffic Unsafe manoeuvres, COLREG violations and
control; automation of insufficient automation of collision avoidance
collision avoidance and 2 directly undermine the mission of safe navigation.
manoeuvring
Ps. Navigational Shortage or poor quality of navigational
information infrastructure 2 information leads to trajectories that do not match
(ECDIS/AISIVTS) the target “safety corridors”.
P4. Human factor and crew Competence gaps, fatigue and typical navigator
training errors systematically shift operational practice
2 away from the mission of safe and responsible
fleet operation.
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Continuation of table 4

Ps. Security, protection and Security and cybersecurity incidents usually cause
cybersecurity episodic, though sometimes sharp, deviations,
without necessarily changing the long-term
strategic vector.

Pe. Environmental safety Ignoring environmental requirements contradicts
2 the mission of sustainable maritime transport,
creating a structural deviation from strategic goals.
Pz. Emergency The level of emergency preparedness affects
preparedness and SAR mainly the severity of consequences rather than
the occurrence of deviations; therefore, its
contribution to @ is indirect.

Ps. Analytics, risk This segment provides measurement, visualisation
management and DSS and controlled reduction of 4, turning the mission
into a set of formalised criteria and regulatory
actions.

We perform simulation modelling to assess how the states of the proposed model manifest
themselves in the structural components of the maritime sector in the European region under six
scenarios (Table 5).

We now carry out a numerical analysis for all scenarios. To this end, a formal calculation
model is proposed, based on the data in Table 5 and the qualitative influence weights for segments
Pi...Ps.

We first formalize the level of segments Pi. Let us introduce an activity level for each

segment p, e[O,B], i=1,...,8, where: 0 corresponds to a segment that is practically undeveloped /

inactive;
3 corresponds to a segment that is maximally developed / prioritized; pi is the quantitative
representation of its influence.

After normalization we obtain scaled values p, = % €[0,1].

Next, we construct the influence matrix from the tables and the state vector of the model.
We take the vector of macro-parameters: x = [ws, Is, Hy, Gt, St, 0, 7] € R’, a L = l,m,as a derived

indicator. The weights from the tables are interpreted as coefficients: for each segment Pi we have
weights on a 0...3 scale.

Table 5 — Summary data of simulation modelling for scenarios 1-6

Scenario I3 | w3 | H | G| S | 60°] 7 Lt Q Qualitative state

1 Baseline stable | 71 1 09| 0.30] 0.40| 0.20| 15| 0.32| 0.70 | 0.46 | StADIE, moderate
precession

2. Norms Stable, but with increa-

tightening 0.70|/ 1.00| 0.30| 0.70| 0.20| 18| 0.44| 0.70 | 0.63| sing reprogramming
frequency

3. Operational | ) )| 080 0.80( 0.70| 0.30| 40| 0.66| 0.48 | 1.35| Unstable regime with

Crisis nutations

4. Geopolitical 0.70l 0601 0601 0.601 090! 25! 0.66! 0.42 | 157 Unstable regime driven

shock by external shock

5. Improvement | 251 9| 0,40/ 0.60| 0.40| 25| 0.48| 0.675 0.71| T ransition towards a

programme more stable regime

6. New balanced Stable controlled

0.85| 1.0 |1 0.20/0.50| 0.30| 10| 0.34| 0.935| 0.4

precession regime
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The data from Tables 2—4 are represented as normalized weights axi, obtained for example

by dividing each raw weight by the sum of weights in the corresponding row (17).

Wk

a;=—5—, ke{a),I,H,G,S,H,z'}. (17)
2w
j=L

In this way we obtain the influence matrix, which links the segment levels P1...Ps to the
macro-parameters of the “spinning top” model (18).

a, - A
aIl . a‘I8
a'Hl . aHB
A=|a,, .. ag [eV". (18)
aSl . aSS
a‘@l ' a68
_aﬂ aT8 ]

Modelling over a time horizon with respect to the segment levels Pi. Can, in a static
approximation, be written as x=x_. +D-Ap, where p = [pa,...,ps]" — is the vector of segment
levels (normalized to [0,1]), xmin iS the vector of minimal admissible parameter values, and
D =diag(d,.d, d,,ds,ds,d,,d.) is a diagonal matrix of parameter amplitudes, i.e. the maximum
range by which each parameter may change when all segment levels vary from pi=0 to pi= 1.

For practical application, the model can be viewed as a mapping from an input scenario
vector to an output vector of segment-level changes. The input consists of the current macro-

parameters x* = [@, 15, Ht,Gt,St,&,r]T for a given scenario s and the corresponding target state x*,

which reflects the desired stability level (higher L, lower Q, reduced risks). The model parameters
include the influence matrix B and the priority matrix W, which are calibrated once from expert
assessments and kept fixed. The outputs of the model are the continuous adjustment vector Ap® and

its discretized form AP e{—2,...,2}, which specify how much each segment Pi should be

strengthened or unloaded. Thus, the proposed system explicitly separates fixed structural
parameters, scenario-dependent inputs and decision outputs that can be directly interpreted by
policymakers.
Therefore, for the risk parameters (Hi, Gt, St, 6, 7) it is reasonable to introduce a negative
sign (19):
X =X —d. > a.p, ke{H,G,S,0,7}, (19)

where Xlief is the “worse” baseline level (without control), and strengthening the segments

decreases the value of the parameter.
Equation (17) converts the expert scores le( from Tables 2-4 into normalized influence

coefficients axi that sum to one across segments for each macro-parameter k. The resulting matrix A
in Eqg. (18) collects these coefficients and links the development levels of segments P1—Ps to the
macro-parameters of the “spinning-top” model. Equation (19) then adjusts the sign of the risk-
related parameters so that strengthening the relevant segments corresponds to a decrease of H, Gt,
St, 8 and 7, which is consistent with their interpretation as threat and pressure indices.

In vector form, this property can be written as x =b+ Bp, where B contains positive signs
for ws, I3 and negative ones for H, Gt, St, 6, 7.

In such an approach, if we take, for example, six scenarios with different multiproject
parameters:

ISSN-print 2313-4763; ISSN-online 3041-1939 135



NPYERTPIPE Cynnosoninua Ta enepreTuxa cymen

— the current state vector x®),
— the desired (reference) state x*.

Thus, we pose the problem X" —x°* = BAp®,

where Ap® are the recommended changes of segment levels for scenario s.
Since the system is, as a rule, overdetermined (7 parameters, 8 segments) and partially
contradictory, it is logical to formulate a least-squares problem with priority weights (20):

2
C A =x X —p < ApP <1-p) i=1,..8.  (20)
2

i (s) (s)
min | (Ban” - )
Thus we have the priority matrix of parameters: W = diag(wWe, Wi, WH, WG, Ws, We, Wz).

Then, conceptually, the solution can be represented in the form (21).

Equation (20) formulates the problem of finding the change vector Ap® that minimises the
weighted discrepancy between the desired parameter shift Ax® and the shift generated by segment
adjustments BAp®, subject to capacity bounds for each segment. Equation (21) provides the closed-
form solution of this weighted least-squares problem and is used in the software module to compute
recommended changes for each scenario.

Ap® =(B'W?B) " B'W2Ax . (21)
We proceed to ranges of adjustments depending on the scenario parameters.
For a practical solution Ap® it is advisable to move to discrete levels of intensity. To this
end, we introduce the normalized magnitude of change for each segment: r® = ‘Api(s)

Further, we set threshold levels for different scenarios:
0<r"® <0.1 — “maintain the current level”, AP, =0;

0.1< ri(s) < 0.2 — “moderately strengthen/weaken”, AP, =t1level ;
I’i(s) > 0.2 — “significantly strengthen/weaken”, AP, ==x2level .
The sign Ap"® indicates which adjustment mode to assign:

— strengthen the segment (if Ap'® > 0);

— unload/simplify (if Api(s) <0), which is important for scenarios where the system is

overloaded.

Thus, for each scenario s the algorithm provides: set x& — determine the target X* — choose
the priority matrix W® — solve the least-squares problem for Ap® — reclassify Ap® into discrete
recommendation levels for each Pi.

During corrective actions, L and the stability threshold must be taken into account. Thus, we
separately monitor: L = l,e,, L« — the specified threshold.

After determining Ap®, through the formulas for wzand I3 we obtain (22):
w;ew _ 9(,5) +Aa)?()s)’ |§ew — |3(,S) +A|§S), [new — I;ew .wgew. (22)

Equation (22) maps the recommended segment changes into updated values of execution
rhythm @;™ , maturity 1;° and the resulting momentum L"®%; these quantities are then compared

with the stability threshold to verify whether the controlled scenario has indeed been moved into a
stable regime.

In cases where L™ >L_. , the system signals that the set Ap is insufficient — it is necessary

either to increase the target values of ws, I3, or to add the constraint L™ > L

crit
problem.
Thus, we further proceed to the software implementation of the expert system for analyzing
the state of the multiproject of maritime safety management.

to the optimization
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Within the framework of the study, a full-fledged software module in Python was
implemented and designed as a standalone script. At the beginning of the code, the main libraries
are imported: os for working with the file system, numpy as np for vector computations,
pandas as pd for tabular data structures, and matplotlib.pyplot as plt for plotting. A
constant RESULTS DIR = r"...\Resalt" is defined, after which the results folder is
automatically created, if it does not yet exist, by means of os.makedirs (RESULTS DIR,
exist ok=True). The input data arrays are then formed: the scenarios are specified as
pd.DataFrame ({...}) with the columns "Scenario™, "I3", "w3", "Ht", "Gt",
"st", "e", "t",as well as control fields "L paper™ and "Omega paper". The control
indicators are computed using vector operations scenarios["L calc"]

scenarios["I3"] * scenarios["w3"] and scenarios["Omega calc"]
scenarios["t"] / scenarios["L calc"], after which the table is saved to a file by
to csv (..., encoding="utf-8-sig").

The next block of code is responsible for constructing the model matrices. The influence
weights of segments Pa...Ps are described by separate np.array arrays (W omega, W I3,
W Ht, W Gt, W St, W tau, W theta), which are combined into a “raw” matrix using
np . vstack. Row-wise normalisation is implemented via the division operation weights raw
/ weights raw.sum(axis=1, keepdims=True) using broadcasting; the result is then

converted into a DataFrame A df = ©pd.DataFrame (A,index=param names,
columns=[f"P{i+1}" for i in range (8) ]). The parameter amplitudes are specified in
the vector d vec = np.array([...]), and the signs are specified in the array signs =

np.array([+1, +1, -1, -1, -1, -1, -1]). The influence matrix B is formed by the
compact command (signs[:, None] * d vec[:, None])* A andthen saved to a file via
B df.to csv(...).To specify the importance of the parameters, a diagonal priority matrix is
used, W = np.diag(W diag), where w diag = np.array([1l, 1, 1, 1, 1, 1,
11).

The core of the expert system is implemented in two functions. The function
compute_recommendations (x_current, X target, B, W, segments,

thresholds=(0.1, 0.2)) takes the current and target state vectors, converts them into
NumPy arrays (np.asarray (..., dtype=float)), computes the difference delta x =
x_target - x current, and solves a weighted least-squares problem via
np.linalg.solve (BW.T @ BW, BW.T @ rhs),whereBW = W @ Bandrhs = W @
delta_x. The segment modification vector delta p is then formed, together with the intensities

r = np.abs(delta p) and the discrete levels deltaP disc, which are determined by
conditional operations on arrays (deltaP disc[(r >= tl) & (r < t2)] = 1, etc)
and are converted into textual recommendations. The new configuration of parameters is calculated
as x new = x current + B @ delta p, and all results are stored in a DataFrame
rec df = pd.DataFrame({...}).

The second function, classify state(...), implements a simple logical classifier

that, based on thresholds for 1, Omega, Ht, St, and ©, returns a textual category of the state
(“Stable controlled precession”, “Conditionally stable”, “Unstable”). In the main loop for idx,
row 1in scenarios.iterrows(): the program sequentially processes all scenarios,
accumulates the new states in new states, aggregates the recommendations via
pd.concat (all rec dfs, ignore index=True), and exports the consolidated results to
the files new states after control.csv and segment recommendations
all scenarios.csv. The final visualisation block uses matplotlib: plots are constructed with
plt.plot(...), plt.bar(...), labels are configured (plt.title, plt.ylabel,
plt.xticks (rotation=20)), and then saved as PNG files L by scenario.png,
Omega by scenario.png, and DeltaP scenario3 operational crisis.png via
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plt.savefig(os.path.join(RESULTS DIR, "..."), dpi=300) followed by
plt.close (). This demonstrates that a complete software tool has been developed, which
combines tabular analytics, linear algebra, and graphical presentation of results within a single code
base. As a result of the simulation modelling, the plots shown in Figs. 2—4 were obtained.

Comparison of L across scenarios (before and after control)
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Figure 2 — Stable-regime momentum L

Figures 2—4 visualise the dynamics of the model for the six scenarios introduced in Table 5.
For each scenario, the “initial” point corresponds to the uncontrolled state x©, while the “after
control” point is obtained by applying the recommended changes APi and recomputing L and Q
according to the formulas in Section 4.2. Thus, the trajectories on the plots explicitly show how the
optimisation procedure changes the momentum of the stable regime, the precession frequency and
the configuration of segment levels over the scenario set.

The plot of the stable-regime momentum L shows that, in the initial state, scenarios 3
(“Operational crisis”) and 4 (“Geopolitical shock™) have L values below the threshold Lerit = 0.6,
while scenario 5 lies close to this boundary, which corresponds to unstable or borderline regimes.
After control is applied, all six scenarios converge to the same level Lnew = 0.935, which
significantly exceeds the threshold, i.e. the model drives any scenario into a stable, balanced
regime.

Comparison of Q across scenarios (before and after control)
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Figure 3 — Precession frequency Q

The plot of the precession frequency Q2=7/L shows that, before control, scenarios 3 and 4
significantly exceed the recommended threshold Qmax =~ 0.8 (reprogramming frequency > 1.3-1.5),
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while scenario 5 approaches a critical level. After applying the control actions, all scenarios have
the same value Qnew = 0.36, which is well below the threshold, meaning that the system moves into
a calm, well-controlled regime with infrequent reconfigurations.

Discrete recommendations AP_i for scenario: 3. Operational crisis

AP (discrete change of segment level)

T T T
P1 P2 P3 P4 P5 P6 P7 P8

Figure 4 — Bar chart of discrete recommendations AP;

The bar chart of discrete recommendations AP; for the “Operational crisis” scenario
illustrates how efforts are redistributed across the segments. The model suggests moderately
reducing the load in the regulatory compliance segment (P1), significantly strengthening segments
P2, P4, and Ps (manoeuvring, human factor, environmental safety), and significantly
simplifying/unloading Ps, Ps, P7, and Ps (navigational infrastructure, security and cybersecurity,
emergency readiness, analytics and DSS). This change profile proves sufficient to move the
scenario out of operational crisis into the same stable “new balanced” state as for the other
scenarios.

A separate program-generated report of the calculations by scenario is formed (Fig. 5).

Check of L and Q against Table 5 (paper vs calculated):
Scenario L_paper L_calc Omega_paper Omega_calc

-] 1. Baseline stable @.70e0 0.700 Q.46 9.457143
1 2. Norms tightening @.70e0 ©.700 0.63 0.628571
2 3. Operational crisis 0.480 ©.480 1.38 1.3750080
3 4. Geopolitical shock 9.420 ©.420 1.57 1.571429
4 5. Improvement programme 8.675 8.675 0.71 9.711111
5 6. New balanced 9.935 0.935 0.40 0.363636

Normalised influence matrix A (row sums = 1):

P1 P2 P3 P4 P5 P6 P7 P8
w3 ©8.e91 ©.182 ©.182 ©.891 ©.891 ©.891 ©.891 6.182
I3 ©.194 ©.129 ©.865 ©.194 ©.897 ©.865 ©.865 0.194
Ht ©.e61 ©.182 ©.182 ©.121 ©.121 .121 e.121 ©.e91
Gt ©.240 ©0.080 ©.080 ©.080 ©.160 ©.160 ©0.080 ©.120
St ©.133 ©0.000 ©.000 ©.000 ©.267 ©.267 ©.133 ©.200
2] 8.133 ©.133 ©.133 ©8.133 ©.867 ©.133 ©.867 ©.200
T 2.114 ©.114 9©.114 ©.114 ©.171 ©.171 ©.086 0.114
Row-sum check: {'w3': 1.8, 'I3': 1.0, 'Ht': 1.0, 'Gt': 1.6,

Matrix B (with amplitudes and signs):

P1 P2 P3 P4 P5 P6 P7 P8
w3 ©.945 ©.e91 ©.e91 ©.045 ©.945 ©0.945 ©.845 .91
I3 ©.858 ©.839 ©.219 ©.858 ©.929 ©0.919 ©.819 ©.058
Ht -©.836 -©.109 -©.189 -8.873 -0.873 -0.873 -8.873 -08.855
Gt -0.896 -06.832 -8.832 -0.032 -0.964 -0.964 -©.832 -08.048
St -©.893 -0.200 -0.000 -0.000 -0.187 -0.187 -0.893 -0.140
8 -5.333 -5.333 -5.333 -5.333 -2.667 -5.333 -2.667 -8.000
T -0.846 -0.846 -0.846 -0.646 -0.069 -6.069 -0.834 -06.046

In addition, automated recommendations were generated for each scenario (Fig. 6).
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SCENARIO: 1. Baseline stable
Current state x*(s): {"w3': 1.8, "I3': @.7, 'Ht': 8.3, 'Gt': @.4, "5t': 0.2, '9': 15.0, 't': .32}
Desired state x*: {'w3*: 1.1, "I3": @.85, 'Ht': 0.2, 'Gt': 0.5, '5t': 6.3, '6': 18.6, 't¢': @.34}

Recommended changes of segment levels P1-P&:

Segment delta p_continuous intensity r = |delta_p| deltaP discrete Recommendation Scenario

P1. Regulatory compliance (IMO/ISM/ISPS/STCW) -1.467 1.467 -2 significantly decrease segment 1. Baseline stable
P2. Traffic safety & manceuvring autemation 6.436 6.436 2 significantly increase segment 1. Baseline stable
P3. Navigational information (ECDIS/AIS/VTS) -6.282 6.282 -2 significantly decrease segment 1. Baseline stable
P4. Human factor & crew training 8.727 e.727 2 significantly increase segment 1. Baseline stable

P5. Security, protection & cybersecurity -0.874 a.874 -2 significantly decrease segment 1. Baseline stable

P6. Environmental safety (MARPOL) -8.770 8.778 -2 significantly decrease segment 1. Baseline stable

P7. Emergency readiness & SAR 1.985 1.985 2 significantly increase segment 1. Baseline stable

P8. Analytics, risk management & DSS 1.185 1.185 2 significantly increase segment 1. Baseline stable

SCENARIO: 3. Operational crisis
Current state x*(s): {'w3’: @.8, "I3': @.6, 'Ht": 9.8, "Gt": .7, "St': 8.3, '8': 40.8, 'T": 0.66}
Desired state x*: {'w3": 1.1, "I3"': @.85, 'Ht': @.2, 'GLt"': @.5, 'St': 8.3, '6': 18.9, 't': 0.34}

Recommended changes of segment levels P1-P8:

sSegment delta_p continuous intensity r = |delta p| deltaP_discrete Recommendation Scenario

P1. Regulatory compliance (IMO/ISM/ISPS/STCW) -6.185 8.185 -1 moderately decrease segment 3. Operational crisis
P2. Traffic safety & manosuvring automation 14.734 14.734 2 significantly increase segment 3. Operational crisis
P3. Navigational information (ECDIS/AIS/VTS) -9.326 9.326 -2 significantly decrease segment 3. Operational crisis
P4. Human factor & crew training 1.212 1.212 2 significantly increase segment 3. Operational crisis

P5. Security, protection & cybersecurity -3.3e8 3.308 -2 significantly decrease segment 3. Operational crisis

P6. Environmental safety (MARPOL) 7.832 7.932 2 significantly increase segment 3. Operational crisis

P7. Emergency readiness & SAR -2.148 2.148 -2 significantly decrease segment 3. Operational crisis

P8. Analytics, risk management & D55 -3.409 3.489 -2 significantly decrease segment 3. Operational crisis

SCENARIO: 5. Improvement programme
Current state x*(s): {'w3’: 0.9, 'I3': ©.75, 'Ht": 8.4, 'Gt': 0.6, 'St': 8.4, '@': 25.8, 'T': 0.43}
Desired state x*: {'w3': 1.1, "I3": ©.85, "Ht': @.2, 'Gt': @.5, 'S5t': 8.3, '6': 18.6, 'T': 0.34}

Recommended changes of segment levels P1-P8:

Segment delta_p_continuous intensity r = |delta_p| deltaP_discrete Recommendation Scenario

P1. Regulatory compliance (IMO/TSM/ISPS/STCW) -6.227 8.227 -2 significantly decrease segment 5. Improvement programme
P2. Traffic safety & manoeuvring automation -7.526 7.526 -2 significantly decrease segment 5. Improvement programme
P3. Navigational information (ECDIS/AIS/VTS) 7.216 7.216 2 significantly increase segment 5. Improvement programme
P4. Human factor & crew training 2.817 2.817 2 significantly increase segment 5. Improvement programme

PS. Security, protection R cybersecurity 2.536 2.536 2 significantly increase segment 5. Improvement programme

P6. Environmental safety (MARPOL) -2.990 2.900 -2 significantly decrease segment 5. Improvement programme

P7. Emergency readiness & SAR -8.277 @.277 -2 significantly decrease segment 5. Improvement programme

P8. Analytics, risk management & DSS 1.535 1.535 2 significantly increase segment 5. Improvement programme

Figure 6 — Results of scenario-based modelling of the expert proposal

The resulting automated recommendations may be useful when implementing corrective
actions at the macro level of the maritime safety multiproject operation [14-18].

The scientific contribution of this work is threefold. First, a physically consistent
gravitational—inertial macro-model of maritime safety is formulated, in which the mission,
execution rhythm, process maturity and external pressure are embedded into a single controllable
state-space with an explicit stability threshold Lcrit. Second, a new system of aggregated indicators
and influence matrices is proposed that connects eight safety segments P1—Ps with the macro-
parameters (ws, I3, Hi, Gt, St, 6, 7, L) and allows one to derive scenario-specific recommendations by
solving a weighted least-squares problem under stability constraints. Third, a full software
implementation of the model in Python is developed, which integrates data ingestion, linear-algebra
computations, optimization and visual analytics, and demonstrates, on real-world inspired
scenarios, how crisis and stressed regimes can be systematically transformed into a stable controlled
precession regime.

In contrast to the above works, which either employ physical metaphors in a qualitative way
or focus on specific subsystems of the maritime domain, the present study develops a fully formalized
and computable gravitational-inertial model tailored to macro-level maritime safety management.
The control laws, stability threshold and optimization procedure are derived explicitly within this
model and are not borrowed from existing gyroscopic analogies. At the same time, standard building
blocks such as least-squares estimation and PD-type regulation are used in a classical manner and are
referenced accordingly, while the integration of these elements into a coherent multi-project
governance framework constitutes the principal original contribution of the paper.

Conclusion. Therefore, the results reported here should be regarded not as a restatement of
known physical models, but as a new project-oriented methodology that rigorously combines the
gravitational—-inertial analogy, aggregated safety indicators and software-supported scenario
optimization for maritime transport safety.

The project-oriented approach based on the gravitational—inertial model proposed in this
study forms an integrated framework for managing maritime transport safety at the macro level.
The model incorporates a system of aggregated parameters (execution rhythm ws, process maturity
I3, threat indices Hi, normative “gravity” G, socio-geopolitical risks St, strategic deviation 6,
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disturbance torque 7 and the impulse of the stable regime L), as well as multiproject segments
P1—Ps that represent key safety domains — from regulatory compliance and the human factor to
cybersecurity, environmental safety and DSS. Based on expert weights, influence matrices were
constructed and a Python software module was developed that automates scenario assessment,
solves a weighted least-squares problem to determine optimal changes in segment levels, and
provides discrete recommendations on their strengthening or unloading. Simulation of six typical
scenarios for the European region showed that application of the proposed control mechanism
makes it possible to transform both crisis [19, 20] and stressed regimes into a stable balanced state
with an increased impulse L and a reduced precession frequency Q, thus ensuring proactive
corrective actions at the maritime safety level.
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Hocos II. C. [IPOEKTHO-OPIEHTOBAHMI MIJAXIJ V 3ABIAHHSX YIIPABJIIHHS BE3IIEKOIO
MOPCBKOI'O TPAHCITOPTY 3A IPUHIAIIOM I'PABITALIIMHO-IHEPLIIMHOI MOJIEJII

YV oaniti cmammi 3anpononoeano npoekmHo-opicHmMOoBanull nioxio wooo YNPAasinHA 6e3NeKol MOPCbKO2O
MPAHCNOpMy Wo CRUpAEmMbCa Ha i3uyni ananozii epasimayiiuno-inepyitiHoi moodeni. B oenadi nimepamypu,
NOKA3aHO, WO MpaouyiliHi nioxoou 30cepeddicyiomvbCs HA OKpeMUx NOKA3HUKAX | Npoyecax MOpCbKO2o
MPAHCNOPMY: 3AMPUMKY, THYUOEHMU, He8ION0GIOHOCMI, OOHAK Ye He HAOA€ YiNiCHOI Keposanoi KoHyenyii
CYKYNHOCMI NPOEKMi6 be3nexu ma ix cmitikocmi 00 308HIWHIX | BHYMPIWHIX 30YDeHb.

YV pamkax cmammi po3pobneno @opmanizoeany cucmemy y3a2aibHeHUX napamempis, wo eKuoudae 8 cebe
pumm  GUKOHaHMA @3, 3pinicmb I3, indexcu 3aepo3 Hi wnopmamuenoi «epasimayiiy Gy, coyiarbHo-
eeononimuuHux pusukie Sy, cmpameziune 6iOXunieHHs 6, Momenm 30ypeHs T, IMRYIbC CMIliKoeo pedcumy L.
Okpemo dooano ceamenmu myavmunpockmy P1-Pg, wo oxonnioiome nopmamusny 6ionosionicme, xepyeamnisi
DyxXoMm, Hasieayiuny ingpacmpykmypy, n00cvbKutli ¢axmop, oxopouy i Kibepbesnexy, ekonociuny 6e3nexy,
aeapiuny eomognicme i CIIIIP. Lle oano mooicnugicms Ha OCHOBI eKCHepmMHUX 8ae NoOYO008aHo Mampuyi
6nAUGI6 I COpMYNIOBAMU 3AKOHU KEePOBAHOCMI, NOPO2O8i YMOGU CMIUKOCMI ma Kpumepii 0
MYTbMUNPOEKMHO20 KePYBAHHS.

OKpemoro 4acmuHow 00CHiONHCeHHA € pPO3POOKA | 3ACMOCY8AHHA NPOSPAMHO20 MOOYIA Ha mosi Python
(Anaconda JL), saxuii peanizye 3adaui 36axcenux HAUMEHWUX KEAOPAMIB, AGMOMAMUYHO OYIHIOE IMOBIPHI
cyenapii ma eenepye excnepmui pexomenoayii wo0o cmabinizayii cmany 6e3neku MopcbKo2o0 MpaHCnopmy.
Pezynomamu imimayitino2co mMo0eniosanns noxkazaiu, wo 3anponoHO8anUll nioxio 0ac 3mMo2y 3MeHuLysamu
3a2po3u KPU308UX percumis, Habaudcamu ix 0o cmiliko2o 30a1aHCO8aHO20 CMAKY 3 NIOBUWEHUM IMNYIbCOM L.
[Ipaxmuyne 3nayenus pobomu NOAALAE 8 MOMY, WO MOOeTb MOdXHCe Oymu inmesposana 6 yugposi niameopmu
MOHImopuHey, euxopucmosyeamu eiokpumi oaui EMSA, cnyocd i xommpomowouux 6i0oMcme y nopmax,
KOMNAHIAX ma Cry2ysamu OCHOB0I0 OJid (POPMYBAHHA CKIAOHUX MYNbMUNPOEKMIE Oe3neKu 2any3i MOPCcbKo20
MPAHCNOPMY, Y3200HCEHUX 13 MICIEIO CYOHONIABHUX KOMNAHIU I MIDCHAPOOHUX MOPCLKUX OP2AHI3AYl.
Kniouosi cnosa: npockmno-opicumoganuti nioxio; epagimayitino-inepyilina Mooeib, MyIbmunpoekm be3nexu
MOpennascmed; eKkCnepmHua CUCmema, CYeHapHull ananis; YApaeiints npoekmamu, agmomamusayisa; Python;
iHmMeneKmyanbHi Cucmemu.

© Nosov P,
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YJIK 004.942:656.61.052

KPUTUYHUMN AHAJI3 CIIPOIIIEHUX YSIBJIEHD
HA ITPOLHECH TIOBOPOTY CYJIHA

3inuenko C. M., 0.m.n., doyenm, npoghecop xagheopu Hasieayii ma ynpaeiinHs cyOHOM,
Xepconcvrka Oepoicasna mopcvka akaodemis, m. Xepcow, Yxpaina, e-mail: srz56@ukr.net,
ORCID: 0000-0001-5012-5029;

Hocos I1. C., k.m.n., doyenm, 3agioyeay kageopu mexniunoi Kibepnemuxu u ingpopmayitinux
mexuonoeiu im. npog. P. B. Mepxma, Oodecvkuti HayioHANbHUL MOPCbKUL YHIgepcumem,
m. Odeca, Yrpaina, e-mail: pason@ukr.net, ORCID: 0000-0002-5067-9766.

06’ exmom 00CRi0NHCEHHsL € NPOYeCU HOBOPOMY CYOHA.

Touni moodeni y eueinsioi cucmemu OUGEPEeHYIUHUX PI6HSHL MONCYMb 00POOIAMUCS Y OOPMOBOMY 0OHUCTIOBAUL
cucmemu KepysamHs. Ane Ha 6inbuwocmi cyden makozo cneyianizogano2o 064ucI8aida Hemae, momy eUHUKAE
HeoOXiOHicmb  OYiHI08AMU NOGEJIHKY CcYOHa NO cnpouwjeHum ysaenenuAm. Chnpoujeni yaenemus cmanu
PO3POOAAMUCS OISt NOSCHEHHS! He36UUHUX NOBEOTHKOBUX e(eKkmie, AKI cnocmepieaiomvpcsi Ha OOpmy CyoHd, K
mo suoume 06epmanHs HABKOIO NOIIOCY NOBOPOMY, 00epmMAanHs CYOHA, sKe WMOBXanms 08a DYKCUpu 1a2om,
npu  nosasi No30082CHbOI  weuoKocmi, «gicmouuily egexm, mouwjo. 0608 A3K06010 YM0OB0I0 N00Y008U
CNpOUeHUX YABNIeHb € yemaneHull pyx cyoHa. Tax, auoumuii noIoc nogoPomy Modice Cnocmepieamucs auue Ha
yemaneHiti yupkyaayii. 11io yac nepexionux npoyecie 8iH WBUOKO nepemiuyyemucs, He IKCyrouuch 6 0OHil
mouyi. Cnpowjeni yAGNeHHs NOBUHHI He MINbKU NOACHIO8AMU He38UYHI NOo8ediHK08i egexmu, ane U
V320021CY8AMUCS 3 6A308UMU NOTONCEHHAMY MeopemuuHoi mexanixu. Ha scanv, y desaxux nyonikayisax i Hagimy
KepiGHUYmMeax no ynpasiiHHiO CYOHOM, BUKOPUCHOBYIOMbCA YAGNEHHS, AKI He GIDHO MPAKMYImb NOGeOIHKY
CyOHa. Y pobomi cnpocmosano NOMUNKOGI YAGNEHHA W00 NOMOCA NO8OPOMY, yenmpy 6oK08020 onopy i
yenmpy obepmanna. Ompumanuii pe3yabmam NoACHIOEMbCA GUKOPUCIIAHHAM NOBHOT MAMEMAMUYHOT Mooeni
(cucmemu Oughepenyitinux pIGHAHb NIHIUHO20 I KYMO08020 PyXy CYOH@) 5K emAlOHY, HAYK08020 Ni0X00y,
NONOMdNCEHb MeoPemuyHoi Mexaniku ma 2iopoounamixy. Kpumuunuii ananis icuylouux ysagienv npogedeno 0is
nPasUILHO20 PO3YMIHHA CYOHOBOOIAMU NOBEOIHKU CYOHA, WO 003601UMb YHUKHYMU NPULIHAMA NOMUTKOBUX
VIPABIIHCOKUX pileHb ma nioguyumu 6e3nexy cyoOHO800IHH.

Knrouosi crosa: Gesnexa cyoHoniascmea; nomoc nogopomy; yeHmp 00K08020 ONopy, yeHmp 06epmarmsi;
sicouuil egpexm.

DOI: 10.33815/2313-4763.2025.2.31.143-155

Beryn. [lutanns Oesnekd € KIIOYOBMM Y CyJIHOIUIaBCTBI. Bim i#oro mnpaBUiIbHOTO
BUPIIICHHS 3aJIC)KUTh LUTICHICTD CyJIHA, BAHTAXY Ta JIOJICBKOTO JKUTTA. ICHY€E JeKijbKa OCHOBHUX
HampsIMiB MiABHIIEHHS Oe3meku cyAaHoruiaBcTBa. OJHUM 13 HHUX € TIOCTiHE TiABUINEHHS
KOMIIETEHTHOCT] (3HaHb, YMIHb Ta HAaBUYOK) CyAHOBOAIiB. IIpoTe, K mMoka3ye MpakTHKa, AaHUN
MiAX17 B OCTAHHI AECATHIITTS HE JJa€ MPOMOPILIHHUX 3aTpavyeHUM 3yCHIIISIM pe3yJIbTaTiB, uepes, 11e
3HAYHO 3pic MOTIK iH(opmamii 1 TPUHHATTS PIIEHHS 1 CyHOBOJINA HE BCTUTAE il 0OpoOIATH B
peanbHOMY yaci. Jlpyruil HampsM — BIPOBa/DKEHHS aBTOMATH30BAaHMX CHCTEM KEpyBaHH, SKi
BUKOHYIOTh «4OPHOBY» poOOTYy o nepepoOll nepBUHHOI 1HpOpMaIlii, BigoOpakeHHI HEOOX1THUX
JUIL TIPUAHATTS pPILIeHHS JaHUX, (OPMYBaHHI MONEPEKYyBAIBHUX MOBITOMJIEHb TOLIO. Y TaKUX
CHUCTeMax YIPaBIIHCbKI PINIEHHS BCE OJHO NPUHMAIOTBCA CYIHOBOIIEM. TpeTiM HampsM €
3a0e3neueHHs] MIITHOCTI KOPITYCiB CYJIeH, SKi MpaIIOI0Th y CKJIaJHUX YMOBaX HaBaHTaKeHHA [1],
T1BUIIEHHS IOBIOBIYHOCTI KOPIYCIB, UISIXOM BUKOPUCTAHHS MOJIMEPHUX MOKPUTTIB T Cy4YaCHUX
METOJIB KOHTpoJto [2, 3] Tomo. YeTBepTuil 1 HalOUIBII paAMKaIbHUM HANpsIM Ha CHOTOJHI —
BUKOPUCTAHHS aBTOMATUYHUX MOJYJIB KEPyBaHHS y aBTOMATH30BaHUX cucTeMax. [IpencTaBHIKOM
TAKOTO MOJYJIi Ha CydYacHHX CyJHaxX € aBTopyiboBUH. CyaHOBOAIA NpuiiMae pilIeHHS Ipo
3aCTOCYBaHHS aBTOMAaTHMYHOTO MOJYJIS 1 MOTIM JIMIIE crocTepirae 3a Horo podoTorw. MoiIuBoOCTI
CydyacHHUX OOPTOBHUX OOYHMCIIOBAYiB JO3BOJISIIOTH BHPINIYBaTH 1 OUIBIN CKIAAHI 3adadyi, HIX
MATPUMYBaHHS pyXy 3aJaHAM KypCcOM YW 3aJaHUM MapIIpyToM. BupimeHHs Heskux 3 HUX,
HanpuKial, aBTOMAaTHYHOTO CKUAAHHSA KIHETUYHOI €Heprii Npu HEMHHYyYOMY 3iTKHEHHI [4],
aBTOMAaTHYHOI'O 3anoOiraHHd BHMHUKHEHHIO MapaMETPUYHOrO pPE30HAHCY [5], aBTOMAaTUYHOIO
ONTUMAJIFHOTO KEepyBaHHS HAJIMIIKOBUMH CTPYKTYpaMH BHMKOHAaBUMX HpUCTpoiB [6, 7],
aBTOMaTMYHOI'O0 O0OEpTaHHS KOHBEHLINHOIO OJHO FBUHTOBOIO CyJ/IHA HAaBKOJIO IOJIIOCY HOBOPOTY
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[8], Ta iHmm, omyOmiKOBaHI aBTOpaMH paHille, JO3BOJSIOTH CYTTEBO IMIJBUIIMATH HAIIHHICTH Ta
e(eKTUBHICTb CUCTEM KEPyBaHHSI.

besneunicTh CyTHOBOMIHHS 3aJIeKUTh BiJ KOPEKTHOCTI MOJAEJEH, 3aKIaJeHUuX Yy
KEpiBHUIITBA 10 CYJHOBOJIHHIO, SKIIO MOBa iJIe MNpo pydyHEe KEpyBaHHS CyJIHOM, abo B
MaTeMaTU4HE 3a0e3MedeHHs, SKII0 MOBa #Je Mpo aBTOMATHYHI MoOIyJi KepyBaHHs. Cucrema
JMHAMIYHKUX PiBHSHB, siKa onKcye JdiHiitHui (1) Ta KyToBHit (2) pyX cynHa, HaBeICHA, HAPUKIIA, Y
omuci MateMaTuaHOI Mojienti TpeHakepa Navi Trainer 6 [9] Ta 6araTthox IHIIUX JKepenax

V

(20 2 = 4 2y, ~ (0 + 2N, + Y F
(M 22) S =0+ 2N, (M4 AN, + 3y @
oV

(m+4y)

k
6tz = (m + All)vxa)y - (m + AZZ)Vya)x + Zl sz ;
j=

0w, :
(Ix +ﬁ’44)ﬁ = (Iy +ﬂ’55)a)ya)z _(IZ +ﬂ’66)wza)y + (1’22 _%3)Vyvz +le MX]’
J:

(Iy +ﬂ§5)% = (IZ +/166)a)za)x _(Ix +ﬂ“44)a)xa)z + (133 _ﬂll)vxvz +Zk: Myj; (2)

ow :
(Iz +/166)WZ = (Ix +ﬂ’44)a)xa)y _(Iy +A’55)a)ya)x + (All _lZZ)VxVy +Z; sz'
J:

Haiinpo06ieMHIIIO YaCTUHOI TaKMX MOJIENCH € BU3HAYSHHS 30BHINIHIX CHJI Ta MOMECHTIB
yepe3 CKJIaJHy B3a€MOII0 HAJBOJHMUX Ta IMIJBOJAHUX €JEMEHTIB CyJHAa 3 HABKOJIHILIHIM
cepenoBuiieM. JluHamiuHi piBHAHHA JiHiKHOTO (1) Ta KyTroBOro (2) pyxy cCylIHa MOXYTh
00pobssaTrucs y 60pTOBOMY OOUYHMCIIOBadl, JUIsl MPOTHO3YBAHHS PyXy, BHUPINIEHHS IHIIUX 3a7a4
aBTOMATHYHOTO KepyBaHHS. AJie Ha OUIBIIOCTI CyA€H TaKoro CHeIiaji30BaHOro OOYMCITIOBaya
HEMae, TOMY BUHHUKJIA HEOOXIAHICTb OIIIHIOBATH TMOBEIIHKY CyJHAa TO CHPOIICHHUM YSIBICHHSIM.
CrpolieHi  ysSBIGHHS CTaJld PO3POOISATUCS NIl TIOSACHEHHS HEOUeBUIHUX e(eKTiB, sKi
CrocTepiraloTbes Ha OOpTY CyJHA, K TO BUAMME 00epTaHHS HABKOJO MOJIIOCY MOBOPOTY, MOYATOK
o0epTaHHs Cy/JHa, SIK€ MITOBXAIOTh IBAa OYKCHPH JIarOM, IIPH TOSBI MO3J0BKHBOI IIBHIKOCTI,
«icmounit» edektr Tomo. [lpu 1mboMy, Taki ysSBIEHHS 3BOJAATHCA /0 BH3HAYEHHS XapakTepy
MepPEeMIIIEeHHs] OCOOJIMBUX TOYOK CyJIHA, SK TO IEHTPY OOEpTaHHsS, LIEHTPY OOKOBOTO OINOpPY Ta
noJitocy moBopoTy. OOO0B’SI3KOBOI0 YMOBOIO MOOYZOBH CIIPOILIEHUX YSBJICHb € yCTaleHUH pyX
cynHa. Tak, BUIUMHI MOJIIOC TOBOPOTY MOJKE CIIOCTEPIraTUCS JUIIE Ha yCTaleHii uupkysmii. [1ig
yac MepexiTHUX MPOIECiB BiH MBUIKO MEPEMIITy€eThbCs, He (DiKCyrounch B OaHIN Toumi. Ha xans, y
JesIKUX TyOJiKalissX 1 HaBiTh KEPIBHULTBAX IO YIPABIiHHIO CyJHOM, BHKOPHUCTOBYIOTHCS
ySBJICHHS, SKI HE BIPHO TPaKTYIOTh MOBEAIHKY CyaHA. Taki YsBJICHHS TOBHUHHI HE TUIBKH
MOSICHIOBATH HEOUYEBUAHI €(PEKTH MOBEIIHKM CyAHA, aje W y3ro/pKyBaTHCS 3 MaTeMaTHYHOIO
MOJIEIUTIO PyXy CyZHa Ta 6a30BHUMH IMOJIO)KEHHSIMH TEOPETUYHOT MEXAHIKH 1 TAPOIUHAMIKH.

OO0’ €KTOM JTOCIIKSHHSI € TIPOIECH TIOBOPOTY Cy/IHA.

[IpenMerom JOCTIAKEHHS € KpUTUYHUIN aHaJi3 CHPOIIEHUX YSIBJICHb Ha MPOLIECH MTOBOPOTY
CyIHa.

IToctanoBka 3amauyi. [IpoBecTH KpUTHYHUK aHaJi3 CHOPOIICHUX YSBICHb HA MPOIECH
MOBOPOTY CyJHA Ta MOSCHUTH HEOYEBHHI €(peKTH y TMOBEAiHII CyJHA, BUKOPHUCTOBYIOUHU IMOBHY
MaTeMaTHUYHy MOJEINb (CUCTEMY AMHAMIUHUX PIBHSAHB MO3/I0BKHBOTO 1 KyTOBOTO PYXY), HAYKOBUMN
IT1JX1]T, TIOJIOKEHHS TEOPETUYHOI MEXaHIKH! Ta TiAPOMHAMIKH.

AHaJi3 ocTta”HHiX AochaiglxkeHb, Ta mnyOJikamii. HaiiGinpmr BaxknuBUMH poboTamMu 3a
ocranHi 40 pokiB, TOB’S3aHUMH 3 JOCIHIIPKEHHSIM TOBEAIHKH cynaHa, € poboru H. Hooyer,
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Ch. Tzeng, A. G. Chase, H. Cauvier, S. G. Seo, kepiBHUITBO 10 CynHOBOIiHHIO 2014 poKy,
HanucaHe IHCTpyKTopamu 1mopty Pesens.

VY crarti [10] po3risimaeTbcs MoOBemiHKa CyJHA, SKE IITOBXAIOTh J1Ba OYKCHPH JaroM i3
PIBHUMH CHJIaMH 1 PIBHUMHU IJIEYaMH JI0 LEHTPY oOepTanHs (aBTop HazuBae ioro Pivot Point). TTpu
MOSIBl TIO3[IOBXKHBOI IMIBUAKOCTI CyJHA, BOHO MounHae obepratucs. Ha qymMKy aBTOpa, MPUYHMHOIO
o0epTaHHs € 3MIIIEHHS LEHTPY OOEpPTaHHSA y HaNpsMKY pyXy Cy/JHa, 3017bILEHHS, 3a PaxyHOK
LbOT0, IJIe4Ya OJAHOTO OYKCHPY 1 3MEHIIEHHS IJIe4a 1HIIOro OyKCUpY.

BrnactuBocTi mosmroca MoBOpOTY, SIK YMOBHOI TOYKH OOepTaHHs, OyJaM PO3MNISAHYTI y CTaTTi

[11]. ABTOop HaBOAWTH (OPMYITy BH3HAYECHHS ITOJIOKEHHS IOJIOCa MOBOPOTY R :__y’ ne Vy —
W

OOKOBa IUBHJIKICTb CyJHA, @, — KyTOBa LIBHUJKICTh OOEpPTaHHSA CyJHA BIJHOCHO LIEHTPY Baru.

IIpoBeneno niHeapu3zanito AudepeHLialbHUX PiBHAHb Y KaHajaxX O14HOro Ta KyTOBOI'O PyXiB, IJIs

YCTAJICHOTO pyXy HaBeleHO (OpMyJly BH3HAUYCHHS IIOJIOKEHHS TIOJIOCA TIOBOPOTY dYepes

TiApOIMHAMIYHI XapaKTePUCTUKHU CyTHA Ta KEpyBaHHS.

3HayHUM BKJIAJ Y PO3YMIHHS MOBEIIHKU IOJIOCAa MOBOPOTY BHecda cTaTTs KamitaHa Kap’e
[12]. BBaxkanocs, 1o Nnpu BIAXWIEHHI CTEpPHA CYJIHO 00EpTaeTbCcs HABKOJIO IIEHTPY OOepTaHHS,
SKHI MOYKE 3MIIyBAaTUCS Y HANIPSIMKY pyXy cynaHa. [IpakTu4Hi MaHeBpYBaHHS IOKa3ajH, IO Take
YSIBIIGHHS PU3BOJIUTH 10 HABAJIIOBaHHA CyJlHA Ha CTIHKY JIOKY IpH 3axoji abo BUXOi. ABTOpOM
MOKa3aHo, 10 iICHYIOYi YSBJICHHS PO TOJIOC TIOBOPOTY HE BPaXxOBYBaJM OOKOBY IIBHIIKICTH, SIKa
BUHUKAJA [IPU BIIXUJICHHI CTepHa. [3 BpaXyBaHHAM L€l IBUAKOCTI, CYAHO 00€pTaocs He HABKOJIO
HEHTPY OOEepTaHHSA, a HABKOJO 1HIIOI TOYKM — IOJIIOCY MOBOPOTY, SKHH 3HAXOIWBCS IO IHIIY
CTOPOHY BiJ MiJend, 110 1 OyJ0o MPUYMHOIO HaBaJtOBaHHS. TakoX, Y CTarTi AETalbHO OMHCAHO
inmmi nentp — Center of Lateral Resistance (COLR), sikuii aBTOp BBa)kKa€ TOYKOK OIOPH ISt
BaXKEJIIB.

VY poborti [13], mis 3HAXOIKEHHS IOJIOKEHHS MOJIOCAa MOBOPOTY, ABTOP BUKOPUCTOBYE
BekTOpHE piBHAHHA V +@wxR =0 Ta 3HaX0IUTHh JABI KOOPAWHATH IOJIOKEHHS IMOJIIOCA MTOBOPOTY:

v Vv
aociucy sz——y 1 opmuHaty Ry =-—%X_ V 3aranpHOMy BHMAjKy, 3a HAasBHOCTI OOKOBOi i
@, 0
MO3/TOBXHBOT MIBUAKOCTI, IMOJTIOC TOBOPOTY PO3TAIIOBYETHCS HE B JlaMETPaNIbHIN IUIOMHWHI Cy/IHa,
AK BBa)kajlocs pasime, a B IuommHi OX,Y;, mapanensHiid namyOi cynHa. B ycranenomy pyci
TMIOJIOXKEHHS TOJI0Ca MOBOPOTY, 110 BU3HAYAETHCS aOCIMCOI0 1 OPAMHATOIO, CIIBIAJAE 3 LIEHTPOM
LHUPKYJISALIT.

Mertoro crarti [14] € hopmyrOBaHHS TMPAaBUIBHUX BH3HAYEHbB, JOCIIHKEHHS TEOPETHUYHOTO
acleKTy TIOJI0ca IMOBOPOTY Ta MOro 3acTOCYBaHHS s NMPAKTUYHOTO BHMKOHAHHS 0a30BHX 1
CHeIiaIbHUX MaHeBpiB. BKIagoM aBTOpIB CTATTi y PO3BUTOK TeOpil TMOIOCAa IOBOPOTY €
JOCTIPKEHHS MTOBEAIHKY MOJF0Ca MOBOPOTY VIS IIOCKOTO PyXy CYJIHA, 332 HASBHOCTI MO3/I0BKHBOI,
OOKOBOi 1 KyTOBOi IIBHJKOCTI pUCKaHHS. ABTOPH BBOAATH TPU LEHTpU: IeHTp E mimamapHOro
o0OepTaHHA, LEeHTp S 00epTaHHS CyJHA 1 MOJIOC MOBOPOTY P Ta pO3risAaroTh MOJOXKEHHS IHX
LEHTPIB U PI3HUX BapiaHTIB oOepTaHHs: yucThil obepranbHuil pyx (Yaw only), OokoBuii Ta
obepranpHuil pyx (Sway+Yaw), mo3mIoBxkHIH Ta obOepranpHUN pyx (Surge+Yaw), mo3ma0BXKHIM,
OoKOBHIT Ta oOepTambHHIT pyx (Surge+Sway+Yaw). Y matepianax mepiioi ta apyroi [15] crarri
TMIOJIOXKEHHS TOJII0CA MTOBOPOTY PO3PaXOBYETHCS BiIHOCHO IIEHTPY Baru.

3anexHICTh Tuleda OOKOBOI TiIPOAMHAMIYHOT CHiIKM  (TIOJIOXKEHHS ILEHTPY OOKOBOTO
TiAPOIMHAMIYHOTO OTOpY) BiJl KyTa npeidy HaBeneHa y miapydyHuky [16]. Jlana 3amexHicTh Mae

lyso B Ir . . .
~180° ne IR =T — BigHOCHE mUIede GOKOBOI TiApOJAMHAMIYHOI CHJIH,

B — xyt npeiidy, |50 — 3MilleHHs UEHTPY GOKOBOTO OMOPY BiIHOCHO LIEHTPY Baru npu [ = 90°,

purisig IR =05+
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L — moexkuna cymHa. SIK BUAHO i3 HaBeaeHOI (HOPMyIIH, 3aJI€KHICTH BIHOCHOTO Ijieda OOKOBOI

T1IPOJMHAMIYHOT CUJIH BiJ KyTa Apei]y Mae JTiHIHHUN XapakTep 1 3MIHIOETbCS Y MEXax | p | <05.

VY kepiBHUITBI [17], po3ain 5, po3rIsiHYTI BIACTUBOCTI TIOJIIOCA MTOBOPOTY, IIEHTPY OOKOBOTO
omopy (Neutral Point) ta nenrpy napeiipy (Center of Drift). HaBeneni mani rpyHTYIOTBCS B
OCHOBHOMY Ha po0oTi KaB’e [12], 3 HEBETMKHMU TOTIOBHEHHSIMU.

Po3paxyHOK TiIpoAMHaMiYHMX CHJI Ta MOMEHTIB HaBelneHo y pobOori [18]. Ha ocHoBi
BIIOMHUX €KCHEPUMEHTAIBHUX JaHWX, 3a JONOMOrorw OaraToakTOpHOrO KBa3UIIHIHHOTO
(miHifiHOrO 3a Koe(ili€eHTaMM) perpeciiHoro aHaiidy, OTpHMaHi BHpa3d s KOHCTAHT
MOJTIHOMIQJIBHUX MOJIETIEH TIAPOJWHAMIYHUX CHJI 1 MOMEHTY Ha Kopmyci cyaHa. Sk ¢akropu
(perpecopu) B3sTI pi3HI 0€3pO3MipHI BIAHOIIEHHS I'€OMETPUYHUX IapaMeTpiB Cy/lHA, TaKuX SK
JIOBJKMHA, NIMPUHA, 0cajKa, KoediuieHT moBHOTU. [Ipu BuOOp1 perpeciiiHux Mojesneil oLiHIoBaIuCs
3HAa4YeHHs1 HOPMOBaHOro R-KBajjpaTy Ta CTaHIapPTHUX OMUIIOK.

VY crarti [19] posrasiHyTa 3ajavya CTaTHYHOI [MOCTAHOBKM CyJIHA 3 HENPSIMOCTIHHHUMHU
o0BofamMu Kopmycy Ha xBuwiIto. OTpuMaHi 3a1€KHOCTI 3THHAIBHUX MOMEHTIB 1 MEPEepPi3yI0unX CHUJ
BiJl YaCTOTH 1 aMILUTITY M 3yCTPIYHOrO XBUIIOBaHHS. [IpoBeeHO aHani3 BIUIMBY HEMPSIMOCTIHHOCTI
00BO/IIB KOPITyCY Ha BEJIMYMHU 3TMHAJILHUX MOMEHTIB 1 IEPEPI3yI0UnX CUJL.

[IpoexTyBanHs Ta onTHMi3amis (HOpPMHU KOPIyCy CyAHA, 3 METOI MiHIMi3alii omopy Ta
3a0e3nedYeHHs 1HIIMX MPOEKTHUX BUMOT, € J00pe B1JIOMOIO MPOOJIEMOIO Teopii Ta MPOEKTYBAHHS
KopabJst. 3anporoHoBanuil y pobori [20] Meron mpoekTyBaHHS Ta ONTUMI3alii GOPMHU KOPITyCy
BukopuctoBye CFD aHnami3z Ay OIIHKK OMOpY MPH CHUCTEMAaTUYHHX MEPETBOPEHHSIX MOBEPXHI
koprycy. Koxna oxpema TtpaHcdopmaliisi BiANOBiZae HOBOMY BapiaHTy (OpPMH KOpPIyCy 3
MEPETBOPECHOIO JUISTHKOI MOBEPXHI. Y ¢l BapiaHTH, IO MiArOTOBJICHI Ha OCHOBI ITOYAaTKOBOI (hOpMHU
KOpITyCy, HaJeXaTh IO MEPUIOro KPOKy ONTHMi3aliiHOro mpoiecy. BoHH BHKOPHCTOBYIOTHCS Y
CFD po3paxyHKax AJis OIIHKYA 3MiH OTIOPY y CIIOKIMHIN BoJl. Y pe3ynbTari, MOKe OyTH OTpUMaHa
onrtuMalbHa (opMa Mo MINAHT0yTaxX, 0 BUPaKae ONTHUMAIBHUNA O3/I0BXKHIN pO3MOiI MOCTIHHOTO
00’eMy KOpIyCy Ta BIJAIOBiJIa€ ONTHMIi30BaHii ¢dopmi MoBepxHiI kopmycy. Jlanmii metom OyB
3aCTOCOBAHMI O HOCOBUX YACTHH JIBOX CYJIEH, BKIIOYAaO4H J00pe Bimomy dopmy xoprycy KCS.
OTtpumaHi pe3yJbTaTH ONTHUMI3allii B yMOBax CIOKIHHOI BoaM OyJiM J0JaTKOBO OIIHEHI Ha
XBUJTFOBaHHI.

VY crarri [21] po3rasHyTO OOIpyHTOBaHMI BHOIp PO3MipiB pHOAIbCHKOTO CYAHA 3 BETHKUM
KoedilieHToM MOBHOTH. /{71 BUpIMIEHHS MOCTAaBIEHOTO 3aBJaHHS PO3POOJIEHO MaTeMaTWYHHUN
amapart, J0 SKOro YBIMIIUIM pIBHSHHS NMPOEKTYBAHHSA, Yy TOMY YHCI PIBHSHHS IUIaBY4YOCTi, Mac,
MICTKOCTI, Koe(illieHTa MOBHOTH BaTEepJIiHii, CTIHKOCTi, MOTY>XHOCTI, BIJTHOCHOTO TOJOBKCHHS,
Koe(illieHTa MO3/I0BKHbOI MOBHOTH, a TaKOXX TI'PaHUYHI YMOBH Ta PO3PAXYHOK EKOHOMIYHHX
MOKa3HUKIB. KITFOUOBMM TIOKa3HUKOM EKOHOMIYHOI PEHTa0CIbHOCTI MPOEKTYy OyJio BU3HAYEHO
e(DeKTUBHICTh KamiTaloBKIaJAeHb. J[1g1 momyky HaiOUbII e()EeKTUBHOTO CyJHA BHKOHAHO
BapiaTUBHUI PO3PaxyHOK — PO3B'A3aHHS CUCTEMHU PIBHSHD 13 Bapialli€ro NESKUX BUXITHHUX JaHUX.
3a pe3ynapTaTaMH BapiaTUBHOTO PO3PaXyHKY BU3HAYEHO HAMOLIbII BIasli MOETHAHHS OCHOBHHX
XapaKTePUCTHK CYJHA, [0 3a0e31Meuy0Th HAMKpaIli eKOHOMIYHI MTOKa3HUKH.

VY crarti [22] mochimpKyBaiocss OIIHIOBaHHS MaHEBPEHOCTI BHCOKOIIBHUJIKICHUX CYJEH Ha
paHHIX CTamisX iX mpoekTyBaHHsA. PaHimie s bOTO BHKOPHCTOBYBAJIHCS EKCIIEPUMEHTAbHI,
aHAIITUYHI Ta eMIIIPUYHI METOAM. Y HAIll Yac YHCeTIbHI METOU TaKOXK 3aCTOCOBYIOTHCS, 3BaXKAIOUU
Ha X TOYHICTh 1 HEBENMKHUI Yac OOUYMCICHHS. Y PoOOTI MPEACTAaBICHO TiOPHIHWUN YHCEITHHO —
TEOPETHUYHUA METOJ JJIsi OOYMCIIEHHS TIApOAMHAMIYHUX KoedimieHTiB 13 BukopuctanHsm CFD
MoJleoBaHHs Ha OCHOBI piBHAHB RANS. KomOiHOBaHMM MeTOJOM pO3paxoBaHO JIiHIHHI Ta
HEeJHIWHI TIApOoauHaMIuHI KoedillieHTH Kopmycy cyaHa. [IpoBefeHO TMOPIBHSAHHS pe3yJIbTaTiB
MO/JICJTIOBAHHS 13 PO3PaxXOBAHUMU HAIIBEMIIPUIHUM METOAOM JIeBaHIOBCHKOTO.

[TincymoByt04H, CTi/1 3a3HAYUTH, 1110 OCTaHHI YSABIECHHS MPO MOJIO0KEHHS LIEHTPY 00epTaHHs,
HEHTPY OOKOBOTO OTIOPY Ta TMOJII0CA TOBOPOTY € HACTYTHUMHU:

1. TlonoxeHHs LEeHTPY 00epPTaHHS 3MIIIY€EThCS y HAMPSIMKY pyxy Cyana [10].

2. COLR [12] / Neutral Point [17] e Toukoto omopu Juist BaKeiB.
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3. TTouarkose monoxenns: COLR/ Neutral Point Bu3HaYa€eThCs MOMOKECHHSIM LIEHTPY Baru
Ta TOJIOKEHHSM IIEHTPY IJIOIII MiABOIHOI MOBEPXHI.

4. Tonoxenns COLR/Neutral Point 3anexxuth Bix audepeHTy Ta MO3A0BKHBOT MIBUIAKOCTI
CyJHa.

5. llentp 6okoBoro omopy (Centre of Drift) € Touka, Kynu NpHUKIaAeHI pe3yabTyroui ycixX
CHWJI: 30BHIIIHIX cuJl OyKcupa, BITPY TOIO, CUJIa CTepPHA, TiApoAnHaMiyHa cuma omnopy [17].

6. CyaHo He 00epTaeThCsl HABKOJIO IICHTPY Baru [17].

7. TlonoeHHs Modroca MOBOPOTY BU3HAYAETHCS a0CIIUCOIO 1 OPJMHATOO T BiAPAXOBYETHCS
BiJl IEHTpPY Baru cyaHa [13].

Merta i 3apaui nocaigzkeHHss. MeTOIO JOCHIKEHHS € MPOBEJCHHS KPUTHUYHOIO aHalizy
CTPOIIEHUX YSBJIEHb Ha NPOIECH IOBOPOTY Cy/JHAa Ta TMOSCHEHHS HEOYEBHIHHX €(EeKTiB y
MOBEIHII CyJHA. 3aa4aMy JOCIDKEHHS €: aHalli3 JITepaTypHUX JPKepes Ta (OPMYBaHHS CIHCKY
OCTaHHIX YSBJIEHb MpPO TOJIOC TOBOPOTY, IIEHTP OOKOBOIO OMNOPY 1 IEHTp OOepTaHHS;
CIPOCTYBaHHS IOMHJIKOBUX YSBJIE€Hb, Ha OCHOBI IOBHOI MaTeMaTHYHOI MOZeNi JiHIHHOro 1
KyTOBOIO pyXy CyJHA, SIK €TaJOHY, IIOJIO)KEHb TEOPETUYHOI MEXaHIKM Ta T1IpOJUHAMIKU;
(hopMyrOBaHHS BUCHOBKIB.

OcHoBHa YacTHHA. Hwk4e feTanpHile po3risiIaloThCs ITOMIIIKOBI YSABICHHS PO MPOLECH
obepranHs cynHa. CriodyaTKy HaBOJSATHCS aBTOPCHKI IIUTATH, a MOTIM iX crmpocTyBaHHs. Hanamni,
aBTOpH JaHOI CTAaTTI BUKOPUCTOBYIOTh IIO3HAUEHHS LIEHTPY OOKOBOI'O T'iIpOJIMHAMIYHOIO OIOPY, K
CoLR, y saxuii mpukiazeHa pe3ysbTyroua OOKOBa riipoauHaMiuyHa cuia, Ta nozHadeHHs COLR
[12], momoXxeHHs SIKOTO BH3HAYEHO MK IIEHTPOM Baru i MEHTPOM OOKOBOTO T1APOAMHAMIYHOTO
oropy.

VYasaenns 1. «As long as the ship develops no headway or sternway, the result of the tugs'
effort is sheer lateral motion of the ship. However, as soon as the ship starts moving through the
water, ahead or astern, we see that a swing develops... We can simply say that head motion brings
the pivot point forward which shortens the distance of the point of impact of the forward tug to the
pivot point and consequently reduces the effective leverage of the forward tug. At the same time,
the distance of the point of impact of the after tug to the pivot point increases which in turn
increases the effective leverage of the after tug» [10].

Tpere piBHAHHSA cuctemu (2), 3a BIACYTHOCTI KyTOBUX IIBUAKOCTEH KpeHy wy =0 1

mudepenty @y =0, MaTUMe BUIIISL

ow K
(I, "'/166)?Z = (A1 —22)VyVy + _Zlej : 3)
J:

I3 piBHstHHEA (3) BUAHO, IO 32 HASBHOCTI MO3J0BXKHBOI Ta OOKOBOI MIBHIKOCTI PyXy (K y
OTIMCAHOMY BHIIIE EKCTIEPUMEHTI) 3 ABIAEThCS 00epTatounii MomeHT My = (41— Ap2)VyVy.

Ouinka BenuuuHU MOMeHTy. IlpuenHani macu Bomu Ayq,App, Ta NpUETHAHMA MOMEHT

. T 2T B
iHepmii Bogm Agg MoOkHa po3paxyBatu 3a (opmyramMu ﬂllzzm, Aoy =— 3 1_I :

2T .
Agg = 5 (1 1.6— jlz e m-— Mmaca cyaHa, |, — MOMeHT iHepuii cynHa, L — moBxuna cynHa,

B — mmpuna cymna, T — ocanka cyana. Hampukian, aus cyaaa «CopMOBCEKHiny M = 4. 514e61<2

L=1192w, B=134w, T=35u1,=1"(%+82)- ﬂ(l1922+1342) 541760 [ken2],

M1= i4.514e6 =0.066e°[x2] , Ao = 2x3.5 (1— 134 j4.514e6 =2.23e8[xe],
2x119.2 13.4 2x119.2
66 = 21234;5 (1 1. 6%)54179 232996[1<e]. st HO3I0BKHbOT HIBUJIKOCTI
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Vy =2wmlc, 00KOBOI1 [IBUAIKOCTI Vy =1mlc, BEJIMYUHA MOMEHTY CTaHOBUTH

My = (g1 - Aop)VyVy = (0.066e6 - 2,23e6)x1x 2 =-4.32e5u).

Jlpyroro NpHYUHOIO € 3MileHHs 1neHTpy OokoBoro omopy COLR. Ha puc 1. HaBeneni
CHCTEMH CHJI y OTIHCaHOMY ekcriepuMeHTi [ 10], 3a BiICYTHOCTI Ta HasIBHOCTI MO3/I0BKHBOTO PYXY.

Y Y v Vy

R [Vv R A N
Vx

x / GC=RC=ColR x / ColR_Rx _GC=RC

L J

-Ry
F F F L F

a) 0)

Pucynok 1 — Cuctema cuit 3a BIICYTHOCTI Ta HasBHOCTI MTO3A0BXHBOTO PYXY

B ycraneHoMy CTaHi, 3a BiICyTHOCTi HO3J0BXHBOIO pyxy, puc 1 a), cunm Gykcupis F
YPiBHOBaKYIOThCS CHIIOKO TigpoauHamiyHoro onopy R, mpuknanenoro no CoLR, sikuii ciiBnaznae 3
nentpom Baru GC. MoMeHTH cuil Bl OYKCHUPIB TakOXX ypPiBHOBaXK€HI, TOMY CYIHO PyXa€TbCs
narom, 6e3 obepTaHHs.

3a HasiBHOCTI OOKOBOIO 1 MO3JOBXHBOIO PyXy, puc. 1 0), BUuHuKae KyT apeidy [ Mixk

BEKTOPOM HIBHJKOCTI CyJHA 1 JiaMeTpalbHOO IUIOMKMHOK. Pe3ynbTyroua cuia ripoJuHaMigHOTO
omopy Ai€ mig KyroM [ 0 JlaMeTpaibHOI IUOWMHM, a ii ckiagoBi —R, Ta —Ry 1il0Th
BIJINOBIHO B3[0BX Ta MEPIEHAUKYISPHO A0 JiaMeTpalbHOI miomuHu. Cuina — R, HE CTBOPIOE

00epTallbHOr0 MOMEHTY, TOMY, 1o il miede BifHOCHO GC nopiBHIOE HyIto, a OokoBa cua — Ry
crBoproe MomeHT Mj =-RyA, ne A — muiede OOKOBOI TiIpOAMHAMIYHOI CHJIM 1O LCHTPY

obepranns (HieHTpy Baru). Y miapyuHuky [16] HaBemeHa (opMyiia BU3HAYCHHS BiJHOCHOTO ILIcYa
OOKOBOI T1IPOIUHAMIYHOT CHIIH

N l1750 p
IR =05+-2420 2 4
R L 180 @

ne B — kyt npedy y rpamycax, lypo — 3MilleHHs HEHTPY GOKOBOTO OMOPY BiIHOCHO LEHTPY

obepranns ana f=90°, A=IRrL.
s PO3TIISIHYTOTO BUIIIE MIPUKIIaTy Vy=2mlc, Vy=lulc,

V —_ —

B =arctan —~ :arctan(l)zzf, IR =05--2L —035, A= IR L=035x119,2 = 4172 ..

Vi 2 180
2

Hns yeranenoro pyxy Ry :Cy;)?y LT, ne Cy=7l vg — koedimieHT OGOKOBOTO

TiPOMHAMIYHOTO OIOpY Kopmycy, A = B BUIOBXKEHHs Koprycy, vV =0.25 — xapakrepuctuka

KOpIyCY.

Cy = mlvé =3.l4x%x0.25xlx£ =1.65,
2 13.4 2 573

2 2

Y,
R, = cyp7y LT =1.65x1024><1?<119.2 x3.5=0.35e°[H], M, =-0.35e° x41.72 = ~14.6€°[ H - m]

y
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Mowmentu M; Ta M, OIHOTO 3HaKy, iX cyMa JOPIBHIOE
M, +M, =-4.32¢° ~14.6e° = ~18.92e°[H - m] .
CymapHHiI MOMEHT CTBOPIOE KyTOBE IPUCKOPEHHS
dw, My+My  18.92¢°
ot (I;+7s6)  5417€° +2320€°

Pyxatourich 3 TakuM  NPUCKOpPEeHHsM, cyaHo 3a t=10C moBepHeThcT HA  KYT

e %tz =-0.14x100=14.0[2p].

= —0.0024[pa0/c‘2] = —O.l4[2p/cz] :

SIK BUIHO 13 BHIIEHABEICHOIO, INPUYMHOI0 OOEpPTaHHs CyJHA € IO0sBa JBOX MOMEHTIB!
My = (41— 422)VyxVy Ta My =-RyA, a He 3MilueHHS UEHTPY OOEpTaHHS, SKHUH 3aIMIIAETHCA y

IIEHTPI1 Baru CyHa.

Vasaenns 2. «At a given moment the COLR of a vessel is that point where, if you apply an
«effectivey lateral force no rotation (if the vessel has a steady heading) will occur. Acting on this
point, lateral force has no arm lever, therefore no turning moment, it only pushes the vessel
sideways» [12]. «A transverse force, exerted on the neutral line, moves the ship sideways in the
direction of the force without any rotation» [17].

Ha puc. 2 300pakeH0 BUNAJO0K MPUKIAJAaHHA OOKOBOi CHIIN F y HUEHTp OOKOBOTO OMOpY
CoLR.

R Y
A

X / ColLR GC=RC
\ L

&

F

Pucynok 2 — Ipuknaganus 6okoBoi cumu 1o COLR

Astopu po06ir [12] ta [17], oueBHIHO, MatOTh Ha yBa3i MOJIOKEHHS TEOPETUUHOI MEXaHIKH,
IO CcUJIa, sIKa MPOXOAMUTH uepe3 HEeHTp o0epTaHHs, He CTBOPIOE 00epTal0doro MOMEHTY, a 3HaYUTh
tentp 6okosoro ornopy COLR e nentpom obepranns. Hacnipasai 6okoBa cuna F , mpukianena 1o
CoLR, He cTBOproE 00epTaIbHOrO MOMEHTY TOMY, II0 B ycrtameHomy pyci (if the vessel has a
steady heading) cuna rigpoaunamiyaoro omopy R mopiBHioe npuknanesiii cuwni F i nporunekHo
HampasieHa, R =—F . bokoBa cuna F Ta cuna rigpoanHamiunoro omopy R mpukinaneHi B oxHy
touky COLR, maroTh piBHI mieui A 10 IEHTPY Bark, a OTKe, i MOMEHTH BiJl IUX CHJI BiTHOCHO
LIEHTPY Baru piBHi, aje npoTwiexHo HamnpasieHi, FA—RA =0. Omxke, OokoBa cuia, npukiaaeHa y
1eHTp 6okoBoro onopy COLR He cTBOproe oOepTamsHOro MOMEHTY He Tomy, mo COLR € neatpom
oOepTaHHs, a TOMY, III0 CyMa MOMEHTIB MPHUKIAJACHOI CHIM i CWIM TiIPOJAMHAMIYHOTO OMOpPY
BIZTHOCHO IICHTPY Baru JIOPiBHIOE HYIIIO.

Vasaenns: 3. «The starting point of the COLR is a point between the centre of gravity of
the ship and the centre of underwater surface area, when this two do not coincide» [12]. «If ship
dead in the water the Neutral point is close to the centre of gravity» [17].

ITig TepMiHOM «IOYaTKOBE MOJIOKEHHS» aBTOPH, OYEBHJIHO, MAJIHM Ha yBasi BIJCYTHICTh
nudepeHTy 1 IMO3I0BXKHBOI MIBHAKOCTI. Y IIbOMY BHUIIAJKy IHeHTp OokoBoro omopy COLR, 3a
BHU3HAUEHHSM, IOBUHEH 3HAXOJIUTUCH Y LIEHTPI MiJBOJAHOI IOBEPXHI KOPIYCY CyIHA, HE3AJIEHKHO BiJl
TIOJIOXKCHHS [ICHTPY Bard.
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VYasaenns 4. «The position of the COLR depends on the centre of gravity, the centre of the
underwater surface area (hull shape and trim), the pressure fields around the hull» [12]. The Neutral
point is a physical point. Its position depends on the position of the centre of gravity, the centre of
buoyancy, the centre of the underwater area (shape of the hull, trim) and of the pressure field
around the hull [17].

[Tonoxxenns COLR, sk uenTpy OOKOBOTO TigpOAMHAMIYHOTO OIOpY, 3aJIEKUTh BiJ
MIOJIOKEHHS LIEHTPY MiJABOJIHOI MOBEPXHI (BHU3HAYAETHCS (POpMOIO 1 nudepeHTOM), MOdsl TUCKY
HaBkoyso cyaHa 1 kyTta japeidy. Ilomoxenns COLR, sx uneHtpy mnpukiagaHHs OOKOBOI
TIAPOAUHAMIYHOT CHJIM, 3aJIeKUTh BIJ TIOJOXKCHHS IICHTPY Baru Juine 4depe3 nudepeHt (aie
Iu(epeHT BxKe BpaXxoBaHo).

3ajIexHICTh MOJOXKEHHsI Tieya 00koBoi riapoauHamiunoi cun (COLR) Bin kyrta apeiidy
HaBeseHa Buie, Gopmyna (4). Ha puc. 3 300paxeno rpadik 3anexxnocti (4). Ilpu 3mini kyTta

apeiidy B mianasoni 0° < | ,B| <180°, BisHOCHE TUIEYe OOKOBOI TiIPOTUHAMIYHOT CHIIH (ITOJIOKCHHSI

COLR) 3minwerscst B Mmexxax —05<Ig <0.5. BB kyra apeiipy na momoxenss COLR e
HalcyTTeBIMUM (DakTOpoM 13 HazBaHUX. Came BiH JI03BOJISE MOSICHUTH «Bichatounii» edekT. Ha puc.

3 nmokaszaHo jianason nonoxenb LBO nus manux kytis apeiidy 0° < f<30°. Sxmo cuna 6ykcupa
F Oyne npuknaznena niBime nonoxenns L[BO, sk Ha puc. 3, To B ycraneHoMy pyci R=F, a
MOMEHT BiJJHOCHO LIEHTPY Baru BijJ CHiu ornopy R Oyzae OuIbIIMM MOMEHTY BiA cuiu Oykcupa i
CYJIHO TTOYHE MOBEPTATUCS HA3yCTPid MPUKIAJACHINA CHUIIL.

F 0ﬁ5+fIUEO

Migene wnaHroyT \

—0,5 + fHEO

Pucynok 3 — 3anexHicTh mieda O0KOBOI IiIpOIMHAMIYHOT CHJIH BiJl KyTa Apeidy

Vaaennsi 5. «The Centre of Drift (D) is the point where the resultant of all hydrodynamic
forces is acting: -external forces: tugs, wind, etc., rudder force, underwater resistance UWR, lift and
drag as a function of speed and drift angle» [17].

3rilHO 3 TOJOXEHHSMHU TiAPOJUHAMIKHM, Y LEHTp OOKOBOTO ONOpY MpPHUKIAJACHA JIHUILIE
pe3ybTyroYa TigpoarHamMidHa cuia (underwater resistance). 3oBHimiHs cuaa Oykcupa ImpuKiaaeHa
y TOUlll KOHTaKTy OyKcHpa i3 KOpIyCOM CyJHa. 30BHIIIHA CWJIa BITPY MNPHUKIAJCHA y LEHTpI
napycHocTi cyaHa. Cria kepma IpuKJIaieHa y eHTpl kepma Toio. [Ipu nepeHecenHi JaHuX CHIl Y
Centre of Drift (nenTp 6G0okoBOro omopy) moTpiOHO TOJATKOBO BpaxOBYBaTH MOMEHTH, SIKi BOHHU
CTBOPIOIOTb.

Yasaenns 6. «A ship does not turn around its centre of gravity» [17].

ABTOpY KEpIBHHUITBA IO CYJHOBOJIHHIO, OYEBHUJHO, MalOTh Ha YyBa3l, L0 CYIHO
00epTaeThCsl HABKOJIO TOJIIOCY MMOBOPOTY, @ HE HABKOJIO LIEHTpYy Baru. Hacmpasai oGepTanHs cyaHa
HABKOJIO TOJIOCY MMOBOPOTY BUIMME JIMIIE JUIS YCTAICHOTO PYXY CYAHA i € MPUBATHUM BHITQJIKOM
3arajgbHOTO PyXY, KU OMHCYETHCS cUCTEMOO nudepeHiiaux piBHgHb (1) Ta (2). Audepeniiiini
piBHsHHSA (1) Ta (2) oMHCYIOTh pyX LIEHTPY Barw CyJHa i oOepTaHHS CyJHA HABKOJIO IIEHTPY Barwu.
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Hani piBHsSHHA 3 4aciB Einepa BHKOPHCTOBYBAJHCS U MOJICIIOBAHHS PYyXy PI3HHX 00’ €KTIiB 1
NpOHIIIM TMepeBipKy MpakTukoro. OTke, 00epTaHHS CyJHAa HABKOJO TOJIOCY IOBOPOTY €
MIPUBAaTHUM BHIIaJKOM OOKOBOro Ta 00€pTajgbHOro (IO PUCKaHHIO) PYXy Cy/IHa HaBKOJIO LIEHTPY
Baru, BUJUME 32 YMOBH yCTaJI€HOTO PyXY.

OcHoBHi pe3yabTaTH Ta iX 00roBopeHHsi. IIpoBeneHO KpUTWYHMI aHAJI3 CIPOLICHUX
ySIBJIIEHb Ha MPOLIECH MOBOPOTY CyJIHA TA HABEJCHI MOSICHEHHsS HEOUEBUIHUX €(EKTIB Y MOBEAIHII
cynHa. CopoCTOBaHO MOMMUJIKOBI YSIBIIEHHS IIOJO IMOJIFOCA MOBOPOTY, LIEHTPY OOKOBOIO OMOpy 1
HeHTpy oOepraHHs. OTpuMaHMN pe3yNbTaT MOSICHIOETHCSI BUKOPUCTAHHSIM MOBHOT MaTeMaTUYHOI
Mozeni (cucreMu AUQEpPEeHUINHUX PIBHSAHB JIHIMHOIO 1 KyTOBOI'O PYyXy CyAHA) SIK, HAyKOBOI'O
HiAXOMy, TIOJOXKEHb TEOPEeTUYHOI MeXaHiKd Ta TigpoauHamiku. OTpuMaHi pe3yiabTaTu
BIIPI3HSIOTHCS BiJl BIIOMHX PIIIEHb THM, 110 IO3BOJISIOTH MOSICHUTH HE3BUYHI €EKTH Yy MMOBEIIHII
Cy[IHa JMILIE 3MILIICHHAM LEHTPY OOKOBOro OMNOpY, SKUH € LEHTPOM MpHUKIaJaHHS OOKOBOT
TIPOIMHAMIYHOI CUJIU 1 HE Ma€ HISKOrO BIAHOIIEHHS /10 LEHTPY 00epTaHHs (LEHTpPY MPHUKIaJIaHHS
BaxeniB cui). IlomoxkeHHS LEHTPY OOKOBOrO TiIPOAMHAMIYHOTO OIOPY 3aJIE€XKHUTh JIMIIE BiJ
TUQEPEeHTy, MO310BKHbOI IBUIKOCTI CyHa 1 KyTa apeidy. Llentpom oOepTaHHS CylHA € LEHTP
Barv. KpuTuunuil aHami3 IiCHyIOYMX YSBJIEHb IPOBEJCHO Uil TMPABHWIIBHOTO PO3YyMIHHS
CYTHOBOMISIMH  TIOBEMIHKH CyJHA, IO JO3BOJIUTh YHUKHYTH TPHAHATTS  MTOMUIKOBHX
YHOPaBIIHCBKUX pIlIeHb Ta MiJBUIIATH Oe3neKy CyJHOBOAIHHSA. OTpuMmaHi pe3yibTaTu €
B1JITBOPIOBAaHMUMHU 1 MOXKYTb 3aCTOCOBYBATHUCS MPU pO3poO0Ll KEPIBHULITB AJIsi CYTHOBOIIIB.

BucHoBku. IIpoBeneHo ornsa JiTepaTypHHUX JUKEpel, TMPUCBIYEHUX JOCIIJKEHHIO
MOBEJIIHKM OCOOJIMBHX TOYOK Cy/HA: IIEHTPY OOEpPTaHHsS, IEHTPY OOKOBOTO OMOpPY Ta MOJIOCY
MoBOpOTY. BcTaHOBNEHO, 10 HAWOMMXK4YiI TEXHIUHI PIlIEHHS MICTAThCA B podorax H. Hooyer,
Ch. Tzeng, A. G. Chase, H. Cauvier, S. G. Seo, kepiBHUIITBY 10 cyaHOBOAIHHIO 2014 poKy, mopT
Pesenb. Ha xanmb, y agedkux mnyOumikamisx 1 HaBiTh KEpPIBHUITBAX MO YIPABIIHHIO CYIHOM,
BUKOPHUCTOBYIOTbCSl YSIBJICHHSI, SIKI HE BIPHO TPAKTYIOTh BIUIUB OCOOJIMBHX TOUYOK HAa IMOBEIIHKY
cynHa. [IpoBeeHO KpUTHYHMIN aHai3 TAaKUX YSBJICHb Ha OCHOBI MOBHOI MaTeMaTHYHOI MOAEIi
(cucteMHu NUMHAMIYHUX PIBHSAHB JIIHIKHOTO Ta KyTOBOTO pPyXy CyJHA) K €TaJOHYy, HAayKOBOTO
MiIX0My, TIOJOXKEHh TEOPETUYHOI MEXaHiKM Ta TigpoauHaMiku. OTpumaHi pe3ysbTaTH
BIJIPI3HSIOTHCS BiJ BIJOMHUX PIIIEHb THM, IO JIO3BOJISIOTH MOSICHUTH HE3BUYHY TIOBEIIHKY Cy/HA
JMIIEe 3MIIEHHSIM LEHTpYy OOKOBOrOo Omopy, SKMH € LEHTPOM MpUKIaJaHHI OOKOBOT
T1IPOMHAMIYHOT CHIIM 1 HE MA€ HiSIKOTO BiTHOUICHHS JI0 IIEHTPY 0O0epTaHHS (LEHTPY NMPHUKIATaHHS
BKEJIIB CHJI).

Teopernune 3HaUYEHHS OTPUMAHHUX DPE3YJbTATIB TOJATa€e y: MOSCHEHHI MOBENIHKU CyJHA,
BKJIFOYAIOYM HE3BUYHI MTOBEAIHKOBI €()EKTH, JIUIIE 3MIIIICHHSIM IIEHTPY OOKOBOTO OTIOPY, BUSBIICHHI
XHOHUX YsBIIEHb NPO TOBEAIHKY CyJIHA, SKI HE Y3TOKYIOThCA 3 MaTeMaTHYHOIO MOJIEIUTIO
(IMHAMIYHUMH PIBHSHHSAMH IMO370BXKHBOTO Ta KYTOBOTO PYXY CYy/HA), OJ0XKEHHAMHU TEOPETUYHOT
MEXaHIKH Ta T'1IPOJUHAMIKH.

IIpakTH4yHe 3HaYEHHS OTPUMAHUX PE3YJIbTATIB MOJATAE Y MOKIMBOCTI X BUKOPUCTAHHS /IS
pPO3pOOKM KEpiBHUITB 10 CYJHOBOJIHHIO, HAJaHHI CYJHOBOJISM IPAaBHJIBHOTO PO3YMIHHS
MOBEJIHKU CyJlHa, [I0 JO3BOJUTb YHUKHYTH HPUUHATTS XWOHMX YINPaBIIHCHKUX pIIIEHb Ta
MBUIIATH O€3MEeKy CYTHOILIABCTRA.

IlepcnekTHBY MOAAJBIIUX AOCTiAKeHb. [Toganbii T0CHiKeHHS] MOXKYTh OyTH MOB’sI3aH1
3 TPOBEJCHHAM KPUTHYHOTO aHaNi3y IHIIMX XUOHUX YSBJICHb MpPO TOBEIIHKY Cy/AHA, SKi
3aKJIaJal0ThCA B KEPIBHUIITBA JJIsi CYAHOBOIIB. HeBipHE po3yMiHHS IPOIIECIB TOBEAIHKU CyAHA €
OHUM 13 HaifHeOe3neuHImmx (akKkTopiB, SKUH MOXKE CHPHUSATH IJIBUIICHHIO PH3UKIB PYYHOTO
kepyBaHHs. [lonanbpie BUABIEHHA XMOHHMX YSBJIEHb IPO IMOBEIIHKY CYy/HA, iX CIIPOCTYBaHHsS Ha
OCHOBI HAyKOBOTO MIiJIXOJY, 3aKOHIB TEOPETHYHOI MEXaHIKH, TiJPOJWHAMIKH, CIIMPAIOYMCh Ha
MOBHY MaTeMaTU4YHY MOJIeJIb, I03BOJUTH CYTTEBO 3MEHIIUTH TaKi PU3UKH.
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Zinchenko S. M., Nosov P. S. CRITICAL ANALYSIS OF SIMPLIFIED VIEWS OF SHIP TURNING
PROCESSES

Exact models in the form of a system of differential equations can be processed by the on-board computer of
the control system. However, on most ships there is no such specialized computer, and therefore there is a need
to evaluate the behavior of the ship using simplified representations. Simplified representations began to be
developed to explain unusual behavioral effects observed on board the ship, such as the apparent rotation
around the pivot point, the rotation of a ship pushed by two tugboats with a time lag, when longitudinal speed
appears, the "donkey" effect, etc. A prerequisite for constructing simplified representations is the steady
motion of the ship. Thus, the apparent pivot point can be observed only in a steady circulation. During
transient processes, it moves quickly, without being fixed at one point. Simplified representations should not
only explain unusual behavioral effects, but also be consistent with the basic provisions of theoretical
mechanics. Unfortunately, some publications and even manuals on ship control use concepts that do not
correctly interpret the behavior of the ship. Such concepts should not only explain the non-obvious effects of
the ship's behavior, but also be consistent with the full mathematical model of the ship's motion and with the
basic provisions of theoretical mechanics and hydrodynamics. The object of research is the ship's turning
processes. The paper critically analyzes simplified concepts of the ship's turning processes and provides
explanations of non-obvious effects in the ship's behavior. Misconceptions about the pivot point, the center of
lateral resistance, and the center of rotation are refuted. The results obtained are explained using a
mathematical model (a system of differential equations of linear and angular motion of the ship) as a
reference, as well as the scientific approach, and provisions of theoretical mechanics and hydrodynamics. A
critical analysis of existing concepts was carried out to ensure the correct understanding of the ship's behavior
by shipowners, which will allow them to avoid making erroneous management decisions and to increase the
safety of navigation. The results obtained are reproducible and can be used both in the development of
manuals for navigators and in software for automatic control modules.

Key words: navigation safety; pivot point; center of lateral resistance; center of rotation; donkey effect.

© 3inuenko C. M., Hocos I1. C.

CratTio mpuiinsaTo a0 penaxuii 05.12.2025

ISSN-print 2313-4763; ISSN-online 3041-1939 155



NPYERTPIPE Cynnosoninua Ta enepreTuxa cymen

VIIK 656.61

MATEMATHUYHA MOJEJIb BUBHAYEHHA 30H IEPEKPUTTHA
ITOJIIT'OHIB 3 PI3BHOIO IPIOPUTETHICTIO IH®@OPMALII Y ECDIS

IleTrpoBebkuii A. B., x.m.n., ooyenm ragheopu cyonosolinns Xepconcvkoi OepacasHol
mopcvkoi  akademii, M. Xepcow, Vrkpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577.

3anpononosano memoo aHANIMUYHOLO 8USHAYEHHS KOHMYPIE nepemuny 0808umipHux noaieonie — Intersection
Polygon Contour Analysis (IPCA), wo exniouae aneopumm 3HaAX00HCEHH MHOICUHU KOHMYPIG NePEeMUHy, SKi
ModCymy Oymu AK 308HiWHIMU, maK i ekradenumu. Ompumani pe3yibmamu Modcyms Oymu 6UKOPUCMAHI Y
Hasizayitinux i eeoingopmayiiinux cucmemax. Y mamemamuyniti mooeni IPCA ece ¢hopmyemvcsa uepe3s:
AHATIMUYHY NepesipKy nepemunie NiHiliHuX pebep, 8CMABIeHHA MOYOK )y pebpa, NociioogHe 30UpanHs YUKie
uepes opienmosanuil epagp, 00podbry exradenocmi 3 nosuyiunoi aunanimuxu. IPCA epaxosye exiadeni
KOHMypu, OIpKU, OPIEHMAYil0, YUKiu, NPayioe 3 NOJI2OHamu, OipKAMU, MONCIUGE POSULUPEHHS HA KPUSI, ale
moodi nompibHo epyuHy obpobismu 6ci pebpa. Aneopumm, nobyoosanuii Ha ocHosi modeni IPCA uimko i
NOemanto auanizye GKIAOEHICMb, 34 OONOMO20I0 AHANIMUYHUX NEPeSiPOK NONONCEHHS KOHMYPI8 OOUuH
8I0HOCHO 00HO020. Memoo IPCA Haiikpawje nioxodums 015 3a0ay, 0e nOmMpiOHA 8UCOKA MOYHICMb, 8ANCTUBO
8paxogysamu CmpyKmypy 6Kiadenocmi abo nompiden mouHuii KOHMpPOIb HA0 2eOMempi€lo pe3yIbmamy i Mae
OOHO3HAUHI nepesazu, KOaU. NOMPIOHUT NOGHUL KOHMYP Nepemuny, He MilbKu niowa 4u Gaxm nepemuny,; €
8KIAOeHi KOHMypu / OIpKuU, i KPUMUYHO 8AICIUBO 30epecmu MONOA02II0;, MOJCYMb OYmu 8UPOOINCEeHi BUNAOKU |
nompibHo 0opobumu ix mouHo.

Knrouosi cnosa: nepemun nonizonis; Intersection Polygon Contour Analysis; ECDIS; SENC.

DOI: 10.33815/2313-4763.2025.2.31.156-165

Beryn. Po3BuHeHHs HaBiramiiHux iH(opmariitnux cucrem, Electronic Chart Display and
Information System (ECDIS), nanae Bce Oinbliie JaHUX Ta IHCTPYMEHTIB JJIs peaiizaiii 3amad
CY/JHOBOJIisSl Ha HaBiramifHoMy MICTKy. Bce 1ie po3mmproe MOKIMBOCTI CYJHOBOJIS 1 MiABHUIILYE
a/ICKBATHICTh MPUHHSATTS pillIeHb 3aBISKU OUTBININA MOBHOTI HaBiramiitHoi indopmarii. 3pocTanHs
KUTBKOCTI OTpUMaHOi iH(opMarii 3 pi3HUX HKEpesl 1 MOXIHMBICTH BiTOOpa)KEHHS IOJIITOHIB TIO
KOOp/JMHATaX y TOBIJOMJICHHSAX OJ[pa3y, OJHOYACHO YCKJIAIHIOE NpOIEC aHali3y OTpUMAaHOl
iHopmartii cygHoBomieM. (OcCOONMBO 11€ CTOCYEThCS TIONITOHIB JIaHWUX, SKI IMOOYIOBaHI B
aBTOMATH30BaHOMY PEXHMI IMiCIsl OTPUMaHHS Takoi iHpopmarlii, a came: 3 pi3HOIO MPIOPUTETHICTIO
MPUIUICHHS yBaru A0 HeOe3neku iHpopmarii. [Ipukiamom Moxke cTaTH OTpUMaHHS TTOBITOMIICHHS
Bin NavTex Ta AIO, sKmo BOHM TpH BioOpakeHHI Ha KapTi, MalOTh MOJITOHU JaHUX 3
MepeTUHAHHAM. SIKIIO Mepexil MIaHy€eThCs Y JOCUTh KBaBOMY Tpadiky, 3 HasBHICTIO OOMEKEHOTO
HaBIraliiHOrO MPOCTOPY 1 XapakTepu3yeThcs OaraThMa iH(GOpMAIiHHUMU HAKIaJaHHAMU Pa3oM 3
TUMYAacCOBUMHU 00’ €KTaMH, aBTOMAaTH3allisl MJACBIUyBaHHS CHIPHUX 3a MPIOPUTETHICTIO MPUILIECHHS
yBaru KOHTYypiB/mon] py4Hoi KopekTypu/AlO/NavTex mnornuOuTh CTymiHb HpOpoOIeHHS
MapIIpyTy Ha HaBIramiiHi NepenIKou.

IMoctanoBka mpodsemu. Haxnamanus nomatkoBoi iHdopmariii Ha System Electronic
Navigational Chart (SENC) 3BH4aiiHO € reOMETpHUYHMMH MOJiroHamu. [IepeTHH TreoMeTpHYHHX
biryp — me KiIouoBa 3ajada y OaraTboxX MpPHKJIAIHMX cdepax: Hapiramii, kaptorpadii,
koMmm'roTepHid rpadini. CkiamHicTh Toysirae B 0OpoOIll TOJITOHIB Ta BHU3HAYCHHI BKJIAJACHUX
KOHTYPIB JUIi aBTOMAaTH30BAaHOTO Bi3yaJIbHOTO BUSIBJICHHS 3arajbHUX KOHTYPIB MICIs KOPEKTYypH
Hasiraniiaux kapt SENC/naknananns nosnirosis ganux 3 AIO/NavTex y ECDIS npu nonepennii
MPOKJIA/ILI MapIIpyTy pyxXy cyaHa (puc. 1).

HeoOxiani BXiJHI YMOBH peajizalii Takoi 3a7aui:

— HEBENMKa KUIBKICTh 1 CKJIAJHICTh MEPETHHIB, OCKIIBKM BCl IUIOMIATHI O0’€KTH MpH
kopekTyplt kaptu SENC maroTh B OCHOBHOMY HpocTi ¢irypu (THOJIrOHM, KOJIa) 3 BIIACHUM
MPIOPUTETOM TIPHU OIIIHII HaBiraniiHoi HeOe3MmeKH;

— HasSBHICTh BHYTPIIIHIX BKJIAJACHUX KOHTYPIB, sIKI MOKYTh OyTH BioOpa)keH1 Ha KapTi BiJl
PI3HUX THITIB TIOBiIOMJICHb;

156 o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Ipancnopmui mexuonociiy


mailto:andreyanybody@gmail.com

HaykoButi BicHMK XepcoHCEKOI aepzkaBHOI MopchKoi akanemii NERPHEI)RP{o P 1S

— HeOOXiIHICTh TOYHOTO BU3HAYEHHS 3arajbHUX IUIONI NP MEPETHHAHHI JJIsl BU3HAYCHHS
MPIOPUTETY TAKOI AUISHKHY Y TOJANBIIOMY aHaJIi31;

— HEMAa€ 3HAYeHHS, K IMIBUAKO JIi€ aITOPUTM, OCKUIBKH BUKOPUCTAHHS HOTO TUIAHYETHCS Y
CTaTUYHIA OOCTAHOBIII, HA KPOIli TOOYI0BH MOMEPEAHBOI MPOKIAIKH.

& Nz \ AT 1) o
i . S AR N

Pucynoxk 1 — IIpuknag Overlap HaBirauiiiHo1 KapTH
(mepeTHHy MOJIIrOHIB CHHBOTO KOJIBOPY — PE3yIbTATOM € TPUKYTHHK)

AKTyanbHicTh JociailxeHnsi. Yunani cucremu ECDIS ©He HamaooTe aBTOMaTHUYHO
3aralbHUX KOHTYPIB NpHU MEPETHHAHHI IOJITOHIB 3 PI3HUM MPIOPUTETOM HEOE3MeKH Micis
kopektypu kapta SENC. Tnoxi, oneparop ECDIS moxe B3araii He moOaYuTH HASIBHICTH TIEPETUHY,
OCKUIBKHM TaKl IUIOII MOYTb Bi3yali3yBaTHCs OJHAKOBO MPH BiACYTHOCTI 3MiHHM HaJalITyBaHb JAJIs
PI3HUX THIIB MOBIIOMJICHb, SIKI PO3MIIAJAIOTHCA IITYpMAaHOM TIpU TOMEpenHid mpokmaami. Y
TAaKOMY BMIIQJKy HpPIOPUTET HEOE3MEKH 3arajbHOi 30HM NEepeTHHy OyJe 3aBXAM BIANOBIAATH
OCTaHHBOMY KOHTYDY, IIIO B ISIKHX YMOBaxX HE € KOPEKTHUM. ABTOMAaTUYHA Bi3yai3allis TaKuX 30H
JUIs onepaTopa OJHO3HAYHO NPHUBEpPHE yBary 1 HaJacTh MOXKJIMBICTh NPABWJIBHO HPU3HAYMTH
MPIOPUTET.

Ha 1eit vac mocuth 6araTo HayKOBIIIB CBITY MPOBOIMIN JOCITIHPKEHHS 31 CX0KOTO HATMPSMY.
VY [1] mocaikeHo MepeTHH JNiHii 3 OMyKIUM HOJIrOHOM, BUKOPUCTAHHS MPOEKTUBHOI MPOCTOPOBOT
penpeseHTanii s MiABHILEHHS TouyHOCTi. OJHAK 3alUIIA€ThCA CKIAAHICTh peamizamii depes
MIPOEKTHBHY T€OMETPiI0, MOJENIb OPIEHTOBaHA TUIBKM HAa OMYKJII TOJITOHH, € HEMPUAATHOIO IS
JOBIIBHUX, MOKe OyTH MOBUIBHIILIE 32 IPOCTI €BKJIIJOBI METOIM Ha MajMX Habopax naHux. PoGora
[2] nHamae Mopmenb, sKa TMpAmIOE€ TIABKK JAJS ONMYKIMX TOJITOHIB, NPHUCYTHIM CKIIAIHIIIHHA
MaTeMaTUYHUH amapar MiJBUILY€E MOpIr 3HaHb s soft-po3pobHuKiB. Jocmimkenns [3] peani3yroTs
MOJIeJIb OOYMCIICHHS IO MEPETHHY TOBUIBHUX TOJITOHIB i3 BEJIMKUMU/CKIaTHIMH (GOopMaMH 3a
nonomororo Graphics Processing Unit (GPU) Ta metoniB anpokcumaliii, 1o HakjIagae BUMOTH 10
HasBHOCTI y cucteMi npoxaykruBHoro GPU, kpim Toro, anpokcumarii 3HWKYIOTh TOUHICTb. Y [4]
MoKa3aHo po3umpeHHs aiaroput™my Greiner—Hormann, mo6 oOpoOasSTH BHUPOKEHI NEepeTHHU
KOPEKTHO, ajie Ma€ IiIBUIIEHY CKJIAIHICTh peasi3allii yepe3 0OpoOKy YHCIEHHUX BHHATKIB, BUCOKI
BUMOTH JI0 YHMCIIOBOi CTaOUIBHOCTI, TAKOXK Oa)KaHUM € MOJBifHA TOYHICTh OOYHCIIEHb. AJITOPUTM
JUIL BIJICIKQHHS TIOJIITOHA TPSMOKYTHHM BIKHOM, 13 TapaMeTpUYHHM MpPEJCTaBICHHAM pedep
npeacrasiaeHo y [5]. BiH kopcTko mpuB’si3aHMM 0 NPSAMOKYTHOTO BiKHA 1 HENPUAATHUM IJis
JOBUTBHUX KOHTYPIB, a MTApaMETPUYHHUHA TMiJIXil MOKE BTpadyaTH TOYHICTh MPH IIy’KE MAJHX/IyKe
BEJIMKHX KoopauHaTax. PoGora [6] Hamae anroput™, sIKUMl pEeKOHCTPYIO€ MOJITOHM 3 KOHTYPIB,
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npamtoe mapanensHo 3 GPU, 3 akmeHTomM Ha 30ip CerMeHTIB 1 TOPIBHSAHHA KOHTYpIB
BHYTpilHiX/30BHIIHIX. [Torpebye GPU Ta BIAMOBIZHOI MIKpONPOLECOPHOI 1H(pacCTpyKTypH,
CKJIaHO Yy3TO/KYBAaTH BHYTPIIIHI Ta 30BHIIIHI KOHTYPH Y CKJIAQJHUX TOIIOJIOTISAX, MapajeibHi
QITOPUTMHU YCKJIAHIOIOTh HAJAIITYBaHHS M T€CTyBaHHA. Y JOCHIUKEHHAX [7] omucaHuil MeTo] €
CTeiaTi30BaHNM: TIPALIOE JIUIIE ISl CITOK OJHAKOBOI TOTOJOTI, 1, BAKOPHCTAaHHS MeToxy MoHTe-
Kapno it pacrepusanii, Ipu3BOASTh 10 ampOKCUMALIMHOT MOXUOKM NpPU CKJIAJHUX MeXax, ajie
rojioBHe — moTpedye noryxHoro GPU, morana macmtaboBaHICTh Ha Jy)K€ BEITUKHX MOJCIAX 13
BHCOKOIO po3AUIbHICTIO. Po6oTa [8] 1eMOHCTpye MeTOA A HaKIaJaHHs JBOX KBAJPATHUX CITOK 3
OJIHAKOBOIO TOIOJIOTIEIO ¥ ONTUMI3Y€E KUIBKICTh BUMAJIKIB NepeTuHiB pedep. [IpucyTHi oOMexeHHs
Ha TOIIOJIOTIIO CITOK, yCKJIaJHEHA 00poOKa JIIpOK, OCOOJMBO MPHU CKIAJAHUX BHYTPILIHIX KOHTYypax.
VY poborti [9] HamaHi DOCHIIKEHHS 3 MPOJYKTUBHOCTI MPOCTOPOBOI 1HAEKcAlii IS IIBHJKOIO
MOIIYKY KaHIWAATIB Ha IEpPeTHH IMOJIIMOHIB. 3amnpoloOHOBaHAa IHAEKcallis He Ja€ TOYHOIO
pe3yJbTary, a JIMIIe CIUCOK KaHIUAaTiB, II0 MoTpedye Apyroi crajito nepeBipku. [Ipencrapnennii
y [10] 6a30Buii anropuT™M BU3HAYEHHS HAJCKHOCTI TOUKH Ta B3aEMHOI T3 FOHKTHOCTI (Iryp, Tex
Mae€ HeJIOMIKU: HE OMKCaHa MacIITabOBaHICTh JIsl 6araTOKyTHUKIB BEJIMKOI CKJIQIHOCTI, Yy TJIUBICTh
710 BUPOJIKEHUX BHUIIAJIKIB.

Takum unHOM 0Oarato HayKoBUX POOIT HE JAlOTh KOHTYD MEPETUHY SIK Pe3yibTar, a TIIbKU
oIy abo (akT NepeTuHy, He y BCiX € MiATPUMKA BKJIAJICHUX KOHTYPIB a00 JipoK.

MeToro gociaigaxeHHst € po3podka hopmanbHOI MaTeMaTudHO1 MoJeni st 2D mosiroHis 13
BKJIQJICHUMHU KOHTYpPaMHU Ta ajJrOpuTMy, KM (OpMy€e MHOXKHHY KOHTYpPIB MEPETHHY pa3oM i3
BKJIaJICHUMHU KOHTYpaMu. O0’€KTOM JIOCIHIJKEHHS € MPOLIeC BUSHAYEHHS 30H (KOHTYPIB) NEPETUHY
JIBOBUMIPHHMX IIOJIITOHIB 13 pi3HOIO npioputeTHicTIO B SENC.

3agayi KociaigKeHHA:

— po3pobutu (GopManbHy MareMaTH4Hy Mojenb i 2D MoiroHiB 13 BKJIAJACHUMHU
KOHTYpPaMHu;

— CTBOPHUTH allTOPUTM, 110 (HOpMye MHOXKHMHY KOHTYpIB MEPETHHY Pa3oM i3 BKIJIQJACHUMHU
KOHTYpPaMH;

— MpOTEeCTyBaTH MOJENb Ha MpHKIagl 2D 3 MeTow NOoAanbLIOro  3acTOCYBaHHS IJis
BEKTOPHHX KapT.

MeToau a0CTizKeHHsA: aHATITHYHI MeToau (TToOy10Ba 1 pO3B’sI3aHHS CUCTEM PIBHSHB JIJIS
TOYOK MepeTHHy pedep); mapaMeTpu3allis KOHTYPIiB MOJIITOHIB; aJITOPUTMIYHHNA aHai3 rpadis (s
300py CErMEHTIB Y 3aMKHEHI IUKJIM); aHAJITHYHI MMePEBIPKH MOJIOKEHHS KOHTYPIB OJWH BiJIHOCHO
OJTHOTO (TIPUHAJICIKHICTH/BKIIAJICHICTB).

OcHoBHa yacTuHA. [IpONOHYETbCA METOJI aHAIITUYHOTO BU3HAUYEHHS KOHTYDIB IEPETHHY
JIBOBUMIpHHX moutiroHiB — Intersection Polygon Contour Analysis (IPCA), mo BkIItoYae alnroputM
3HaXO/HKCHHS MHOKHHH KOHTYPIB IEPETHUHY, sIKI MOXKYTh OyTH SIK 30BHIIIHIMH, TaK 1 BKJIaJICHUMH.

BXigHUMU TaHUMH MaTEeMaTHYHOT MOJIENI € TIOJIrOH A 3 MHOKMHOIO 3aMKHYTHUX KOHTYPIB:

a={c,cP,..c},

ne C 50) — 30BHILIHIN KOHTYp (OPSAAOK 00X0Ay MPOTH FOJJMHHUKOBOI CTPUIKH);

C f), i = 1..k - BHYTpimHI KOHTYPH (TIpKH, TOPIIOK 00XOTY 32 TOAMHHUKOBOIO CTPLIKOIO);
1oomiron B: B = {Clgo)’ Clgl), . Clgm),}.
AHIITHYHUN OTTUC KOHTYPIB.
Kosken koutyp C mapamerpusyerbes GyHkitiero: r(t) = (x(t), y(t)), t €[0,1]
O6mnacTi, 110 BiAMOBIJAIOTH MOJITOHAM 3 TIPKAMH:

k
W,={x €R%:x€ int(CjO)) Ta X & U int(C\¢ ;
i=1 1)

m
W ={x e R%:x € int(CéO)) Tax ¢ U int(CIt .

=1
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Kpoku moOynoBu KOHTYpY MEepEeTUHY:
1. Tlepmum KpOKOM € TOIIYK TOYOK EPETHHY pedep.
Jnst koxxHOI Tapu pedep:
e (1), t € [ty t,];

éqj) (q)(s) S € [s1,8:],
PO3B'A3YIOTh CUCTEMY PIBHSHB!
PO =) telttlselsys, @
110 €KBIBAJIEHTHO:
{xA l) (t) — x(CI) (S) (3)

¥Rt = y(‘” (s).

2. Jlani BU3HAYAIOTh MPUHAJICKHOCTI TOUOK peOpaM IMOTITOHIB.
Jlis Oyib-SKOi TOUKH p, 110 HAJIEKUThH PeOpY, NEPEBIPAETHCS MPUHATICKHICTD 10 W, Ta aHAJIOT14HO
W .
B .

pE mt(C(O) ipe U mt C(l))

m
qE€ mt(C(O) iqe U int C(J))
=1

3. ®opMyBaHHS KOHTYPIB MEepeTUHy R = A N B.
Kontyp R ckmanaerscs 3 pebep e, st sikux Vq € e: q € Wy N Whp.
4. O6poOka BKJIaJIeHUX KOHTYPIB.

(4)

Kosxen xontyp C lgm) BU3HAYAETHCS K LIUKI pedep, M0 CKIAJaI0Th 3aMKHEHY JIaMaHYy.
OpieHTanis KOHTYpY 3a/1a€ HOTO TUII:

— TPOTH TOJWHHUKOBOI CTPIIKM (30BHIIIHIN KOHTYP);

— 32 TOAMHHUKOBOIO CTPIJIKOIO (IipKa — BKIAJACHUN KOHTYP).

BusnaueHHs BKIIafeHOCTI 0a3yeThcsl Ha MEPEBipIli HAIEKHOCTI TOYOK OJHOTO KOHTYpY /O
o0acTi OOMEXEeHOI 1HIINM.

Anroput™ noOyZ0BM MHOXXHHHU KOHTYPIB IIEPETHUHY 3 BKJIQJICHUMH KOHTYPaMHU.

1. TIpoBenenns napameTpu3ailii pedep mosuiroHis 4 i B.

2. Tlomyk TOYOK mepeTuHy pedep IUIIXOM PO3B'SI3aHHS CUCTEMH PiBHSHB.

3. BcTaBneHHs TOUOK NMEPETUHY y KOHTYPH MOJITOHIB 4 1 B — po30uTTs pedep.

Y KOXHOMY KOHTYpi Cji) Uit pebpa eﬁ ) roukn MepPeTUHY PA(”L-() c efl l)BHOpHIIKOByIOTI)CSI 1o

napametpy t. PeOpo po3OnBa€eThCs HA CETMEHTH:
k, k
SE = (10 @11 € (1,104} (5)

1ie T, — MapaMeTPH TOUOK MEPETUHY Ta KiHIIIB pedpa 3 BepmmHamu (01 1).

AHanoriuso s pedep e(m).

4. TlepeBipka HaJEXKHOCTI KOXKHOTO CErMEHTYy MOJiroHam A4 i1 B 3a JONOMOror MpsiMo-
MIPOMEHEBOT'O TECTY.

[Meperipka mpunanexxHocTi Touku ( no0 int(C) 3nificHIOeThCS Yepe3 anreOpaidHuil IpsMo-
IIPOMEHEBUM TECT:

— HAQJAETHCS MPSIMUNA TIPOMIHB 3 ( Y HAIIPSIMKY, HATTPHKIIA], X.
BHU3HAYAETHCS KIIBKICTh IEPETUHIB MTPOMEHI0 3 pedbpamu KoHTYpY C.
— SIKIIO KiJIBKICTh HemapHa, To q € int(C), iHakiIe — 30BHI.
5. Bubip cermenTiB, 1o Hanmexats nepetuny W, N Wp.
OOuparoTh cerMeHTH S Takux pedep nmoiroHiB 4 i B, ans sixkux Vp € S: p € W, N Wy,
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6. ®opMyBaHHA UUWKIIB KOHTYpPIB 3 TIOCIIJJOBHOCTI CErMEHTIB YTBOPEHUX TOYKAMH
MePETHHY.

[ToOyoBa MHOXXMHU KOHTYpiB R = C }gm)Bi,[[6yBa€TLC$I HUIXOM TOCIIJIOBHOTO 3’ €THAHHS
CETMEHTIB KPOKY 5, BpaXOBYIOUH TOUYKHU MEPETUHY K «BEPLUIMHM» HOBOTO Tpady.

Bepmmnamu Takoro rpady € TOUKH:

V = {Bci BepuinHu KOHTYpiB A i B Ta TOYKM nepeTHHy P}.

Pebpamu rpady € cermenty, ski HajexaTb nepetuny W, N Wpg.

Toxi craBuThCs 3ajaya — 3HAWTH BCl IMKIH, SK 3aMKHeHI nuiixu y rpadi G = (V, E).

o . . . m
3Haii/IeH] KM BiIIOBIAAI0Th KOHTYpam C Ig ),
7. BuzHaueHHs OpieHTallli KOHTYPIB 1 Kjacu]ikallist Ha 30BHIIIHI Ta BKJIa/IEHi.

JIy1st KOXKHOro KOHTYpy Cp ~, 3JIaHOTO IOCIiOBHICTIO BepuuH {V;, V5, ..., 1V, } 00unciooTth
Opi€eHTaIliI0 Yepe3 QyHKINIIO:

n
orient(Clgm)) = Z(xkyk+1 = YiXk+1)r Varr = V1. (6)
k=1

SAxmo npu ubomy orient(Clgm)) > (0, opieHTalis NPOTH TOAWHHUKOBOI CTPUIKH —

30BHIIIHIA KOHT j (m) i — 7|
yp, skuo orient| Cy < 0, To 1€ € AipKa — BKIAJACHUI KOHTYP.

. . m) - n
Jlyis BU3HAYEHHS BKJIAJICHOCTI MK KOHTYpaMH Ui KOXKHOTO KOHTYpYy C }g Vic Ig ), m # n,

HOTDI6 : e - (m)
piOHO mepeBipUTH, YU BUKOHYEThCs yMmoBa: Cp ~ C int{ Cp ' ), TECTyIOYM, HANPUKIAL, OJHY

BepuunHy V € C }gn) Ha MPUHAJICKHICTH J10 int(C 12’")).
8. IMoOymoBa MHOXHMHH PE3YIBTATHUX KOHTYPIB 3 KOOPAUHATAMY BEPIINH
R = {Clgm):m =1, ...,M}, Je KOXKEH KOHTYp Clgm) = {Vl(m),Vz(m), ...,Vn(Zl),} Mae  TaKy

MOCITITOBHICTh KOOPJIMHAT BEPIINH KOHTYDPY.
PesyabTaTtH i aHaji3 BHKOpPHUCTaHHs. Peamizaiis 3amporiOHOBAaHOTO METOJY MOBOKO
nporpamyBanHs Python 3.12 y cepenosutii Spider 6.0 3aiiicHena Ha tiomuHi (puc. 2).

4

2 4 6 8 10

Pucynoxk 2 — Pe3ynbpTatr MoieTIOBaHHS BHJIIJICHHS 3aralIbHUX KOHTYPIB 1 myiom] (depBoHa JiHis Ta ¢ioreToBa)
npu nepeTuHy nomiroHiB ANB i3 30BHIMHIM nosironom C i BKIaJeHUM MOJIiroHoM D

PesynpTatn mnokaszanum JocTaTHIO e€(EeKTUBHICTh 3ampornoHoBaHoi wmozeni. [lomambiie
BUKOPUCTaHHSA Ha HaBiraliiHux kaprax Oyjae 31iCHEHO B paMmkax MoOyJ0BH 3arajbHOi CUCTEMHU
Bigyanizauii okpemoro ¢yHkuionany ECDIS crocoBHO momnepeaHboi MPOKIAIKW, IS 4YOTO 1
CTBOPIOIOTbCSI  OKpeMi Monysi (BIANOBITHO JIO TEMH HAyKOBO-JOCHIIHOI poboTH 3a
Ne0125U003422) [11-14].

Po3pobnennii metox IPCA mae HU3KY mepeBar i HEJOJIKiB, 3aJI€KHO BiJl KOHTEKCTY Horo
3actocyBaHHs (HapiramiitHi kaptu, ['IC, CAIIP, reomeTpuyuHe MOETIOBAHHS TOIIIO).

IlepeBaru metony IPCA:
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1. Ananitnana TouHicTh. Best moOymoBa 0a3yeThesi HA CUCTEMaXx PiBHSIHbB, a HE €BPUCTUYHHUX
omepariisix. Hemae BTpatu TouyHOCTI mpH poOOTI 3 MIHIMHUMH CEerMEHTaMH — OOYHCIICHHS
BiTOYBAETHCS TOYHO B KOOPAMHATHIN popmi.

2. [IpunaTHicTh A BKIAJEHUX CTPYKTYp. Moienb MOBHICTIO MIATPUMYE BKJIaJIeHI KOHTYpHU
(nipkxu, 6araTOKOHTYpPHI CTPYKTYpH), Ha BiIMiHY Bix mpoctux Boolean-oneparriii.

3. Kontposnb Haj koxHUM eranoM. KOHTposb Hajl KOXKHUM KPOKOM: IEPETUH, pO3OUTTS
pebep, mepeBipka HAIEKHOCTI, popMyBaHHs UKIIB. Lle 3pydHo n7s HaamTyBaHHS, TOCTIKCHHS
IPaHUYHUX BUIAJKIB (HAIIPUKIIAA, TOPKaHHS pedep abo TOYOK), iHTerpalii 3 KOpUCTYBaIbHUIIBKOIO
JOTIKOIO.

4. He notpeOye ciTku abo pactepusaiiii. Ha BigmiHy BiJ MEeTO/IB, SIKi BUMaratoTh o0ya0BU
iKcenbHOi ciTkM (pactepu3alii), [IPCA moBHICTIO BEKTOPHUIA.

5. 'nyukicTh po3imupeHHs. MeTo IerKo alanTyeTbes A1 00pOOKH:

— MHOXUH MOJIIOHIB;

— TMOJITOHIB 13 KPUBOIIHIHHUMU KpasiMu (HaIpUKIIaJl, yepe3 CIUIaiiHu);

— 1HIIUX F€OMETPUYHUX (iryp (Kosa, AyrH TOIIO).

Henoniku metony IPCA:

1. O6uncmoBanbHa CKIAMHICTh. [Ipu Benmukiil KUTBKOCTI BepmuH (0coOIMBO 3 Oararhbma
TOUYKAMH MEPETHHY) 00CIT 00YUCIIEHb Pi3KO 3POCTAE.

2. IlotpeOye TOYHOrO YMCEIBLHOTO OOYMCIEHHS. Y BHINAAKy JAyXe OIu3bKux ado
BUPIBHSHMX TOYOK (HampHKIaA, Maike MapajiesibHl BiJIpi3KHM) HAKOIWYEHHS IOXHMOOK MOXe
BUKJIMKATH apTe(PaKTH — NOTPIOHI MEXaHI3MU OKPYTJIEHHS / €IICUIIOH-TIOPOTH.

3. HeintyituBHicts peamizauii. Ha Binminy Bix Oi6miorek Tumy Clipper ado GEOS
(Hanmpukiaa ans peanizanii MoBowo mporpamyBaHHs Python), peanizauiss BumMarae MOBHOTO
KOHTPOJIIO HaJI:
po30uTTSIM pebdep;

— 1noOy10BOIO Tpady;

— IUKJIIYHOIO NEPEeBIPKOIO BKIIAJACHOCTI.

4. HeoOximHicTh poOoTH 3 TOmosorieo. [1oTpiOHO MpaBMIBLHO BIOPSAKOBYBATH BEPIIHUHH,
YHHUKATH CaMOTIEPETUHIB, TyOIhOBaHUX TOUOK i T. A. [lomuika B moOymoBi rpada — HEKOPEKTHUN
KOHTYpP — HOPYIICHHS T€OMETPii.

5. lopiBusiHO Baxkkuit ctapT. st mpocTux 3amad (HampuKIaa, MepeBipka MEPEeTHHY JIBOX
kBagparie) IPCA Moke BUABHUTHCSA "HAaATO CKIAAHUM' — HEMa€e CEHCy, SKIIO HE MOoTpiOHa
JeTali3amisi pe3yyibTary.

AHai3 TeOpEeTUYHOI Pe3yIbTaTUBHOCTI 3BeIeHuH 10 Tabmmi 1.

Tabmursg 1 — [MopiBasaAS [PCA 3 HasBHUMU JTOCITIJDKEHHIMHI

Kpumepiu IPCA Haseni nioxoou
1 2 3
AHaJTITHYHICTD / Hyxe Bucoka: cucrtemu | Pesynbratu JIEeSKUX JIOCITiKCHb
TOYHICTh piBHSIHb, TOYHO BiApi3KH, | (Hampukiaa, “degenerate  intersections”,
TOYKW TIEPETHHY, KOHTY- | “projective space”) mparHyTh IiJIBUIIIUTH
pH, BKJIIAJICHICTh TOYHICTh a00 00pOOKY KOPJ/IOHIB, ajie 4acTo 3

oOMEeXeHHSMH  (OMyKJIi  TIOJIITOHH, JIHIA
MOJTIrOH, 2060 armpoKcUMaItii)

[TinTpumka BKIae- Tak, IPCA BpaxoBye | Y 0araThoX JOCTIIDKCHHSIX PO3TIISAIAIOTHCS
HUX KOHTYpIB / IipOK | BKJIQJAEHI KOHTYpH, Mip- | MOJITOHU 13 JipKaMu, aie piame IyxKe
KH, OPIEHTAIIII0, ITUKITN JETATI30BaHO IMKJIM Ta BKIAJCHICTh Y

pe3ynpTari  mepeTuHy  (ocoOnmMBO  TIpH
BUPOPKEHUX MEPETUHAX)
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[TponosxxenHs Tabmuti 1

1 2 3
O6pobxka IPCA moxe Oytu anman- | Tak. «Clipping simple polygons with
BHUPOKCHHUX TOBaHWW 70 BUpOKe- | degenerate intersectionsy Ta «projective
BUNAIKIB HUX BHMAJKIB (TOYKH/ | space representation»
Kpai, [0 JIOTHKAIOTHCS
TOIIO)
CxmanHicTh / IPCA moxe O0ytu 3nauno | Metomu GPU  npuckopenns, O(log N)
e(eKTUBHICTh MOBUTHHIIINMN, SKIO BXiJ | QITOPUTMU (I ONyKIUX  BHIIAJKIB),
BEJIMKUNI 1 Oararo | cremiaiizoBadi OIOJIOTEKM 4YacTO OITUMI-

NEPETUHIB; aJTOPUTMIU- | 30BaHI JJIS MPAKTHYHUX 33744
Ha  CKJIAJHICTh BHCOKA
JUTSI BEJIMKHUX TIOJITOHIB
VYHiBepcalbHICTh [Tonironn, 3 gipkamu, | barato MeToaiB 0OMEXeHi: OMyKJIi MOJITOHH,
THUIIB 00’ €KTIB MOJIMBO  PO3IIUPEHHS | JiHiA  MOJIroH, abo MpPOCTO  IOJIrOH
Ha KpuBI; Tpeba BpPy4YHY | IPSAMOKYTHE BIKHO, a00 alpoKCHUMAIIii
00poOusiTH Bei pedpa

Meron IPCA naiikpaiie niaxoauTs 1 3a4a4, Je:

— MmoTpiOHA BUCOKA TOYHICTb;

— Ba)XJIMBO BPAaXOBYBATH CTPYKTYPY BKJIQJICHOCTI;

— MOTpiOeH TOYHUI KOHTPOJIb HaJl TEOMETPIEI0 Pe3yJIbTary.

He pexomennayetncs 3acrocoByBatu IPCA Tam, ne moctaTHbO mpuOIM3HOI MOOYI0BH abo
MoTpiOHa BUCOKA MIBUAKOAIS Oe3 meramizamii (Hampukial, y real-time rpadini 6e3 aipok). Pazom 3
TAM BKa3aHe OOMEKEHHS MOXE€ 3 4YacoM OyTH HE CYTTEBUM 3aJIeKHO BIT 3a1ad 1 YMOB
BUKOpUCTaHHA. Hampukiaza, BU3HAUYEHHS TOYHOTO KOHTYpPY BPa)K€HHs IPU HaKJIaJaHHI KOHTYpPY
BpakeHHs Bij Ooe3anacy BIIJIA Ha iiMOBIpHUIN KOHTYp MaHEBPYBaHHS MIXOTH (KU TE€X MOXKIHBO
OyayBaTH MOJITOHOM 3aJIeKHO BiJ HasBHUX YKpUTbH). IIpu mboMy MIBUIKOMIS € TOJOBHOIO ISt
mryyHoro iHTenekTy BIIJIA, a TouHicTh BU3HaU€HHS KOHTYPY BpaXXeHHsI y pEeKUMI peajbHOro yacy
HE € OO0OB’S3KOBOIO, CEHCY BUKOPHCTAHHS PO3POOJICHOTO METOAYy HeMmae. Ale, Ko OyIyTh
BUKOPHCTOBYBATHCS MIBHIKI €JIEMEHTH MiKpOIPOIECOPHOI TEXHIKM: TPOIECOp, IMaM siTh, IIMHA
JaHWX, TO 3BICHO, KOPHCTI BiJl OTPUMaHHS TOYHOTO KOHTYpy Oyjae Oinblle, OCKUIbKU Oyne
MOXJIMBICTh, SIK TOJOBXKEHHS PO3POOJICHOTr0 METOMY, 3MIMCHUTH MOJICIIOBAHHS PI3HUX MO3UIIINA
ckuay 3apsany BIUIA s oTpuMaHHS HaWOUIBII TOYHOTO KOHTYPY BPaKE€HHS NMPH MOXKIMBHX
MaHEeBpax IIijIei.

Taxum unHOM, Metoa IPCA Mae onHO3Ha4HI mepeBaru, KOJU: NOTPIOHUM MOBHUM KOHTYpP
MIEPETUHY, HE TUIbKH IUIOIIA YU (HaKT MEPETUHY; € BKJIaJeH] KOHTYPH / JIPKH, 1 KPUTHYHO BaXJIMBO
30€perTy TOMOJIOTiI0; MOXYTh OyTH BUPOXKEHI BUMAAKH 1 TOTPIOHO 0OPOOHUTH iX TOYHO.

BucnoBku. 3ampomnonoBana mojens [PCA no3Boinisie €peKTHBHO aHATITUYHUM YHWHOM
3HAXOAUTH MHOXHHHM KOHTYpIB NEPETHHY JBOBHUMIPHHX MOJITOHIB 3 ypaxyBaHHSM BKJIaJIEHUX
KOHTYpiB. MeToJ 6a3yeThcsl Ha MapaMeTpu3allii, a TakoXX Ha TecTaxX MPUHAJIEKHOCTI Ui 0OyI0BU
KOHKPETHUX KOHTYPIB.

IlepcnexkTuBM mnoaadbMIMX JociaifkeHb. CydacHi poOOTH MO MepeTHHax 1 OyJeBUM
orepawisM MiIKPECIIOIOTh TPEH]I 10 MOEJHAHHS MOYHOCMI 1 MacumaboeaHocmi — HANPUKIAL,
3D-EPUG-Overlay [15] memonctpye, mo exact-anroputmu (Simulation of Simplicity, multi-
precision rational arithmetic) MokHa 3poOWUTH MapaieJbHUMH JUISI BETUKUX 3ajad 3 TapaHTisIMU
KOPEKTHOCTI, X04a II€ ¥ YCKJIaJHIoEe pearnizaiito. [lapanensHo po3BUBAIOTHCS MMIIXOHU, K1 JAIOTh
1HTepaKTHUBHY poOacCTHICTh NPU BUKOHAHHI OyJIeBHX omepalliii Ha BenuKux HaOopax manux [16]. 3
iHmoro 6oky, GPU-pacrepHi miixoau Aai0Th BEJIMKY MIBUAKICTb Yy 3ajayax OOYMCIEHHS IUIOINI Ta
nornepenHboi  GinbTpanii KaHAWIATIB, ajle BHMAaraiTh CIELiani30BaHOi 1HQPACTPYKTYpH 1
JIOTATKOBUX KPOKIB JIJIS1 BITHOBJICHHS TOTOJIOTTYHO KOPEKTHUX BEKTOpHHX KOHTYpIB [17]. CydacHi
«(pimpTpU MpennKaTiB» JO3BOJSMIOTH 3MEHIIMTH HaBaHTa)KEHHS Ha exact-apu(MeTuky, 30epiraroun
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HaJIHHICTD Y OnbimocTi BunaakiB [18]. Lli HanmpsMKH MOKa3ytoTh MOXKIIMBI MUISIXA Po3BUTKY [PCA:
IHTerpyBaTH aJanTUBHI GiIbTpU Ta/ab0 eJeMEeHTH MapaienpHOi 1HAeKcamii ais Kpamioi
MaciTaboBaHOCTI NPy 30€peKEeHHI aHATITHIHOT TOYHOCTI.
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Petrovskyi A. MATHEMATICAL MODEL FOR DETERMINING OVERLAPPING ZONES OF
POLYGONS WITH DIFFERENT INFORMATION PRIORITIES IN ECDIS

This paper introduces Intersection Polygon Contour Analysis (IPCA), an analytical method for detecting and
accurately reconstructing the intersection contours of two-dimensional polygons with different information
priorities in Electronic Chart Display and Information Systems (ECDIS). As the volume of navigational data
from diverse sources such as NavTex and Admiralty Information Overlay (AIO) grows, ship navigators
increasingly face overlapping hazard polygons that may differ in priority. For safe voyage planning, it is not
enough to know that polygons overlap—the exact geometry of their shared boundaries must also be defined.
The proposed IPCA approach is grounded in analytical geometry and delivers precise coordinates for every
intersection vertex. Each polygon is first represented as a set of closed contours: external boundaries oriented
counter-clockwise and internal holes oriented clockwise. Polygon edges are parameterized, and systems of
linear equations are solved to find all intersection points. These points are inserted into the original contours,
subdividing edges into ordered segments. Using an oriented-graph framework, valid segments are assembled
into closed cycles that capture every intersection contour, including nested holes. Orientation tests then
distinguish exterior boundaries from interior voids, thereby preserving full topological accuracy. Unlike many
existing methods that rely on rasterization, convexity assumptions, or GPU-based approximations, IPCA
provides exact vector geometry and maintains complete nesting relationships, enabling accurate hazard-
priority assessment in ECDIS. A prototype Python implementation demonstrates the method’s effectiveness on
representative navigation scenarios, where execution speed is sufficient for static pre-voyage planning. IPCA
thus offers a robust solution whenever high analytical precision and faithful topological reconstruction are
essential. Beyond maritime navigation, it can be applied to geographic information systems, computer-aided
design, and other domains that require accurate, detailed intersection contours for complex polygonal data.
Key words: polygon intersection; Intersection Polygon Contour Analysis; ECDIS; SENC.
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MATOTOBKA MOPSKIB Y KOHTEKCTI FJIOBAJIBAIIIij
AHAJII3 BUKJIMKIB I IHHOBAHINMHUX MOXJ/IMBOCTEHA

Hinuenko O. M., o.m.n, Ooyenm Hayionanvnoeo ynisepcumemy  «Odecbka
Mmopcoka  akaodemisiy, M. QOoeca, Vxpaina, e-mail:  nav.researches@gmail.com,
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axkademisy, m. Qdeca, Vrpaina, e-mail: scientia.nk@gmail.com, ORCID: 0000-0003-4651-
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Konon B. B., Ph.D., Hayionanenuii ynisepcumem «Odecvrka mopcoka axademisy, m. Odeca,
Vxpaina, ORCID: 0000-0002-9962-482X;

Borauenko €. A., Ph.D., Hayionanvnuii ynisepcumem «QOdecbka MOpPCbKa axaoemisy,
M. Ooeca, Yrpaina, ORCID: 0009-0005-9070-4996.

Mopcvka eanysv, Ha saKky npunadae 3a obcazom nonad 80% ceimoeoi mopzieni, cmuxaemvcsa 3
be3npeyeoeHMHUMY UKTUKAMU 8 NIO20MOBYI KAOpié 00 CYUACHUX BUMOZ, 3YMOBNEHUX MAKUMU YUHHUKAMU, K
yugposisayis, dexapbonizayis, 2nobanizayis punky npayi ma oemozpagiuni mpancgopmayii. ¥V yiti cmammi
NPOAHANI308AHO €80MIOYII0 MOPCbKOI ocgimu ma npogheciiinoi niocomoexu (MET), ioenmugbikoearno xouosi
bap’epu (Oegpiyum cyuacHux mMpeHadxsCepHUx KOMNIEKCi8, npobiemu 3 O0OCMYNOM 00 Mepedxc i Cmpiumke
Mopanvhe CMAapiHHA HABUYOK), A MAKONIC OKPECIeHO MPAHCHOPMAYIUHI nepcnekmusu, wo GiOKpU8aomsCs
3A605KU BNPOBAONCEHHIO IMIUAHUX POPM HABYAHHA MA MEXHON02ill 8ipMmYanbHOi i 0ONOBHEHOI peanbHOCI
(VR/AR). Onuparouuce na eanysesi 36imu, HOpMAMuEHO-NPAso6i akmu ma nedazo2iuni 00CHIONCeHHS, asmopu
NPONOHYIOMb KOHYENYito «3Mianoi Mooeni ni02omosKuy, aKka iHmespye meopemuyHi OHIaluH-KOMIOHEHMU,
NpaKmuuni 3aHAMMA HA mpeHaxcepax i eepugpixayito Komnemenmuocmeil, 3ade3neyyouy eHyuKicmy, GUCOKY
saKicmb  ma  0ocmynHicmv.  J{OCNIOJCeHHs. MICmMumb NPAKMUYHI  PeKOMeHOayii Oas  CMelKxonoepie
(pe2yiAmopHux opearie, CyOHOBIACHUKIE [ OCBIMHIX YCMAHO8) W000 2apMOHIZAYIl CMAHOAPMIe 3MIUAHO2O
HABYAHHSA, PO3POONIEHHS CYUACHUX THCIPYMeHmie OYIHIO8AHHA ma iHeecmuyii y yugpogy iH@dpacmpykmypy.
3asosaku  enpoeadsicentro iHHOBAYIUHUX NIOX00i8 1 NOCUNEHHIO CRIGNpayi MOPCOKUlL CEeKmop 3Modice
chopmyeamu  8UCOKOKBANIQIKOBAHY ma cmiliky pobouy cury, 30amHy e@eKmusHo adanmyeamucs 0o
MEXHON02IUH020 NPO2pecy, BUMO2 CIANI020 PO3BUMKY Ma 3abe3neyenns besneku Ha Mopi.

Knrouosi cnosa: mopcoka ocgima ma nio2omoska MOpsAKie; 3miluane HABYAHHA, YUPPOo8izayis, mpeHaxcepu,
exonociuna cmitxicms, komnemenyii; IMO; STCW.

DOI: 10.33815/2313-4763.2025.2.31.166-176

Beryn. Mopcebka ramys3p 3abesnedye 3a oOcsiroM moHan 80% MiKHApOAHOI TOPTiBI,
3aJIMIIAI0YUCh KPUTUYHO BAXKIIUBUM KOMITOHEHTOM CBITOBOI €KOHOMIKH. Y XXI cTOMITTI MOpChKHIA
TPAHCIIOPT CTHUKAETHCSA 3 TAaKUMH BHUKIHMKAMH, SK: CTpiMKa HUQPOBi3allis, €KOJOTi4HI BHMOTH,
nemorpadivHi 3pymieHHs Ta riobanizanis puHKy mparii. L{i TeHaeHii cyTTeBo 3MiHIOIOTh BUMOTH
JI0 TIATOTOBKH MOPSKIB i BUCYBalOTh HOBI CTaHIApPTH JO CHCTEM MOPCHKOI OCBITH Ta HaBYaHHS
(MET). Bonnouac nanaemiss COVID-19, 3MiHa ki1iMaTy, TeOMOIITUYHI IOTPSICIHHS Ta HOBI BUMOTH
IMO, 3o0kpema cTpareris jaekapOonizamii g0 2050 poky, akTyami3yloTb HEOOXiIHICTh
Tparchopmariii TpaJuIiHHUX MiIX0/iB 10 HaBYaHHS HA (IioTi. He3Baxaroun Ha YHUCICHHI BUKIIUKA
(6pak TpeHa)XepHUX TOTY)KHOCTEH, HEPIBHOMIPHUH JOCTYI 10 SKICHOTO 1HTEPHETY, MOpaJIbHE
CTapiHHS HaBUYOK), CEKTOP MOPCHKOI MiJATOTOBKH OTPUMYE HOBI MOXKIIMBOCTI 3aBJISIKM iHHOBAIIISIM:
BipTyaJlbHa Ta JOMOBHEHA pEAJIbHICTh, MOJYJIbHI KYpCH, OIliHIOBaHHS Ha OCHOBI JaHHX,
IUCTaHIiHI Turargopmu. Y i craTTti po3risHyTo pymidHi cuian Tpanchopmarnii MET Ta
3alpPOMOHOBAHO KOHIIENTYAIbHY MOJIEIbh 3MIIIAHOTO HAaBYaHHS, M0 MOEIHYE THYYKICTh OHJIAIH-
KOMIIOHEHTIB 13 TMPAaKTUYHOIO IIHHICTIO OYHHUX TpeHaKepHUX ceciid. Takoxk OKpecIeHO MpaKTU4HI
peKOMEeHIaIii I CTEUKXOJAepiB 3a1sd (popMyBaHHS CTanoi, KBali(ikoBaHOI MOPCHKOI poOoU0i
CHIIH.

ITocTanoBka mpoOaemu. YcriniHe (YHKIIOHYBAaHHS CBITOBMX TPAHCHOPTHUX JIAHLIOTIB
MOCTa4aHb 3arOCTPWIIO OIEpaliiHi BUKIMKH, 3 SIKHMH CTHUKAIOTHCS TPUOJIU3HO [BA MUIBHOHU
MOpSIKIB 'y BCcbOMy CBITI. [lopsim 3 TIeOMOJITHYHOI HANPYKEHICTIO, BOJATHIBHUMH PHHKAMU
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gapTepy Ta 3MiHAMH, CIIPHYMHEHUMH KIIMAaTOM, TaKHUMH SIK BIIKPUTTS apKTHYHUX MAapIIPYTiB,
MICIANAaHAEMIYHUNA CIUIECK MHOMUTY Ha MOPCHKI MEPEBE3CHHS IMOCHPHUSB YIIUIBHEHHIO TpadikiB
peiiciB, CKOpOUYEHHIO Yacy 00OpoTy B moprax Ta ()OpMYBAaHHIO HOBHUX BHMOTH IO IU(PPOBOTO
MOHITOpUHTY. BonHouac perynsaropHi ouikyBaHHs 3pociau: Crpareris IMO 2023 poky miono
CKOPOYECHHS BUKH/IIB TAPHUKOBHX Ta3iB BCTAHOBIIOE aMOITHY METy TOCATHEHHS HYJIbOBOTO PiBHS
BUKUJIB y cyaHoIuiaBcTBl 10 2050 poky, 3 MPOMDKHMMHU LIISIMM 3HAYHOTO cKOpodeHHs 1o 2030
poky. Lle cTuMyiro€ po3BUTOK MPOEKTIB 3 BUKOPUCTAHHA aMiaKy, BOJHIO Ta METAHOJIY SIK MaJuBa,
SIKi BUMararoTh aOCOJIFOTHO HOBHX MPOTOKOJNIB Oesneku. Kpim Toro, y TpaBHi 2024 poky, mij 4ac
108-i cecii IMO, 6yno yxBaneno Pezomoniro MSC.560(108) [1], sika BHOCHTH 3MiHH 10 Komekcy
STCW mis 60poTh0M 3 HACHUJIBCTBOM 1 JIOMaraHHsSMU Ha MOpi, BOJHOYAC IHIIIIOIOYU BCeOIYHUIT
neperssin Konsentii Ta Koxekcy. Kpim toro, nuBepcudikaiiisi HallioOHAIBHOCTEH cepell MOPSIKiB
YCKJIQJHIOE YHI(iKallif0 KOHTPOJIIO 33 JOTPUMAHHIM MIKHApOJIHUX BUMOT, OCKUIBKH Pi3HI KpaiHu
MaloTh BiJIMiHHI OCBITHI CTaHJIAPTH, KYJIbTYPHI OCOOJIMBOCTI Ta PiBHI aKpeIUTAIlii, [0 TPU3BOINUTH
710 BapiaTMBHOCTI B iHTepIpeTallii Ta BOpoBaKeHHI HOpM, TakuX sk Konsenuis STCW, i Bumarae
JOJTATKOBUX 3yCWJIb JUUIs rapMoHi3amii mporeciB. Ha Tl Takoro AWHAMIYHOTO Ta BHUMOTJIMBOTO
KOHTEKCTY, I1I€ JOCIIDKEHHS pO3IUisfjae HarajlbHy mnpoOsneMy: SIK cHCTeMH MOPCBHKOi OCBITH Ta
HaB4yaHHSI (MET) MOXyTh €BOJIOMIOHYBATH, 00 3a0€3MeYNTH HEOOXITHY MOBHOTY KOMIICTCHIIIH
0e3 MOKJIaJaHHs HAJBEIIMKUX BUTPAT YU YAaCOBUX HABAHTa)KEHb Ha MOPSKIB 1 poOOTOAABLIB Ha
MIDKHApOJAHOMY PiBH1?

AHaJi3 ocTaHHIX JocailzkeHb Ta myOJaikamii. Mopcbka Traily3p CTHKAa€TbCS 3
0araTOrpaHHMMH BUKJIMKAMH Ta MOXIIHUBOCTSMH, OCKUIBKM TJioOami3allis, TEXHOJoril U
PEryJIATOPHUNA THCK 3MIHIOIOTh CEKTOp. PaHHI JOCHIIDKEHHS pO3MIIAaliu IiI00ai3alilo K «TOHKY
JOHM3Y» JUISL TIparli MOPSKIB, HANPUKIAI aBTOpH poOoTH [2] 3adikcyBaau 3MINICHHS POOOUYUX
MICIb 10 KpaiH 13 HIKYOIO OIUIATOO Mpali. Y Cy4acHHX yMOBaX, pe3yJIbTaTH ONUTyBaHb Mission
to Seafarers Happiness Index [3] meMOHCTPYIOTh, L0 JOCTYN 1O CTPYKTYPOBAHOTO PO3BHUTKY
Kap’epu TICHO KOpPEI€ 3 HamipoMm o¢ilepiB 3anuiiatiucs B mpodecii HaBITh Ha CyAHax MiJ
BIIKPUTUMHU peecTpamu (puc. 1), MiAKPECcTIOYd poJib HaBYAHHS W MIATPUMKH Yy 30epexeHHI
Kazpis [4].

Q4 2024 Average Happiness Scores
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Pucynok 1 — Inaekc macts MopsikiB 3a 4 kBaprtan 2024 poky (Mission to Seafarers, 2024) [3]

TexHonoriunuii nporpec i nugposizamis TpaHCHOPMYIOTH MOPCBKY OCBITY ¥ MiATOTOBKY
(MET), nponoHyouH pilieHHs Uil YCYHEHHsI TIPOTaIMH Y KOMIIETEHIIsAX. ABTOP JOCHiKeHHS [5]
aKIEHTye Ha poJii U(POBUX IHCTPYMEHTIB y TMOKpAMIEHHI JOCTYMHOCTI W HAaBYAJIBHOTO
cepenoBHINa. Y CHUCTEMAaTHUYHOMY OrJsidi [6], aBTOpU OBOIATH, IO IMEPCHBHI Ta HEIMEPCUBHI
MOPCBKI CHMYJISITOPDH TOKPAIIyIOTh pPE3yJbTaTH HaBYaHHS, 3a0e3Meuyroud pealiCTHYHHM,
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MPAaKTUYHUNA JIOCBiJ], SIKMH TOETHYE TEOPiI0 3 MPaKTUKOI. Y poOoTi [7] aBTOpH 3aKIMKAIOTh
yIpOBaKyBaTH Cy4yacHI TEXHOJIOTIT MO/EIIOBaHHs, 30kpeMa XR 1 moBHOMacmTaOH1 CUMYJISTOPH,
JUIE CTBOPEHHSI IHTEPaKTHMBHOTO HABYaHHS, TOMI SK B iHOIK cTarti [8] aBTOpM MpPONOHYIOTH
3MIlIaHUK MiaXig y Mekax rapMonizoBaHoi wmogneni I[IJIHB, moennyrouwm TpaguiiiiHi Ta
TEXHOJIOT1YHI METOMW JJIs MiABUIICHHS €()EeKTHBHOCTI MiJATOTOBKH. 3arajioM IIi JOCIiIKeHHS
MiKPECIIOITh 3pOCTal0dy Bary Hu(GPOBUX, CUMYJISIIINHIX 1 3MimaHux mMetoais y MET.

lanmys3eBi pexkomenpamii ¥ CHUIbHI 1HILIATUBU MOCWIIOIOTH IPAarHeHHs 10 (OopMyBaHHS
iHHOBaIiitHUX pamok miaroroBku. Oil Companies International Marine Forum (OCIMF, 2022) [9]
(dhopMye MOBEAIHKOBI LI JJIs1 TAHKEPHUX OMNEpalliid, K1 BXKE IHTETPOBAHO y MATPHII MiIBUILICHHS
kBamigikauii. KepiBuunrso Maritime and Coastguard Agency (MCA) (2025) oHoBIO€ mpaBuiia
¢inancyBanus Support for Maritime Training (SMarT), no3BoJsitoun AMCTaHLIHHI KOMIIOHEHTH Y
3aTBEP/UKCHUX Kypcax KaJeTiB 3a yMOBHU JOTpUMaHHs cranaapTiB Merchant Navy Training Board
[10]. JdomoBHroroum mi 3ycuiurs, BiamoBigHo o 3BiTy SkillSea «Future Skills and Competence
Needs», mpuckopeHa nu¢poBizawis i €KOJOTivHI Peryisuii BUMaraloTh IHYYKHX, CUMYJISIIHHAX
MOJIYJIIB MATOTOBKH, BUIUISIOUN YOTHPHU KIIIOUOBI KOMIIETEHIIII: TEXHOJIOTIYHO OIMOCEPEIKOBAHY
KOMaHJIHy po0OTy, CUMYJIALIMHE J11epCTBO, MPUUHATTS PILIEHb y Taly31 «3€JIEHUX» TEXHOJIOr1H Ta
po3BuHeH1 1udposi/nani HaBuuku (IoT, Omokueitn, big data-nmorictuka). Takox NpPOMOHYyeTHCS
CHUCTEMa «CTEKOBUX» KYpCIB il O€3MEepelIKOJHOrO Mepexony MiX MOPCHBKUMH i OeperoBUMHU
nocaaamu [11].

Cain BiI3HAUWTH, IO MUTAHHSA JOTPUMAHHS MPaBWII 3AJIUILAETHCS KPUTUYHO BAXKIIUBUM:
MIOCTIMHI NMPOrajiuHu y cepTudikaiii MOPSIKIB CTAHOBIIATH 3arpo3y Oe3merl Ta IPUIUYHUNA PU3UK.
Hani noproBux HarnaniB (Paris MoU, Tokyo MoU) nocnijoBHO (iKCyIOTh HEAIMCHI 4M BiACYTHI
ceprudikatu [1IJIHB cepen nmpoBimaux npuunH 3atpumans y nepiox 2019-2023 pp. [12, 13]. Kpim
toro, Konusenuis MLC mnpo mpai B MOPCHKOMY CYAHOIUIABCTBI 3000B’s3y€ CYAHOBIIACHUKIB
3a0e3neyyBaTy BIAMNOBIAHICTh 1 NMPUAATHICTH EKIMaXy [0 CIYKOH, L0 MEepeTBOPIOE aediuut
KOMITETCHTHOCTI Ha BarOMHI PU3UK HEBIAMOBIIHOCTI MiXKHApOIHUM BUMoram [14].

Y IOBroCTpOKOBIN TEPCIEKTHBI aBTOMATH3AIlisl Ta 3a0E3MEUYCHHS EKOJOTIYHOI CTaaoCTi
panuKaIbHO TPAHCPOPMYIOTh HOMUT Ha poOody cuily. 3BIT BCECBITHBOIO MOPCHKOIO YHIBEPCUTETY
(WMU) «Transport 2040: Automation, Technology, Employment — The Future of Work»
nporuosye, mo g0 2030 p. mepenbavaeThCs 3pOCTAHHS IMOMUTY HA CHEINATICTIB JAUCTAHIIIHHUX
oreparii, IO JTO03BOJIUTH CTBOPUTH TUCSYi HOBUX OE€pPErOBHX POOOYHMX MiCIlh, @ TAKOX ITiIBUIIUTH
3arajibHy SKIiCTh TIpalli 3a yMOB 3a0€3IeueHHs HAJIEKHUX TPYAOBHX cTaHaapTis [15].

Merta Ta 3agaui gocjigKeHHs. MeTOI JOCHIDKEHHS € aHami3 TpaHchopMariitHux
BUKJIMKIB Ta MOXJIMBOCTEH y cepi MiATOTOBKM MOPSKIB y KOHTEKCTI IIoOami3aliifHuX 3MiH, a
TaK0X po3po0Ka KOHIENTya bHOI Moieni 3Mimanoro HaBuaHHs (blended training), cipssMoBaHOi Ha
3a0e3nedyeHHs €()eKTUBHOCTI, IKOCTI Ta JTOCTYITHOCTI MOPCHKOI OCBITH.

3amadi OCHIHKEHHS BKITFOUAIOTh!

1) JJocmimKeHHS OCHOBHHUX TINTOOAJBHUX TPEHIIB, IO BIUIMBAIOTH HA MOPCBHKY OCBITY
(umdposizaris, nekapOoHizarlis, riiodaniszaris, qemMorpadivni 3minn) [16].

2) BusHaueHHs KJIFOYOBHMX BHMKIIHKIB y IMIJATOTOBII MOPSKIB, 30KpeMa MpoOJIeM JOCTYITY 10
TpeHaxepiB, HU(PPoBoi iIHYPACTPYKTYpPH Ta aKTYaTbHOCTI KOMIIETEHIIIH.

3) AHami3 cy4acHHX MOKJIMBOCTEH Ta MepeaoBUX MpakTHK y cdepi MET.

4) Po3po0seHHs KOHIIEMIIIT 3MIIIIaHOTO HABYaHHS, [0 IHTETPY€E OHJIANH-TEOPIt0, MPAKTUIHE
TPEeHa)KepHE HaBYaHHS Ta HU(PPOBE OL[IHIOBAHHS.

5) HagaHHs mpakTUUHUX PEKOMEHJIAIN ISl PETYJIATOPHUX OpPTaHiB, HABUAILHHUX 3aKJIaJliB
Ta Cy/JHOBJIACHUKIB 11010 BIPOBA)KCHHS 1HHOBAIIMHUX (hOpMAaTiB HABUAHHS.

BukJiiag ocHOBHOTO MaTepiaJy.

1. Yomupu pywitini cunu 3min y niocomosyi MopsKie

KommierenTHicHa mporpamMa Mopchkoi ocBitu i minroroBku (MET) ¢gopmyerscs doTupma
B3a€MOIIOB’I3aHUMH METa-PYIIisIMHU, KOXKEH 13 SKUX BUCYBa€ crenu(piuyHi BUKIMKU Ta BiJIKpUBAE
MOJKJIMBOCTI JJIi PO3BUTKY HaBUAJIbHHUX TporpaM. Llumu pymidHuMEH cuinamu €: nudposizamis,

168 o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Ipancnopmui mexuonociiy



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaeMii \ERPH R Pl P4

nexapOoHizallis, riofamizamiss puUHKY mpami Ta gemorpadiuni 3MiHA. BoHE BigoOpakaroTh
€BOJIIOLIII0 CYHOIUIABHOI raly3i i BUMararoTh alalTUBHUX, JaE€KOIJISIIHUX CTpATETii MiArOTOBKH.

[udporizaris TpaHchopMye MOPCHKI orepartii 3aBIsSKH MEPEJOBUM TEXHOJIOTISIM, TAKUM SIK
ECDIS 2.0 (enexTpoHHa kapTorpagivyna i iHpopmaliiiHa cucTemMa, OHOBJIEHA /10 CTAHJApTy JaHUX
S-100 i migBUIEHHS TOYHOCTI HaBiraiii), ceHCOpHHU «¢’rokH» (iHTerpamis 0aratbox pKepen
JaHUX JJI OTepaTHUBHOI CUTYalliifHOT 0013HAHOCT1), CUCTEMH MIATPUMKH pimieHb Ha ocHoBi I Ta
pPO3IIMPEHHS] LIEHTPIB JAMCTAHLIMHUX ONepaliidi 13 MOHITOPUHTY M KepyBaHHsA cynHamu. Lle
CKOpOYY€ 4acOBl paMKH JUIsl yXBaJ€HHs pillleHb, oTxe, nporpaMmu MET maroTh HajaBaTu npiopurer
PO3BUTKY HABMYOK IIBHJKOI peakiii Ta B3a€EMOJil 3 KOMIUIEKCHUMH LU(POBUMH iHTepdeiicamu,
HaNpUKIal, Yepe3 CUMYJIATOPH, 10 BIATBOPIOIOTH aBapiiiHi clieHapii Ha MOCTUKY UM B MALIUHHOMY
BIJIJIIJICHHI.

JlexapOoHizalisi, 3yMOBJI€HA [NI00ATbHUMHU BUMOTaMH I1[0JI0 CTAJOr0 PO3BUTKY, IPUCKOPIOE
BIIPOBA/KEHHS aJlbTEPHATUBHUX MaJUB (aMiaKy, BOJHIO Ta METAHOJTY), a TAKOXK OEpPEeroBUX CUCTEM
KUBJICHHS, aKyMyJIITOPHHX OaTapeil 1 MOKa3HMKIB 1HTEHCHBHOCTI BUKHUAIB, Takux sk Carbon
Intensity Indicator (CII) ta Energy Efficiency Existing Ship Index (EEXI). Lle 3anpoBamxye HOBI
MIPOTOKOJIM Oe3MeKH Ta BUMarae HaBU4OK ONTHMi3alii MOKa3HUKIB y pealbHOMY 4aci, OTKe, Kypcu
MET maroTh BKITIOUATH MIATOTOBKY 3 «3€JICHUX» TEXHOJIOTIH 1 €KOJOTIYHOT BIMOBITHOCTI.

I'moGainizanis pUHKY Mpami MiIAKPECIIoe Aefani OUIbIl TpaHCHALIOHAIBHUM XapakTep
eKiMaXkiB, OCKUIbKH CyAHOIUIaBHI KOMITaHI1 aKTHBHO 3aJy4ar0Th KaJpu 3 PI3HUX PeTioHiB cBity. Lle
3yMOBIIIO€ HEOOXiIHICTh 3a0e3MeueHHs nepeHocuMocTi ceptudikaris (portability of qualifications),
abu kBami(ikaiii BU3HABAJIUCS B PI3HUX IOPUCOUKLIAX, a TaKOX PO3BUTKY MIXKKYJIbTYpHOT
KOMIIETEHTHOCT1 A e(peKTUBHOI KOMYyHiKalii Ta KomaHaHoi B3aemoxii. s cucreM MOpPCHKOI
ociT Ta miaroroBkun (MET) ne yckimagHioe mpoiec akpeauTallii, BUMararo4d BIPOBa/XKEHHS
CTaHJAPTHU30BAHUX PAMOK 1 KyJbTYpPHO aJalTOBAHUX HABYAJIbHUX MOAYJIB JJIS IOAOJAHHS
PEryIsTOPHUX 1 coLiaabHUX Oap’epiB.

Hemorpadiuni Tpancopmaiii OXOIMIIOIOTH [BI CyHepewiMBI TEHICHINI: CTapiHHSA
o(iIepchKOro CKIIaay B TPATUIIIHHIX KpaiHax-MOCTa4aTbHUKAX MOPSKIB, IO 3aTPOXKye ACPIITUTOM
KBaTipikOBaHUX KaJpiB, Ta 301NbIIEHHS YacTKH MpeAcTaBHUKIB nudpoBux yposmkenuis (Digital
Natives), sKi HaJalOTh IEpeBary THYYKHAM, OHJIAWH-OPIEHTOBaHMM (OpMaM HaBYaHHA, IO
BIJIMOBIIalOTh iXHIM IHU(poBUM odikyBaHHAM. Lle TpaHchopMye mapaaurMy OCBITH, CIIOHYKaIOUH
nposaiinepie MET no inTerparii onnaiH-TaTgopM, MOOUTBHOTO KOHTEHTY Ta TEPCOHANII30BaHUX
rpadikiB 3 METOIO 3aJIyYeHHS i yTPUMaHHS MOJIOJIMX TaJaHTIB.

Ili pywriiiHi cwiM He JOilOTh 130JbOBAHO; iXHS B3a€EMOJIS YCKIATHIOE MPOEKTYBAHHS
edekTuBHUX mporpaM. Hampukman, nekapOoHizamis miaBuilye Mmotpedy B IMU(POBUX HaBUYKAX,
OCKUJTBKM JBUTYHH Ha albTEPHATHBHOMY IMAJMBI 3HAYHOIO MIpOI0 TOKJIAJAIOTHCS Ha IUQPPOBI
CHCTEMHU KepyBaHHs. Mouoalle, TeXHOOPIEHTOBAHE IMOKOJIHHS OXOdillle CIpuiiMaTuMe OHJIaiH-
watpopmMu, sKi BOJHOYAC TIOJIETIIYIOTH MDKHApOJHE BHU3HaHHA cepTu¢ikariB. [HmmMI BuUx
B3a€EMOJIII MPOSBIISAETHCA B TOMY, IO IUGPOBI3AIisA Yepe3 TEXHOJOTIi JUCTAHIIWHUX OIeparlii
MOXKE TEpeMICTUTH pobOodi poyii 3 Mops Ha Oeper, MO Y3TO[KYETbCA 3 JeMorpadiyHUMU
yIOA0OaHHSAMHU LIOAO0 THYYKuX (opMm mpaui. Po3ymiHHA IHMX B3a€MO3B’SI3KIB € KIHOYOBUM IS
CTBOpEHHs BceocshkHUX nporpaM MET, uyTimBux 10 motpel ramysi.

3Ha4yeHHsA IMX CIOCTEPEKEHb MIJKPIIUIIOETbCS  3BITOM  BCECBITHBOIO  MOPCBKOTO
yniBepcutery WMU Transport 2040: Automation, Technology, Employment — The Future of
Work, sxuii Haronomrye Ha HaraJabHOCTI ajganTailii A0 3a3HavyeHHWX apaiBepiB [15]. ¥V mokymeHTi
MPOTHO3YEThC, 1m0 10 2030 poKy 3HaYHa YacTKa CyTHOBUX odinepiB moTpedyBaTuMe NOTTHOICHOT
MiATOTOBKY 3 IIM(PPOBOr0 YINPaBIiHHI CUCTEMAMH, AHATITUKU JaHUX Ta poOOTH 3 albTepPHATUBHUMHU
MaJMBaMU ISl 337I0BOJICHHSI TEXHOJOTIYHUX Ta €KOJOTIYHUX BHMOT. TakoX OYIKY€ThCS CIUIECK
nmonuTy Ha ¢axiBIiB 3 JUCTAHIIMHUX OIEpalliid, 0 MOXXE CTBOPUTH THUCSYi HOBHX OEperoBHX
pobouNx MicCIb 1, BiAMOBiIHO, TpaHC(HOPMYBATH TPAAMLINHI Kap €pHI TpaeKTopii B KOHTEKCTI
3a3HaYCHHUX METa-pyLIIHUX CHJL.

2. Knrouosi euxnuxu

2.1 Oune mpenasicepne HaguanHs (npodiemu mamepianvHoi 6asu)
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HesBaxxaroun Ha Te, mo Konsenris [IIHB BcTaHOBIIIOE MiHIMATbHI CTAaHAAPTH MiATOTOBKH,
ayautu €Bporneiicbkoi arenuii 3 Mopcbkoi 6e3nexu (EMSA) Ta MixkHapoaHOT MOPCBKOT opraHizarii
(IMO) ¢ikcyroTs 3HaYHI BIAMIHHOCTI B SKOCTI TpeHaXepiB, KBamidikamii iHCTPyKTOpiB Ta
BaJIIHOCTI OIIHIOBaHHS B HaBYalbHUX MeHTpaX. CyyacHHH KOMIUIEKC MOBHOMACIITAOHOTO
TpeHa)kepa HaBiraliiHOro MicTKa a00 MalIMHHOTO BIIMIJICHHS Kiacy A 3a3Bu4ail komTye Bix 250
000 mo 1 000 000 mon. CIIIA, Toni sik BapTiCTh 6araTOMiCTKOBUX a00 KOMOIHOBaHUX TPEHaXKEPiB
NepeBuIly€e Kulbka MUIbHOHIB. bararo akanemiil y mpoBiHHUX KpaiHax-TocTadajlbHUKAaX poOodoi
cuu (Qiminminax, [Ha0HE31T) MOKIAAAI0ThCS Ha 3acTapijie 00JaJHAHHS YU HACTUIBHI TPEHAXKEPH,
sK1 He 3a0e3MeuyloTh HaJIeKHOTO piBHA peanizMmy. Lle 3HMKye rOTOBHICTh KYpPCAHTIB /10 CKJIAIHUX
CYJHOBHUX CLI€HapiiB, MMpo 110, 30KpeMa, cBimuuTh ayaur EMSA 2020 poky nHa @iminmiHax, KAl
BUSBHB 1€(DILUT TPEHAXeEPIB 1 cTAOKUII MOHITOPUHT KYPCiB.

2.2 Jlucmanyitine Hasuants «bepec-bepezy (npobaemu 00CmynHocmi)

3mimani MO/l HaBYaHHSA, K1 mepeadadaroTh TpaHCAiio VR abo HacTUTbHUX Ceciii MIXK
MOpPSIKOM-KJIIEHTOM 1 aKpeJUTOBAaHMM HAaBUYAJIbHUM LIEHTPOM, 3a0e3Me4yloTh THYYKICTh, HpPOTE
CTHKAIOTHCS 3 IBOMA OCHOBHUMH II€PEIIKOIaMHU.

— OOmexeHa iHpacTpykTypa: VY Oaratbox perioHax (yHKIIOHye JHIIe KiJIbKa
HaBYAJIbHUX LIEHTPIB 13 MOBHOMACIUTAOHUMHU TpPEHa)kepaMu, L0 3MYIIy€e MOPSAKIB J10JIaTU 3HAUHI
BiJicTaHi a00 UeKaTu CBO€ET uepru.

— HepiBHOMiIpHa sKicTh 1HTEpHETY: BHCOKOMIBHIKICHE ONTOBOJIOKOHHE 3’€JHAHHS 3
HU3BKOIO 3aTpuMKOI0 noctynHe B IliBHiunii €Bponi un CiHramypi, ajie B IPOBIHIIHHUX paiioHax
[aaii Ta 3aximHoi Adpuku BoHO HecTabuibHe abo BimcyTHe. Ll «udpoBa mpipBay yCKIaIHIOE
CHUHXPOHHI KOHCYJIbTallli Ta TECTyBaHHS B peaJbHOMY 4Yaci, HENpPOMOPLIHHO BIUIMBAIOYM Ha
MOPSIKIB 13 PET10HIB 13 00MEKEHUM MiIKJIFOUEHHSIM.

2.3 Biooanene/VR-nasuanus na 6opmy (npobaemu 36 3Ky 6 Mopi)

Hosgi pimenHs, Taki gk «xmapHuil» VR abo cuMmysdnii 3a yyacTiO OLliHIOBa4ya, BUMAararoTh
cTabinmpHOrO 3’€AHAHHA 31 IBHIKICTIO MioHaiMenme 50 MOit/c 1 3arpumkoro g0 200 wmc.
Tpamumiitni  cucremu, sk-otT FleetBroadband, 3abe3nedyiorTs nwmie KiToOiTHI HIBHUIKOCTI.
CynyTHUKOBI cHCTeMH HHU3bKoopOiTansHOTO 3B’s13ky (LEQO), 30kpema Starlink Maritime Ta
OneWeb, mpornonyroTh mBHUIKICTE 10 100 M6iT/c, ane kamitansHi BuTpatu (~5 trc. noa. CIIIA) Ta
momicsyHi marexi (1-5 tuc. mon. CIILA) € HemocwibHMMH JUIsi 0araThbOX CYJIHOBJIACHHUKIB.
Sk HacmiOK, MOpSKM Ha CyJHAax i3 OOMEXKEHHM 3B’S3KOM HE MOXYTh OpaTH ydacTb Yy
VR-TpeHyBaHHIX a00 MeperisaaTH OHIaiH-BIICOTPAHCIIALIII.

2.4 3acmapisanusn Hasuuok i Kaoposuii dediyum

CTpiMKHUH TeMIT TEXHOJOTIYHHMX 1 PETryJISITOPHUX 3MIH NPU3BOAUTH 1O IIBHUJIIOTO
MOpPAJILHOTO CTapiHHS HaBUYOK, HUK cucteMu MET BcTuraroTh aganTyBaTd HaBYaIbHI MPOTPAMH.
3BiT BIMCO/ICS Seafarer Workforce Report (2021) nmporno3ye norpedy B npudmmzHo 89 500
nonatkoBux odimepiB 1o 2026 poky (puc. 2), 0 MIKPECTIOE BaXKIUBICTH Oe3MepepBHOTO
MiaBUIICHHS KBaiikamii Ta yrpumanss kajapiB [17]. Bognouac nauni Paris MoU (2024) nocTiitHO
BKa3yloTh Ha «CepTudikatu exinaxy» ta «bopToBi HaBYaHHS 1 THCTPYKTaX1» K OCHOBHI IPUYUHHU
3aTpuMaHb cynaeH y mepiog 2019-2023 pokiB, IO CBIAYATH NPO KPUTHYHI TPOTATUHU B
KOMITETCHTHOCTI Ta HarajibHy MOTpe0y B IPUCKOPEHOMY OHOBIICHHI HaBYaJIbHUX mporpam [12].

2.5 [lobpobym mopskis i pusuxu niuHHOCMI Kaopie

[Mompu iHpacTpyKTypHi Ta KBamiikaliifHI BUKIMKH, NHUTAaHHS J00pOOYyTy MOPSKIB
3IMIIAETHCA KPUTUYHO BAXKJIMBUM. Xoda MyOJiyHI JaHI [IOAO pernarpiaiii depe3 mpodnemMu 3
MCUXIYHUM 3JI0pOB’siM oOMexeHi, onutyBaHHI ISWAN ta ITF mnocninoBHO BKa3yloTh Ha
HE3aJI0BUIBHHKM J00poOyT SK KIFOYOBMH YWHHUK IUIMHHOCTI KazapiB (staff turnover). Crpec,
i30ALIis Ta Opak PiBHUX MOMJIMBOCTEH JUIsi HaBUAHHS IIiJI 4ac TPUBAJIUX PEHCIB 3aroCTpPIOIOTH
TICUXOJIOTIYHI MpOOJIeMH, M0 MOXE B3HIKYBaTH €(PEKTUBHICTH CHCTEM MOPCHKOI OCBITH Ta
nigrotoBku (MET), skmo kypcantu ¥ odimepu BTpayaroTh MOTHBAII0 abo0 mepeayacHo
3aMUIIal0Th ramy3b. Po3B’s3aHHA 1€l mpoOjeMH BHMarae iHTerpaiii mporpaMm HiATPUMKHU
N00pOOYTY 3 TEXHIYHOO ITiITOTOBKOIO.
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Pucynok 2 — ['mo0anbHuii monut i npomno3uitist odirepis, 1 ciuns 2023 poky [17]

3. Moocnueocmi ma nepedogi npakmuxu

[Tonpu Baromi BUKJIMKH, 1110 CTOSATH ME€PE]l MOPChKOIO OCBITOIO i miarorokow (MET), HuHi
3’ABJSIETCS HU3KAa I1HHOBALIMHUX MOXJIIMBOCTEH Ta KpallMX NPaKTUK, MOKIMKAHUX YCYHYTH
1H(paCcTPyKTYpHI MpOrajiiHu, IpoOJieMU TOCTYIHOCTI Ta 3a/J0BOJIBHUTU HOBI moTpedu ramysi. Lli
pillIEHHS CNIMPAIOThCA Ha TEXHOJIOTIi, MeNaroriky, peryJsaTopHi paMKu i MigXojad, 3aCHOBaHI Ha
JAHUX, 100 TMIIBUIIUTHU SIKICTh MIATOTOBKU Ta 3a0€3MEUYUTH MOPSKIB KOMIETEHIISIMH JJI Cy4acHOT
MOpPCBKOi AisibHOCTI. Hiokue HaBeJJeHO KIIIOYOBI MOXKJIMBOCTI, 37[aTHI TpaHC(OPMYBATU CUCTEMHU
HIATOTOBKHU.

3.1 3miwane Haguants 05t SHYUKOCMI MA eKOHOMIYHOI eghekmusHocmi

3MilllaHe HaBYaHHS, 110 IHTETPY€E ACHHXPOHHI OHJIAWH-MOJYJI TEOPETHUYHOI MiATOTOBKU 3
KOHIICHTPOBAaHMMM OYHHUMM CECisIMM IPAaKTUYHOI'O TPEHA)KEPHOTO HaBYaHHA, 3abe3neuye
€KOHOMIYHO €(DeKTHBHE Ta THy4YKEe BUPIIIEHHS IPo0OJieM JOCTYIHOCTI OCBITH. 3aBSKU CKOPOUYEHHIO
yacy mnepeOyBaHHS KypCaHTIB y HaBYaJbHUX IIEHTpax LeH MiAxiJ] 3MEHIIye BUTPaTH Ha
MPOKUBAHHS Ta ONTHUMI3Y€E TUIAHYBaHHS JOCTYITYy J0 TpeHaxkepiB. MoJenb BU3HAETHCS CYMICHOIO 3
Bumoramu Konexcy STCW oo miirOTOBKM HaBIrallifHOTO CKJIQAy: KypCaHTH 3acBOIOIOTH
TEOPETUYHUN MaTepiaj OHJIalH, MICIs YOTro 3aCTOCOBYIOTh 3HAHHSI B PEANICTUYHHUX CUMYJISIIAX,
110 CTIPUSIE MOIONAHHIO Ae(IUTY TPeHAKEPHUX NOTYyKHOCTEH (AuB. m.1L. 2.1).

3.2 Imepcueni mexnono2ii 015 onpayo8arHs CKIAOHUX CYeHapiie

Texnonorii BipryanpHOi Ta gomoBHeHOI peanbHOCcTi (VR/AR) tpanchopmyrors MET,
HaJal0uy 3MOTY BIAMpaIlbOBYBaTH CKJIaJHI a00 HeOe3meuHi creHapii, Taki K JIKBiJaIlis BUTOKIB
amiayHOTO TajuBa, onepauii 3 BiJAJAJIEHUM MOCTUKOM 33 YMOB BHMCOKOi 3aTPUMKH 3B’SI3KY U
O3HAlOMJIEHHS 3 HOBUM OOJIa/IHaHHSAM JI0 HOTO BCTAHOBJIEHHS Ha CyJHI. L1 iHCTpyMeHTH yCyBaloTh
OOMEXEHHS 3acTapiiux TpeHaxepiB (M.I. 2.1) 1 4aCTKOBO KOMIEHCYIOTh OOMEXEHHS 3B’SI3Ky Ha
Mopi (r.m. 2.3), MpONOHYIOYH MOPTAaTUBHE Ta MacITabOBaHE HAaBYaHHS, iK€ (DYHKIIIOHY€ HaBITH B
onaitH-pexxumi abo 3a MiHIMaIBHOI IPOMYCKHOI 3[aTHOCTI.

3.3 PeeynamopHo 3ymoeiena niocomoska 01 Cneyianizo8anux onepayill

Hogi mixxnapoani koaekcu, 30kpema Polar Code Ta IGF Code, BcTaHOBITIOIOTE 000B’ I3KOBI
BUMOTH JI0 TIATOTOBKH JUIsI POOOTH B €KCTPEMAIIbHUX yMOBaxX abo0 3 albTepHATUBHUMH BUIAAMU
MajanBa, 10 CTUMYIIIOE€ PO3POOIEHHS 1HHOBALIMHUX HaBYAJbHUX MPOTPaM 1 METOJIB OI[IHIOBAHHS.
IaTerparis Takoi crierianizoBanoi migroropku B MET gae 3mory mojiosaty mpobiieMy 3acTapiBaHHs
HaBWYOK (TL.II. 2.4) Ta 3a0e3medye BiIMOBIIHICTh TI00aJLHUM CTaHIApTaM OE3MEeKH I CTajoro
PO3BHTKY.

3.4 I'anyzesi iniyiamugu 011 600CKOHANEHHS NOBEOIHKOBUX KOMNEMeHMHOCmell

[HimiiioBaHi ramy33i0 MporpaMu 3MIIIYIOTh (OKYC 13 TEXHIYHMX AacIeKTiB Ha JIIOJICHKUHN
¢axrop. IIporpama OCIMF SIRE 2.0 akueHTye Ha NOBEIIHKOBUX MOKa3HUKAX MiJ 4aCc TAHKEPHUX
1HCTIEKIIii, 320X0UYIOYH KOMITaHii 10 BIPOBA/KEHHS CTPYKTYPOBAHOTO TPEHAKEPHOTO HABUAHHS
[9]1. TMSA 3 BcraHoBmoe kimo4oBi mokasHuku edextuBHocti (KPI) mast ominku Ge3medHol
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noBeiHkM, rapMoHizytoun MET 3 BuMoramu iHAYCTpii Ta yCyBalOYH HEIOJIKH, BUSBJICHI TIiJl Yac
nepeipok Port State Control (m.m. 2.4).

3.5 Mixpokpeoumu ma cucmemu mparcgepy xkeanighixayii

MikpokpenuTi y BUIISAI LUPPOBUX O€HIKIB J103BOJSIOTH MOpSKaM IOCTYIOBO
HAKOTMYYBaTH KOPOTKOCTPOKOBI KypcH Jutst 3100y TTs HOBHOWIHHMX KBawidikariit. [Ipoext SkillSea
po3po0Oisie cucteMy TpaHcepy Kpamidikamiii MK €BpPONEHCBKMMHU aKaJEeMisMHU, CIPHUSIIOYU
MOOUTEHOCTI MOPSKIB 1 TIOJIOJIAHHIO BHKJIMKIB TJI00QJII30BAHOTO PUHKY Tparli. Moy IbHUN TTiIXi]T
3abe3mneuye noeTanHe MmiBUIeHHs kBatiikamii y 1u(poBUX 1 «3eJIeHUX» HanpsMax, MOoJeriydn
nepexia Mixk MOPCHKUMHE Ta OeperoBuMu mocaaamu [11].

3.6 Oyintoanus Ha 0CHO8I OaHUX OJisl 00 €EKMUBHO20 360POMHO20 38 A3K)

CyyacHl TpeHaxepw 3acTOCOBYIOTH moporoBi 3HauenHs KPI, BizyamizoBani Ha
iHpopMaLlIHUX TMaHeNsX, Mo 3a0e3neyye ToyHUM 1 00’ektuBHHM neOpudinr. Lleir migxin,
yaropkeHuit i3 TMSA 3, tpanchopmye MET Big cy0’€KTHBHOTO OIIIHIOBAaHHS 1O KYJIBTYPH
Oe3mexu, 3acHOBaHOT Ha JaHUX. YiTKuil 3BOPOTHUH 3B 30K CHpHUSE YCYHEHHIO BapiaTUBHOCTI
SIKOCTI MiAroTOoBKH (T.11. 2.1) 1 3a0e3meueHHI0 HaAiiHOT Bepr(iKallil KOMIETCHTHOCTEH Yy 3MillIaHUX
abo auctaHiiHuX popmMaTrax HaBUYAHHS.

4. 3acmocyeannsa nepedosux npakmux: 3anponoHO8aHA MOOENb 3MIUAHO20 HABYAHHSL

Crniuparouyrich Ha MOXKJIMBOCTI Ta MepeioBl MPAKTUKU, BUKJIA/IEH] B pO3Jiii 3, IPOINOHY€EThHCS
KoHIenTyansHa Mojenb Blended Learning Model sixk macmtaboBaHa Ta sikicHa pamKa JJIsi MOPChKOi
ocsitu ¥ migroroBku (MET). Lls monens 3abe3neuye cTaHAapTH30BaHI pe3yJIbTaTH HaBYaHHS,
BOJHOYAC IPOMOHYIYH E€KOHOMIYHO BUTIJIHI W THY4YKi (pOpMaTH, IO BiJMOBITAIOTh BUKIHUKAM
neiuuTy TpPEeHAKEPHUX MOTYXKHOCTEH, MpoOjemMaM TOCTYNHOCTI Ta MIBHJIKOMY MOPAJIbHOMY
CTapiHHIO HABHYOK. BOHA CKIIAa€eThCsI 3 TPHOX MOCIITOBHUX (Da3 (puc. 3), aKi IHTETpYIOTh MU(PPOBI
IHCTPYMEHTH, PAKTUYHUI OCBIJ 1 CYBOPY OLIHKY, TOTYIOUH MOPSKIB 0 Cy4aCHHUX BHUMOT raiys3i
Biamosiano a0 Konekcy IT/IHB.

LEARNMARINE’s BLENDED LEARNING MODEL

Workshop and
intermediate
assessment

Training Theory
allocation learning

Learning
Management
System

Pucynok 3 — Monens 3Mimanoro HaB4aHHs Learnmarine

4.1 @a3za 1: Onraiin-meopemuuna nio20mosKa

[TouatkoBa (daza 3abesmeuye 3700yTTS TPYHTOBHMX TEOPETHYHHX 3HAHb 4Yepe3
IHTepaKTUBHY IJIaT(GOpMy eIeKTpOHHOro HaBuaHHs (e-learning), HOCTymHy KypcaHTam i YMHHUM
odinepam y BcboMy CBiTi. Jlo mporpaMu BXOAATh MyJITUMEIHHI MOAYJIl 3 0a30BUX KOMITETEHIIINA
[TJIHB, akTyanpHUX peryiasTopHuX oHOBIeHb (Hampukian, Polar Code ta IGF Code), a Takox
HOBUX TEM, TaKWX sK Oe3leKa albTepHATUBHUX IMMaluB, MUGPOBI HaBITaIllifHI CHUCTEMH TOIIO.
IHCTpyMeHTH camomnepeBipkd (TecTH Ta CIeHapii) TapaHTyIOTh OINAHYBaHHS Marepialy Tepen
Mepexo0OM [0 HACTYHNHOTO €Tamy Ta JO3BOJIIIOTh HABYATHCS B 1HAMBIAYaJIbHOMY TEMII.
AcuHXpoHHMI (hopMaT MiHIMI3ye MOoTpeOy B O4HIN MPUCYTHOCTI (ycyBae Oap’epu, OmHMCaHi B ILIL
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2.1) i ckopouye BHTpaTH, XO4a BHMAara€ BHUpIIIEHHS MPOOJIIEeM HEPIBHOMIPHOTO JOCTYIY OO
iHTepHeTy (1.11. 2.2).

4.2 ®asa 2: Ilpakmuuna niocomosxka Ha MpeHaxcepax

ITicng TeopeTHMYHOI YAacTUHHM ClyXadl MPOXOASATh IHTEHCUBHHUN NpPaKTUYHHUN Kype Yy
TpeHa)XepHOMY weHTpi. [lil KepiBHULTBOM IHCTPYKTOPIB BOHH BiANPAaIbOBYIOTh HABUYKH Ta
NPUMHATTA PpIlIEHh Y pealiCTUYHUX YMOBaX, BUKOPHUCTOBYIOYHM Cy4YacHI IOBHOMACIITaOHI
TpPEHa)KEpPHU HaBIrallifHOro MicTKa Ta MalIMHHOrO BiajauieHHs. CueHapii OXOIUTIOIOTh pearyBaHHs
Ha BUTIK aMiaKy, JUCTaHLINHI onepalii 3 BUCOKOI 3aTPUMKOIO CUI'HAJY, IITYpMaHChKy pOOOTY B
MTOPMOBUX yMoBax Tomio. KoHienTpoBanuii opmat onTuUMizye JOCTYIT JO TPEHAXEPIB 1 yCyBae
MPOTAJIMHU B SIKOCTI 3acTapinioro obnaananHs (m.u. 2.1), 3abe3neuyrodyn NepeHOCHMICTh HABUYOK
Ha peasibHE Cy/IHO.

4.3 @a3za 3: Oyino8ants KOMReMeHmHOCMi ma cepmugikayis

3aBepmasnibHa (paza mepenbadae BceOIUHY MEPEBIPKY KOMIETEHTHOCTEH 3a JIOMOMOTOIO
TPEHAXXEPHUX CILIEHApIiB Ta NPAaKTUYHUX BIPaAB 3 BUKOPUCTAHHSAM OLIHIOBAaHHS HAa OCHOBI JaHUX 1
kuibkicHux KPI (guB. m.m. 3.6). Ilicas ycmimiHOro CKjajaHHs ICHMTIB YYaCHUKU OTPUMYIOTh
UG poBI MIKPOKpEIUTH a00 HAKOMUYYIOTh X JUId MOBHOI cepTudikalii; pe3yapTaTu 30epiratoTbes
B 0a3i JaHUX Ui 3pY4HOI MEPEBIPKHU MiJ Yac ayJuTiB, NIATBEPHKEHHS BIAMOBIIHOCTI BUMOTaM 1
BUKOPUCTaHHA B IOCTIHHOMY BJIOCKOHaJIeHH1 KypciB. Takuil opmaT y3ro/pKkyeTbes 3 MiX0I0M
SIRE 2.0, ne akieHT poOUTbCS Ha MOBEAIHKOBHX KOMIIETEHTHOCTAX (I.I. 3.4), 1 miATpUMYE
«CTEKOBY» Mojienb KBasti(ikauii (r.1. 3.5), cupolryouu Kap’epHe 3pOCTaHHs MOPSIKIB.

OcHoBHI pe3yabTaTH Ta iX 00roBopeHHsl. Y pE3yJbTaTi aHaNI3y Cy4acCHOTO CTaHy
MopchKoi ocBiTM Ta miarotoBku (MET) BcraHOBieHO, WO TpaauUidHI MiIXOAM BXE HE
BI/IMOB1Ial0Th TMHAMIYHUM BUKJIMKAM T7100aJ1130BaHOI MOPCHKOT raimy3i. 30kpema, 171IeHTH(IKOBAHO
nedinur kBamidikoBaHuUX o(iuepiB, 3pOCTaHHA ICHXOJOTIYHOTO HABaHTAXEHHS HAa MOPSKIB,
OOMEXEHUI JOCTyln /0 Cy4YacHHX TpEHaXepiB Yy KpaiHaX, IO pPO3BHBAIOTHCSA, a TaKOXK
(hparMeHTOBaHICTh MiJXOJIB A0 BIPOBAKEHHS HMU(PPOBUX TEXHOJOTiH y HaBuaHHI. Ha mingcTaBi
JaHUX MDKHApOAHMX oOpra”izamiii Ta mnpodeciiHMX CHOUIOK JOBEIeHO, M0 e(EeKTUBHE
pedopmyBanHst MET MosxiuBe juie 3a yMOBH IHTErpallii TpbOX KJIFOUOBUX KOMIIOHEHTIB: OHJIAIH-
HaBYAHHS, TPEHAKEPHOI IMiJTOTOBKH Ta 00’ €KTHBHOI OIIHKM KOMIIETEHTHOCTEH. 3ampornoHOBaHA
3MilllaHa MOJIEJb IMiJITOTOBKH MOPSKIB JIGMOHCTPYE IMOTEHITIAT MiABUIIECHHS SKOCTI HaBYAJIHHOTO
MpoIiecy, 3HIKEHHS BUTPAT Ta 3a0e3MeUeHHs JOCTYITHOCTI OCBITH JUIsl IIMPIIOTO KoJjla MaifOyTHIX
(axiBmiB. OOroBopeHHs pe3yJbTaTiB CBIIYUTH, IO BIPOBa/KEHHs TexHojorii VR/AR, cucrem
JMCTAHIIHOTO iCIHUTY Ta IMU(POBOr0 MOHITOPUHTY YCIIIIHOCTI JIa€ 3MOTY HE JIMINE aJanTyBaTh
HaBYaHHS JI0 CyYaCHHX BHMOT, a W MOJINIIKATH BiAnoBigHicTh ctangaptam STCW. Boanouac ais
ITUPOKOTO 3aCTOCYBAHHS TAaKOi MOJIEJIi HEOOXiTHA MIXKHAPOIHA TapMOHI3aIlis TiIX0/1iB, OHOBJICHHS
HOpPMaTUBHOI 0a3u Ta iHBeCTHUIIIi B ITUGPOBY 1HPPACTPYKTYPY HABUATBLHUX 3aKJIAIIB.

BucHoBku. Mopcbka iHIycTpiss mepeOyBae Ha KPUTUYHOMY €Talli PO3BHTKY MOPCHKOT
ocBith Ta HaBuaHHa (MET), ne imHoBamii Ta cmiBmpams 34aTHI TMOJOJATH BUKIUKH, TaKi 5K
MpOTajHA B O0JIaAHAHHI, TpoOieMu 31 3B’S3KOM, 3acTapilia HaBUYOK Ta PETyJSTOPHI BHUMOTH,
BOJIHOYAC peaTi3yl0uu MOKIIMBOCTI 1M poBizallii Ta gexkapOoHizarlii.

His  dopmyBaHHS poOOUYOI CHIIM, TOTOBOI JO BHUKIWKIB MaiOyTHROTO, 3alliKaBJICHI
CTOPOHM — PEryJIATOPH, CyTHOBJIACHUKH, NIOCTAYaJIbHUKNA HaBUAHHS Ta MOPSIKH — MOBUHHI HajaTu
MPIOPUTET TAKUM 3aXO0/IaM:

— TapMoOHi3allii cTaHgapTiB 3MimaHoro HaBuyaHHA 4depe3 IMO Ta ramy3eBi opraHu s
3a0e3meueHHs ri100aabHOI ITOCIiOBHOCTI Ta Bigmosignocti STCW;

— po3poO1i 1HCTpyMEHTIB oOIliHIoBaHHsA Ha 0a3i Il 3 aganTUBHUM TeCTyBaHHSM,
AHAJIITUKOI0 CUMYJISITOPIB 1 JUCTAHIIITHUM HATJISA0M JJISi OTPUMAHHS JJOCTOBIPHHUX 1 BUMIPIOBAaHUX
MOKa3HUKIB KOMIIETEHTHOCTI;

— 1HBeCTHLIAM y H(POBY iHPPACTPYKTYpY Uepe3 MapTHEPCTBA ISl TOI0JIaHHS PO3PUBIB Y
JOCTYIHOCTI B PETiOHaX 3 HEJAOCTaTHIM 3a0e3MeueHHSIM;

— iHTerpamii MOAYJIBHUX KypCiB 31 CTEKYBAaHHSM /IS HOBUX HaBHYOK, TaKHUX SIK PoOOTa 3
aNnbTepHATUBHUMH MaJMBAMU Ta HaBIrailisi B MOJSPHUX PETiOHAX, 3 METOIO MPOTHUIT 3aCTapiiIOCTi;
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— aKIEHTY Ha MOBEAIHKOBUX KOMIETEHTHOCTSX Yepe3 3MilllaHi Mmiaxoau st (opMyBaHHS
KyJbTypH O€3MEKH Ta BpaXyBaHHS JIOACHKHUX (DaKTOPiB, 30KpeMa KOMaHIHOI poOOTH Ta MPUHHSTTA
pIIIEHbD.

[TpuitHATTA 3MIIIAHOTO HABYAHHS, IMEPCUBHHX TEXHOJIOT1i Ta OLIHIOBaHHS HAa OCHOB1 JaHUX
3abe3neunth foctynHimmid 1 edexkruBHimmid MET 3a ymMoBM TicHOi cmiBmpari 3amiKaBIEHHX
ctopin. el miaxig momornae Oap’epu, CIpUSTHME PIBHOCTI Ta cPopMmye CTiiiKy poOouy cuiy,
agantoBaHy 10 BUMOT XXI CTONITTS, rapaHTyrouu Oe3reKy, CTalIiCTh 1 ONepaliiHy JTOCKOHAICTb.

IlepciekTHBH NOJANBIIMX AOCTIUKeHb. Y Mexax MaiOyTHIX HAYKOBUX JOCIHIDKEHb
JOLJIBHO 30CEPEAUTHCS HAa EMIIIPUYHIN BepU(iKallii 3arpornoHOBaHOI MO/EN 3MIIIAHOTO HABYAHHS
32 y4yacTI0O peajJbHMX TPyl CiIyXadiB y pI3HHUX perioHax, 30KkpemMa B KpaiHax 3 OOMEXEeHHUM
noctynoM 1o mudpoBoi iHGpacTpykTypu. KpiM TOro, akTyaJlbHUM € BHUBUYEHHS €(EKTHUBHOCTI
iMmepcuBHuX TexHonoriii (VR/AR) y miiBUILEHHI MOBEAIHKOBHX KOMIIETEHTHOCTEH MOpSKIB
MOPIBHSIHO 3 TpaAULIMHUMHU TpeHakepamu. OKpeMol yBaru 3aciyroBye po3po0eHHs IHCTPYMEHTIB
aJanTUBHOTO TecTyBaHHA Ha 0a3i LI 11 06’ eKTUBHOT OIIHKK PiBHA MiATOTOBKU B IUCTaHI[ITHOMY
¢dopmati. Y JOBrocTpoKOBifl NEpPCHNEKTHBI BaXJIMBUM HAIPSIMOM € CTBOPEHHS METOAOJIOrI]
iHTerpauii cucTeM CTEeKyBaHHS MiKpoKBamidikaliii y riobanbHi peecTpu cepTudikanii, 1o
3a0e3MeyuTh MOOUIbHICTD 1 BU3HAHHS KOMIIETEHI[1H MOPSIKIB Ha MIXXHAPOJAHOMY PUHKY Iparil.
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Pipchenko O. D., Konon N. M., Konon V. V., Bogachenko Ye. A. SEAFARER TRAINING IN THE
CONTEXT OF GLOBALIZATION: ANALYSIS OF CHALLENGES AND INNOVATIVE
OPPORTUNITIES

The maritime industry, accounting for over 80% of global trade by volume, faces unprecedented challenges in
preparing personnel to meet contemporary demands driven by digitalization, decarbonization, labor market
globalization, and demographic transformations. These megatrends are fundamentally reshaping maritime
education and training (MET) systems, necessitating a transition from conventional methodologies to adaptive,
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data-driven, and technology-enhanced approaches. This article provides a comprehensive analysis of the
evolving landscape of MET, identifying critical barriers such as the shortage of modern simulator facilities,
limited access to reliable high-speed internet for remote learning, the rapid obsolescence of professional
competencies, and disparities in certification quality across regions. Concurrently, it delineates transformative
opportunities enabled by the integration of blended learning models, immersive virtual and augmented reality
(VR/AR) technologies, performance-based assessment frameworks, and modular micro-credentialing systems.
Drawing on industry reports, regulatory frameworks (including IMO and MLC resolutions), and pedagogical
research, the study proposes a conceptual "Blended Learning Model" that integrates three sequential phases:
online theoretical instruction, hands-on simulator-based training, and Al-driven competency evaluation. This
model is designed to address infrastructure deficiencies, enhance accessibility, and ensure high-quality
training outcomes while aligning with the Standards of Training, Certification, and Watchkeeping (STCW)
requirements and industry expectations for future-ready seafarers. The online theoretical phase leverages
interactive e-learning platforms, offering multimedia modules on STCW competencies, updated regulatory
codes (e.g., Polar Code, IGF Code), and emerging topics such as alternative fuel safety and digital navigation
systems. The simulator-based training phase focuses on practical skill development in realistic scenarios,
mitigating the limitations of outdated equipment. The final phase employs data-driven assessments with
quantitative KPIs to ensure robust competency verification, supporting career progression through stackable
micro-credentials. The research provides actionable recommendations for stakeholders—regulatory bodies,
shipowners, and educational institutions—to harmonize blended learning standards, develop modern
assessment tools, and invest in digital infrastructure to bridge disparities in access, particularly in
underserved regions. By adopting flexible and scalable digital learning technologies, the maritime sector can
cultivate a highly skilled and resilient workforce capable of navigating technological advancements,
sustainability imperatives, and stringent safety demands in 21st-century shipping. The study not only critically
examines structural barriers but also articulates a forward-looking vision for resilient seafarer training in a
rapidly evolving global environment, emphasizing the need for international collaboration to ensure equitable
and effective MET systems.

Key words: maritime education and training; blended learning; digitalization; simulators; environmental
sustainability; competencies; IMO; STCW.
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The article considers the features of modeling the transport problem in the case when the cargo can be
delivered by two different types of vehicles. The classical transport model does not take into account the
variability of transportation costs by type of transport, which requires the construction of special mathematical
models and methods for reducing them to a standard form. The aim of the work is to construct special types of
models of the transport problem in the case of cargo delivery by the number of types of vehicles, more than
two, and to propose algorithms for solving such transport problems by reducing them using appropriate
procedures to the classical model. Three approaches to the formalization of multimodal transportation have
been developed. The first approach is based on the sequential transportation of cargo by both types of
transport, which involves the formation of a final cost matrix as the sum of the corresponding elements of a
three-dimensional matrix. The second approach involves the choice of the type of transport that provides the
lowest delivery cost for each individual “supplier—consumer” connection. The third approach is based on the
introduction of a probability matrix or partial cargo shares, which determine what part of the cargo should be
transported by each mode of transport. For each of the models, procedures are proposed for reducing the
three-dimensional cost structure to a two-dimensional form, which allows the application of the potential
method to find the optimal transportation plan. The numerical examples presented confirm the correctness and
practical applicability of the proposed models. The results obtained can be used to optimize logistics schemes,
manage multimodal transportation, and also to develop software tools to support decision-making in transport
systems.

Key words: transport problem; interaction of transport modes; potential method; multimodal transportation;
freight transportation; optimal delivery plan.
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Introduction. The transportation problem is one of the basic tools of optimization analysis
in logistics and operations research. Its classical formulation involves the delivery of cargo from
suppliers to consumers by a single mode of transport, provided that the volumes and costs of
transportation are known. However, the real practice of transportation is much more complicated: in
many cases, cargo is transported by several types of vehicles, which significantly affects the cost
structure and organization of the logistics process. Combined, multimodal or intermodal
transportation allows to increase the flexibility of transportation schemes, but at the same time
imposes additional requirements on mathematical models, which must take into account different
transportation options, their cost, availability and limitations.

Scientific sources mainly consider modifications of the transport problem that take into
account time, resource or technological parameters, however, the problem of formalizing the
delivery of goods by several modes of transport is still insufficiently studied.

In particular, an approach to building a model in which the cost of transportation between
each "supplier-consumer" pair is presented in the form of a multidimensional structure is required,
and the optimization process requires reducing such a problem to a form suitable for the application
of classical solution methods.

In this context, it is relevant to develop models of the transport problem for cases where the
cargo can be transported by two or more types of vehicles, as well as to determine algorithms for
their effective solution. This work is devoted to these issues, in which several approaches to
building a model are proposed and methods for transforming multidimensional data into a classical
transport formulation are demonstrated.
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Analysis of recent achievements and publications. Recent studies indicate an increased
focus on the development of multimodal and combined transportation, which form the basis for
improving mathematical models of transport processes. The works [1-4] focus on conceptual
approaches to the organization of multimodal chains, determining the criteria for their effectiveness
and the impact of digitalization and integration with European logistics practices on transport
systems. In particular, the review [4] summarizes modern optimization methods and demonstrates
the trend of transition from general logistics concepts to formalized models using mathematical and
algorithmic tools, while [3] emphasizes the role of digital technologies in improving the efficiency
of multimodal freight transportation.

Important for the research topic are works directly related to the modification of the
transport problem. Publications [5], [6] consider adaptations of the classical transport model for
specific conditions, in particular grouping of suppliers and optimization of delivery at individual
enterprises. These approaches form a methodological basis for building models with the reduction
of multidimensional cost structures to two-dimensional ones, which is important in the context of
cargo delivery by various modes of transport.

Modern works on synchromodal and combined transportation emphasize the need for
flexible choice of transport mode depending on resource availability, network conditions, and cost.
Publications [7-9] demonstrate the possibilities of combining optimization models with simulation,
modular routing concepts, and heuristic algorithms to achieve lower logistics costs and better
utilization of transport resources. Works [10], [11] also consider dynamic route updating and the
application of machine learning methods, in particular Q-learning, which allows increasing the
efficiency of transport systems in changing conditions.

Researchers pay considerable attention to uncertainty in logistics processes, equilibrium
conditions, and environmental requirements. Publications [11-16] emphasize the need to build
robust and low-carbon models of transport routes under uncertain demand and time-varying
conditions. In particular, [12], [14] investigate equilibrium and optimization models for multimodal
networks with intermodality and uncertainty, while industry-oriented examples [13], [15] consider
cold chain logistics and perishable goods, demonstrating the practical importance of taking into
account technical, environmental, and technological constraints.

The analysis of sources shows that despite the significant development of multimodal and
synchromodal approaches, specialized formal models that describe the case of cargo delivery by
two different modes of transport and the procedure for reducing the three-dimensional cost matrix
to the classical transport problem have not been studied sufficiently. The works closest to this topic
are [5], [6], however, they consider other aspects of transport model modification. Thus, the topic of
the article is relevant and fills an important gap in modern research, creating prerequisites for the
further development of models and optimization algorithms in the field of multimodal transport.

Goal and problem statement. In the practice of freight transportation, quite often the cargo
has to be delivered not by one, but by two or more different types of transport, for example, by road
and rail. In this case, it is obvious that the cost of transporting cargo from suppliers to consumers
for different types of transport will be different. Therefore, when applying the model of the
transport problem and the method of its solution for such situations, the necessary changes are
required.

The purpose of this work is to construct special types of models of the transport problem in
the case of cargo delivery by the number of types of vehicles, more than two, and to propose
algorithms for solving such transport problems by reducing them to the classical model using
appropriate procedures.

Presentation of the main research material. Let there be given m cargo suppliers A1, Az,
..., 4i, ..., Am, iIn Which cargo is concentrated in quantities a1, az, ..., am units, respectively. This
cargo must be transported to n cargo consumers Ba, Bo, ..., Bj,..., Bn, Who need it in quantities bz, bz,
..., bn units, respectively. The cargo can be transported by two types of vehicles and the cost of
transporting a unit of cargo by each type is known, which are given in the form of a three-
dimensional matrix:
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Cr1 Cha Chn
or abbreviated:
Ck

where i — the number of the cargo supplier, i = 1, m,;
J — the number of the cargo consumer, j = 1, n;
k — type of vehicle, k = 1,2.
It is necessary to draw up a transportation plan that allows you to transport all cargo from
suppliers, satisfy the needs of all consumers, and has the lowest cost.
Let us denote the transportation plan by:

1 .1 1 .1 1 1 1 1 1
X119 X125 w0 X100 X215 X225 o s X200 1 Xm1 2 Xm2s oy X
X=3 7 3 2 2 .2 2 2 2 2 | )
X110 X172 s X1 X219 X232 v s Xoq s X1y Xm2s ooy X

where x{‘j — the amount of cargo transported from supplier i to consumer j by mode of transport k.

Let's build a model of this problem.
The objective function of such a problem will be:

F=Cl xfy +Clyxly + -+ Cly iy + Chy o x50 + Coy - x3y + o+ Coy X3y + o +
+Cmy X1+ Cg * Xa + 4 Coun * X + Cfy - %51 + Cy - x5y + -+ Cfy - xfn +
+C51 x5+ Coy Gy + o+ Coy X5y + o+ Chy "Xy + Chp " Xhp + o+ Cio - X =

2 n

m
_ k.. k :
=35 S

k=1i=1 j=1

Let us consider several different submodels of such a problem, depending on the specific
conditions under which the cargo can be redistributed across different modes of transport.

1. First, let's consider the simplest option of using two types of transport.

Let's assume that cargo is delivered from each supplier to each consumer first by one mode
of transport, then by another.

It is obvious that in such a situation, the amount of cargo transported between a specific
supplier and consumer by the first and second modes of transport will be the same, because the
same cargo is transported, that is:

Cij = Cjj,
where i and j are fixed.

In this case, to reduce such a problem to the classical interpretation, it is necessary to create
a two-dimensional matrix of transportation costs, each element of which is the sum of two
corresponding elements from the initial three-dimensional matrix of transportation costs (1), which
are located in the same line relative to the coordinate axis of the mode of transport.

The new cost matrix will look like this:

k{0 70 pyopuxu exnioueno cmammi za memamuunoro cnpamosanicmio « Tparncnopmui mexnonoziin



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaeMii \ERPH R Pl P4

Ch +Cf Ci +Ch Cin + Cly
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Further, to find the optimal cargo transportation plan, you can apply known methods for
solving the transport problem, for example, the most common potential method.

Consider numerical example 1.

Find the cheapest transportation plan for the transportation problem under the following
conditions. Let there be 4 cargo suppliers A1, Az, A3, A4, which have cargo concentrated in quantities
of 200, 250, 150, 300 units, respectively.

This cargo needs to be transported to 5 cargo consumers Bi, Bz, B3, B4, Bs, who need it in
quantities of 200, 200, 100, 250, 150 units, respectively. The cargo can be transported by two types
of vehicles and the cost of transporting a unit of cargo by each type of transport is given in the form
of a three-dimensional matrix:

5 6 4 7 8
7 3 4 9 5
5 8 7 6 4
6_ 46 7 39
8 9 4 5 6
6 7 8 3 4
3 7 4 5 5
4 9 8 7 4
To solve such a problem, we first construct the final cost matrix according to expression (3):
13 15 8 12 14
13 10 12 12 9
8 5 11 11 9 ()

10 13 14 14 13

Next, we compile a planning table for the potential method, using the values of matrix (4) as
transportation costs. The algorithm of the potential method itself is applied, the results of which are
given in Table 1.

Table 1 — Planning table for the potential method of the transport problem for example 1

Planning matrix Consumers
. Stocks
Suppliers B B; Bs B. Bs

13 15 8 12 14
A 100 100 200

A 13 10 12 12 9
50 50 150 250

As 8 5 11 11 9
150 150

10 13 14 14 13
Ad 200 100 300
Needs 200 200 100 250 150 900

Thus, the optimal plan for the task was:
X = {xlg = 100,x14 = 100,x21 = 50, Xog = SO,X34 = 150,X32 = 150,X41 = ZOO,X44 = 100,} .

The value of the objective function is:

F=100-8+100-12+50-10+50-12+150-9 +
++150-5+200-10 + 100 - 14 = 8600 .

2. Now let's consider another option for using two types of transport when using the
transport problem.
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Let's assume that the cargo can be transported by only one mode of transport. In this case, to
select the mode of transport by which the cargo will be transported, the one with the cheapest
transportation cost is chosen.

In this case, to reduce such a problem to the classical interpretation, it is necessary to create
a two-dimensional matrix of transportation costs, each element of which is a minimum of two
corresponding elements from the initial three-dimensional matrix of transportation costs (1), which
are located in the same line relative to the coordinate axis of the mode of transport.

The new cost matrix will look like this:

min(C111i C121) min(Cllz; Clzz)
min(C3y; C31) min(Cy; C57)
min(Cry; Cry)  min(Cra; Cra)

Further, to find the optimal cargo transportation plan, the potential method of solving the
transport problem can be applied.

When solving a specific numerical problem, when writing the final matrix (5) and then
filling in the planning table of the potential method, in the values of transportation costs, it is
necessary to indicate which type of transport each of them applies to. This can be written with a
superscript indicating the number of the type of transport, for example, 6 ! - that is, the cost of
transportation is 6 units and the 1st type of transport will be used. Also, a similar notation should be
indicated in the values of the transportation plan itself. This is necessary when forming a
transportation plan for distributing cargo by type of transport.

It should be noted that in the case where the minimum for calculating a certain cost
coincides for both modes of transport, then any of them can be chosen to draw up a transportation
plan, unless the priority of a specific mode of transport is stipulated in advance.

Consider numerical example 2.

As input values for the transport problem, we will take the values from the previous
example 1.

To solve this problem, we compose a final matrix of values according to expression (5):

min(Ciy; C2,)
min(C},; C2,))

()

min(Cpn; Chn)

51 6! 4! 52 6?2
62 31 41 32 42
32 72 42 52 41 (6)
4_2 41 61 71 42

Next, we compile a planning table for the potential method, using the values of matrix (6) as
transportation costs. The algorithm of the potential method itself is applied, the results of which are
given in Table 2.

Table 2 — Planning table for the potential method of the transport problem for example 2

Planning matrix Consumers Stocks
Supp"ers B:1 B, Bs B, Bs
51 61 41 52 62
Ar 100 100 200
A; 6° 3t 4t 32 42
100 150 2
2 2 2 2 1
As 150 3 7 4 5 4 150
42 41 61 71 42
Aa 50 100 150 300
Needs 200 200 100 250 150 900

Thus, the optimal plan for the task was:

- {x113 =100,x2, = 100,x%, = 100, x2, = 150,x%, = 150,

x% =50,x}, = 100, x% = 150

}
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The value of the objective function is:

F=100-4+100-5+100-3+150-3+150-3 +
+50-4+100-4 + 150 -4 = 3300.

The optimal plan record shows not only the value of the transportation itself, but also the
type of transport that should be used to transport this cargo.

3. Now let's consider another option for using two types of transport. Let's assume that for
each "supplier-consumer" pair, percentage ratios of the amount of cargo that can be transported by
one or another mode of transport are given in advance.

These can be probabilistic indicators that can be determined, for example, by the number of
transport units of a particular mode of transport that are actually available for transportation at the
moment.

Such relationships can be given in the form of a probability matrix P, in which the values for
the first type of vehicle will be indicated. The corresponding values for the second type can be
obtained by subtracting from unity.

P11 P12 - P12
p=| Pz P22 - Poan | (7)
pml sz pmn

where pije[0;1].

It should be noted that in the case when the coefficients pij are obtained on the basis of
statistical data and can have a probabilistic interpretation, then within the framework of this model
they are considered as deterministic and predetermined parameters. In the model, cargo
transportation by different modes of transport is not sequential. For each “supplier—consumer” pair,
the cargo is distributed between the modes of transport in fixed shares, determined by the matrix P.

It should be noted that there are also possible cases when pij=0 and pij=1, that is, when cargo
in some individual connections is delivered by a vehicle of only the second or only the first type,
respectively.

Then the calculation of transportation values will be determined by the expressions:

Xjj = Pij " Xij
2 _
xf=(1—py) x5 (8)
Xij = xij + x7;

Then, taking into account (8), the objective function of the specified problem model will
have the following form:

F= (Clll P11t C121(1 - pij)) "X1p toe (C%m "Pmn T Cr%m(l - pmn)) “Xmn =
n

m
= ZZ (Cilj "pij t Cizj(]. - pl-j)) - x;j = min.

i=1j=1

In this case, to reduce such a problem to the classical interpretation, it is necessary to create
a two-dimensional matrix of transportation costs, each element of which is a minimum with a linear
expression of the corresponding elements from the initial three-dimensional matrix of transportation
costs (1), which are located in the same line relative to the coordinate axis of the mode of transport.
The new cost matrix will look like this:

Cly P11+ CH( —p1y)  Clyrpaz + CHA —py2) i Cly Pin + CH (1 = p1p)
Cy1 P21+ CH(1 = p21)  Chp P2z + C5,(1 = py2) v Con Do+ C5(1—p12) |, 9)
C%ll "Pm1t 67%11(1 - pml) Crlnz "Pmz2 t+ 67%12(1 - sz) Cr%m "Pmn T C1?rln(1 - pmn)
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Next, we similarly apply the potential method to solve the transport problem.

Consider numerical example 3.

As input values of the transport problem, we take the values of the previous example 1.
Also, as a condition of the model of such a problem, the probability matrix of the distribution of
cargo by modes of transport between each supplier and each consumer is given:

0,52 04 0,64 088 0,19
0,35 1 081 063 048
0,2 065 0,34 0 0,78
045 0,7 0,28 0,15 0,59

To solve such a problem, we compose a final cost matrix according to expression (9):

644 78 4 6,76 6,38
6,35 3 4,76 6,78 4,48
34 7,65 502 5 422
49 55 744 7 6,95

Now we compile a planning table for the potential method, using the values of matrix (11)
as transportation costs.

The algorithm of the potential method itself will be applied, the results of which are given in
Table 3.

Table 3 — Planning table for the potential method of the transport problem for example 3

P= (10)

(11)

Planning matrix Consumers Stocks
Suppliers B B, Bs; B. Bs
6,44 7,8 4 6,76 6,38
A 100 100 200
Ao 6,35 3 4,76 6,78 4,48
200 250
As 3,4 7,65 5,02 5 4,22
50 100 150
4,9 55 7,44 7 6,95
As 200 100 300
Needs 200 200 100 250 150 900

Thus, the optimal plan for the task was:

¥ xl; =100,x% = 100,xL, = 100,x2, = 150,x2, = 150,
B x2, = 50,xk, = 100, x2; = 150 '

The value of the objective function is:

F=100-4+100-6,76+200-3+ 505+ 100-4,22 +
+200-49+ 1007 = 4252.

Conclusions. The paper considers the formulation and constructs three generalized models
of the transport problem in the case of cargo delivery by two different types of vehicles. It is shown
that the use of the classical transport formulation is possible only after the appropriate
transformation of the three-dimensional matrix of transportation costs into a two-dimensional one.
Depending on the transportation conditions, three approaches are proposed:

1. Total cost model, when cargo is sequentially transported by both modes of transport.

2. A model for choosing the optimal mode of transport that minimizes costs on each
connection.

3. Model of probabilistic or partial distribution of cargo between modes of transport.

For each model, procedures for reducing to a classical transport problem are proposed and
the application of the potential method to find the optimal transportation plan is demonstrated. The
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numerical examples provided confirm the operability of the developed models and the versatility of
the proposed approach in planning freight transportation in multi-transport schemes.

The proposed models allow taking into account various logistical conditions, such as
restrictions on the share of transportation by certain transport, different modes of vehicle
availability, and also provide the possibility of flexible transportation planning based on the
criterion of cost minimization.

Prospects for further research.

1. Generalization of the model to the case of more than two modes of transport. Further
research may be aimed at developing models in which the number of available modes of transport
exceeds two. This requires the formation of multidimensional cost matrices, the expansion of
approaches to their reduction to a two-dimensional form, and the creation of universal optimization
algorithms. Of particular note is the construction of procedures that allow automatically selecting a
combination of vehicles for each direction of transportation and ensuring cost minimization in
multimodal logistics chains.

2. Taking into account the technical and operational characteristics of vehicles. A promising
direction is to include in the model restrictions on carrying capacity, dimensions, fuel consumption,
environmental standards, availability of transport units and other technological parameters. Such an
expansion will allow adapting the mathematical model to real transportation conditions. In addition,
it is advisable to investigate the mechanisms of integrating these restrictions into the classical
transport formulation or to form a new modified model that will combine cost and technical criteria
in a single optimization approach.
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Cnasuu B. I1., Binoymenko JI. FO. MOJIEJIb TPAHCIIOPTHOI 3AJIAUl V BHUIIAJIKY JOCTABKU
BAHTAXY JIBOMA PI3HUMU BUJAMU TPAHCIIOPTHUX 3ACOBIB

Y ecmammi posensinymo ocobauseocmi MoOenioganHs mpancnopmuoi 3a0avi y 6UnaoKy, KO 6AHMANC MOICE
00CmagsamMucs, 080MAa PIHUMU  GUOAMU MPAHCNOPMHUX 3aco0is. Knacuuna mpancnopmna moodenv He
6PAX0BYE  BAPIAMUBHICb 6APIMOCMEN NEPee3eHb 34 MUNamu mMpaicnopmy, wo nompedye hno6yoosu
CReyianbHUX MamemMamuyHux mooejeli ma memooie ix 3eedenuss 00 cmanoapmuoi popmu. Memorw pobomu €
n06y0osa cneyianbHux eudie Mooeni mpancnopmuoi 3a0aui y 6UNaoKy 00CMAGKU 8AHMANiCy KilbKiCmio 8uodie
mpancnopmuux 3acobis, binvuie 3a 08a, Ma 3aNPONOHYEANHS ANOPUMMIE PO36 A3AHHS MAKUX MPAHCHOPIIHUX
3a0ay WISIXOM 36€0€eHHsL 3 O0NOMO2010 8i0N0GIOHUX npoyedyp 00 Kiacuuroi moodeni Po3pobneno mpu nioxoou
00 gopmanizayii 6aeamosudosux nepegezenv. llepuiuii nioxio epyHmMyemvcsi Ha NOCTIO06HOMY NEPeGe3eHHI
sanmasicy oboma euOamMu Mpancnopmy, wo nepeddayae opmyeanHs nioCymMKo8ol Mampuyi eapmocmei K
cymu  GIONOGIOHUX eleMeHmie mpusumipHoi mampuyi. [pyeuti nioxio nepedbauae 6ubip mozo 6udy
mpancnopmy, sKull 3abe3neuyc HAUMeHuwy apmicms O0CMABKU Ol KOJICHO20 OKPEeMO20 CHONYYEHHS
«nocmayanbHuk—cnodicusayy. Tpemitl nioxio cnupacmvcsi Ha 68e0eHHs: mampuyi Umogipnocmetl abo
YACMKOBUX HACTOK GAHMAICY, SIKI BU3HAYAIOMb, KA YACMUHA 6AHMAIICY NOBUHHA NEPEGOZUMUCS KONCHUM
suoom mpancnopmy. [na KodxicHoi 3 modeneli 3anponoHO8aHO NPoyedypu 36e0eHHs MPUBUMIPHOI CMPYKmMypu
sapmocmeil 'y 0808UMIDHY (QOpMY, WO 003608€ 3ACMOCOBYEAMU Memo0 HNOMEHYIaNie Oas NOULYKy
onmumanbHo20 NAany nepesesenv. Haeedeni uucnosi npukiadu niomeepoiCyiomv NpAGUIbHICMbL Mda
NPAKmMudHy RPUOAMHICMb 3aNpPONOHO8AHUX Modened. Ompumani pe3yibmamu MONCymb GUKOPUCTOBY8ATUCS
ona  onmuMizayii NOCICIMUYHUX CXeM, YNPAGNIHHS MYTbMUMOOANbHUMU NEPEGE3CHHAMU, d MAK0dC O7s
PO3POOIEHHS NPOZPAMHUX 3AC00i6 NIOMPUMKU NPULIHAMMS PilieHb Y MPAHCNOPIMHUX CUCTIEMAX.

Knwowuosi cnoea: mpancnopmua 3a0aua; 63a€Mo0is Ui  MPAHCHOPMY, MemoO  NOMeHYianie,;
MYToIMUMOOANbHI NEPECE3CHHS; 6AHMAINICHT NEPEEE3CHHS; ONMUMAbHUL NIAH 00CTAGKUL.
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Poboma mnanexcumv 00 2any3i MpaHCROPMHUX TMEXHONOI MA MICOKUX RACAMCUPCOKUX Nepese3eHdb |
npucesyena niosUWeHHIo eheKmusHoCmi QYHKYIOHYBAHHA MICbKO20 2POMAOCLKO20 MPAHCHOPHY WIAXOM
00IpYHMYBAHHA — OOYINTbHOCMI Nepexody HA  eKOAO02IYHI uoU MPAHCNOpMY, 30KpeMda  enekmpodycu.
Axmyanshicmes 00CiONCEHHA 3YMOGIEHA 3POCMAHHAM NACANCUPONOMOKIB, GUCOKUMU eKCHAYAMAayitiHuMU
sumpamamil, eKoNo2iMHUMY NPodIeMamy ma HeoOXIOHICIIO MOOepHI3ayii pyxomoz2o cKAady YKpaiHCbKux
micm. Y pobomi 3acmocosano KOMMIEKC MemoOis. HAMYPHI CHOCMEPEedCeHHs, O00poOKYy OaHux
naca)cuponomoxy, MmexHiko-eKCnAyamayitivi po3paxyHKu, NOPIGHANbHUN AHANI3 XAPAKMEPUCMUK OU3ETbHUX
agmobycie ma enekmpoagmodycis, OYIHKY eKOHOMIUHOI ma eKoNo2iuHOl epekmueHocmi, mamemamuyre
Mooenosanns  epaixie  pyxy. Ompumano maki OCHOBHI pe3yibmamu: GUIHAYEHO HePiBHOMIPHICG
nacasxcuponomokis na mapuipymi Ne51 y m. JIe08i, po3paxosano HeoOXiOHY KilbKiCMb pyXomMo20 CKAady md
onmumizosano epagix tioco pobomu, obrpynmosano saminy asmooycie BA3 A079 na erexmpoasmobycu
SUNLONG SLK6121EV. Jlosedeno modcaugicms 3meHuleHns codisapmocmi nepesesenv Ha 25—30%, nosue
yeynenna noxkanvHux euxuoie CO: ma 3HAUHe CKOPOYEHHS WYMOB8020 3a0pYOHEHH:. 3HAUeHHA OMPUMAHUX
Dpe3ynbmamie nonaeac y CMeopeHHi HayKoso 0OIPYHMOBAHOI MOOeNi nepexody Ha eKOA02IYHUll mpaHcnopm,
AKY MONCYMb  GUKOPUCTNOBYSAMU NEPEGISHUKU MA Op2aHu MiCyegoe0 camo8psa0y6aHHa NpU OHOGNEHHI
a8mMonapKy ma NiaHy8aHHi CMAi020 PO3GUMKY MICbKOI MOOLIbHOCHI.

Knrouosi cnosa: erexmpobycu; nacaxrcuponomik; MICbKi Nepede3eHHst; MexXHIKO-eKCIIyamayiiuti NOKA3HUKU,
EKON02IUHULI MPAHCNOPM;, ONMUMIZAYISE MAPUIPYIY.

DOI: 10.33815/2313-4763.2025.2.31.187-198

Beryn. Y cydacHOMYy CBITI, IO XapaKTePU3YEThCS CTPIMKOIO ypOaHI3aIli€lo Ta 3pOCTaHHSIM
IIUTBHOCTI MICBKOTO HACEJICHHsI, MUTaHHS €(EKTUBHOTO BUKOPUCTAHHS OOMEXKEHOTO IMPOCTOPY
HaOyBa€e 0COONMBOI aKTyaJlbHOCTI. Y IbOMY KOHTEKCTI TPOMaJCHKHHA TPAHCIOPT € KIIOYOBOIO
YAaCTHHOIO 3abe3MeueHHs CTaIoro Ta e)eKTHBHOTO PO3BUTKY HACENEHHX MyHKTIiB. Moro 3HaueHHs
BUXOJIUTH JAJIEKO 32 MEXI MPOCTOTO MEePEBE3CHHS MaCaXHPiB, aJ[Ke BiH BiIirpac BUPIMIAIBHY POJIh
y BHpIIIEHHI KOMIUIEKCY COIlialbHUX, CEKOHOMIYHMX Ta €KOJOTIYHUX TpoOieM, 3 SKUMH
CTHKAIOThCS Cy4YacHi MiCTa.

OcHOBHI TiepeBaru HaJeXHOI iHGOPACTPYKTYpH TPOMAJCHKOTO TPAHCIOPTY OXOILIHOIOTH
€KOJIOT1YHICTh (3MEHIICHHS 3a0py/AHEHHSI TOBKLLIS), MiABUIIEHHS MOOUTBHOCTI (CyTTEBE 3HMKEHHS
TPAaHCIOPTHUX 3aTOPiB), a TAKOX 3POCTAaHHS COILIaIbHOI JOCTYIHOCTI 10 poboumx Micis [1, 2],
OCBITH, MEIWYHHUX Ta KYJIbTYPHHUX 3aKjJaliB JUIs BCiIX BEpPCTB HAceNEHHS. TakuM YHHOM,
IPOMAJICHKUI TPAHCIIOPT HE JIMIIE CIPHUSE MOOUTLHOCTI MEIIKAHIIIB, ane W (OopMye KUTTEBUU Ta
€KOHOMIYHUH MOTEHITia)I MiCTa, aKTUBHO BILTUBAIOYU HA HOTO PO3BHUTOK.

Xo4a rpoMajICbKAi TPAHCHIOPT € KPUTHYHO BKJIMBUM, HOTO BIPOBADKEHHS Ta SKCILTyaTaIlis
TOB'sI3aH1 3 TIEBHUMH BUKJIMKAaMH, 30KpeMa BUCOKMMHU BUTpaTaMy Ha OYJIBHUIITBO Ta yNpaBIiHHSA, a
TaKOX TMOTPeOOr0 B 3a0e3neueHHI KOM(OPTY, KU Mae KOHKYypYBaTH 3 TepeBaraMy HPUBATHOTO
aBTOoMOOLUIA. [IpoTe, mpaBuibHE TUIAHYBaHHS Ta OpraHi3amis CUCTEMH TPOMAJICBKOTO TPaHCIIOPTY
JI03BOJISIE TIEPETBOPUTH WMOTO HAa JKUTTEBO HEOOXITHY YaCTHHY CY4YacCHOTO MiCTa, CHpPHUSIOYU
CTBOPEHHIO OLIBII €KOJOTIYHOTO, JOCTYITHOTO Ta KOM(OPTHOTO CEPEAOBHIIA IS KUTTS [3].
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AHani3z myOaikaniii. Y npyriii nmonoBuni 2010-x — mouatky 2020-X poOKIB y HayKOBIiH
JiTepaTypl BIA3HAYAETHCS IHTEHCHMBHE 3POCTaHHS KUIBKOCTI  JIOCHIJKEHb, MPUCBSIUYCHUX
enekTpudikamii mapkiB MiCbKOTO aBTOOYCHOTO TPAaHCIIOPTY, ONTHMI3allii MapmIpyTiB Ta METOUKAM
MIPOTHO3YBAHHS MAcaXUponoTokiB. OpHA 3 KIIOYOBMX TEM — TMOPIBHSHHS 3arajbHOi BapTOCTI
Bonoginns (Total Cost of Ownership — TCO) mis GarapeitHuX enekTpoOyciB i TpaaUIiHUX
IU3eIbHUX aBTOOYyciB. HaifHOBIII €Bpomeichbki MOCHIIHKEHHS CBiA4aTh, IO IUISXOM 3HUKCHHS
BapTOCTI OaTapeil, 3pocTaHHs LIH Ha NAJIMBO Ta EKOHOMIYHHUX IIE€peBar eKcIulyarallii exekTpoOyciB
(HMXK4l eKCIUTyaTaliiiHi BUTpaTH, npocTimie TexHiune odciayroByBanns) TCO enexTpoOyciB y psii
KpaiH B)Xe ChOTOJHI HaOMIKaeThess abo0 CTa€ KOHKYPEHTHHM [0 AW3EIbHUX MAIIWH, TpPOTe
OCTaTOYHA OIL[IHKA 3aJUIIAETbCS 3aJEKHOI0 BiJ JIOKAIbHUX YMOB (BapTiCTh €JIEKTPOEHErii,
MOJIITUKA CyOCHlyBaHHS, HasBHICTh 3apsAAHOi 1H(pacTpykrtypu) [4, 5]. pyrum BaxivBuUM
HanpsMOM € JOCIHI/DKEHHS ONepaliifHuX 3ajay, MOB'A3aHUX 13 IUIAHYBAaHHAM rpadikiB pyxy Ta
3aps/pKaHHA enekTpoOyciB. Ha BiiMiHy Bl AM3€NIbHUX aBTOOYCIB, €EKTPUYHI OJAMHHULI BUMArarTh
IHTErpOBAaHOI0 MIAXOMy: PpO3poOKa IOJAEHHUX/HIYHUX TpadikiB, Y3roJKeHHX 13 moTpedamu
3apsaaHoi 1HGPACTPYKTYpH (MOTOYHE/IIBUAKE 3apsHKaHHS), MOJCITIOBAHHS OOMEXEHBb [IEro Ta
yHOpaBliHHA  eHeprocnoxupaHHsaM. OcrtanHi  myOuikamii  OpOHNOHYIOTH — OaraTocTajiiHi
ONTHUMI3AIIiHI NIAX0AU Ta MaTeMAaTUYH1 MOJEN JUIsl MiHIMI3alli CYKYITHUX BUTpAT 1 3a0e3MeueHHs
BUKOHAHHSI MapIIPYyTiB 3 JIOMYCKOM Ha 3apsaHi BikHa [6, 7]. ABTopu [8] BpaxoByIOTh 0OMEXKEHY
KUIBKICTh 3apsiIHUX IPUCTPOIB 1 MakCUMalbHy CyMapHy HOTY>KHICTb 3apsJHOi CTaHLli — TOOTO
peanbHi pecypcu, sKi 4acTo B JOCHIKEHHAX CHpPOILYIOTh. TpeTiii OJ0K AOCHIKEHb CTOCYEThCS
ONTUMAJIBLHOTO IJIaHYBAaHHSA CKJIaQy MNapKy (KUIBKICTh 1 TUIM aBTOOYCIB) Ta cCTpaTerii Horo
noctynoBoi 3aminu. Knacuuni mozeni (3okpema podotu DTU Ta iH.) po3poOstoTh alropuT™Mu JJis
BU3HAUEHHS ONTHMAJBHOTO CKJaay HapKy, 10 MIHIMI3yIOTh CyMapHi BUTpaTd MpH JOTPUMaHHI
MOKa3HUKIB 00CIyroByBaHHs macaxxupiB. Taki Moxeni € 0a30BUMM 1HCTpYMEHTaMHM HpHU
(dhopMyBaHHI IpOrpaM OHOBJIICHHS pyXxoMoro ckiany [9—11]. YerBepTuii HampsM — aHaIi3 1 IPOTHO3
nacaxuponotokiB. CyyacHi poOOTH MO€JHYIOTh KJIAaCH4YHI METOAM (HATypHI CIIOCTEPEXKECHHS,
eMIOpPH TACAKUPOIIOTOKY) 3 migxogamu MammHHOro HaBuyanHs (Bi-LSTM, SDAE Ta iH.) nmns
1100y T0OBH TOUYHIIIKUX MPOTHO31B MOMUTY, 110, Y CBOKO YEpPry, J03BOJISIE PalliOHATBHIIIE PO3MOIUISATH
pecypcu 1 mijramrToByBaTH Tpadikd MmiJ peanbHi moTpedu mnacaxupiB [12-15]. Anamituyni
MaTepianu 3 YKpaiHM BiA3HauaroTh NoTpeOy MaciTaOHOI MOJepHi3alii MICBKOIO TPaHCHOPTY Ta
MOKAa3yI0Th, MO YCIINTHA eNeKTpu(iKallisi BUMarac 3HaAYHUX KaIiTAIOBKIAJICHb 1 KOOpIUHAIT Ha
piBHI MICBKHMX BJaJ 1 TEepeBi3HMKIB. JIbBIB 3a OCTaHHI POKH 3AIMCHIOBaB KPOKH JI0 MOJIEpHI3arlii
(pedopmu TapuHOI MONITHKH, €IWHUN KBHUTOK, 3aKYIiBJIi Cy4acHHX aBTOOYCIB), IO CTBOPIOE
CHPUATIIMBE CEPEIOBUIIE I BIPOBAKEHHS €JIEKTpOOyCiB Ha MPHUKIAZl OKPEMHUX MapIIpYTiB.
OnHak Opakye MPaKTUYHUX KEHCiB, SKI MOEAHYIOTh HATYPHI JOCTIKEHHS MAacaXHUPOIIOTOKY 3
€KOHOMIYHOIO OIIIHKOIO TIOBHOi 3aMIHHM PYyXOMOTO CKJaJy caMeé Ha piBHI OJHOIO MapIIpyTy B
yKpaiHchbkux Mmictax [16, 17].

IToctanoBka mnpo6jemn. CyyacHa cHcCTeMa MICBKMX IIAaCaXUPChKUX IE€PEBE3EHb Y
OUIBIIOCTI YKPATHCHKUX MICT, 30KpeMa y M. JIbBOBi, CTUKA€ThCS 3 HU3KOKO MPO0JIeM, OB’ sI3aHUX 13
3aCTapuIuM PyXOMHUM CKJIaJIOM, HEPIBHOMIPHICTIO MaCaKUPOTIOTOKIB, HEOCTATHBOIO PETYJISIPHICTIO
PYXy Ta BUCOKHUM PiBHEM €KCIUTyaTalliiHUX BUTpPAT. 3HA4YHA YaCTHHA aBTOOYCIiB, 10 0OCIYTOBYIOTh
MICBhKI MapUIPyTH, Ma€ MiJIBUIICHE CHEPTOCIIOKNBAHHS, BUCOKI IMMOKA3HUKH IIKIUTHBUX BUKHIIIB Y
aTMocdepy, a TakoX He 3a0e3neuye HaJICKHOTO PiBHA KOMQOPTY ISl MacakupiB. 3pOCTaHHS
KUIBKOCTI TPHUBATHOTO TPAHCIOPTY Ta IHTEHCHUBHOCTI JOPOXHBOIO PyXy CIPUYMHSE 3aTOPH,
30UTBIIEHHS Yacy MOI3/I0K 1 3HWKEHHS IPUBAOIMBOCTI TPOMAJICHKOTO TPAHCTIOPTY. Y TaKMX YMOBax
aKTyaJbHUM € TIOIIYK IIIAXiB MiABUIIECHHS e(PEeKTUBHOCTI (DYHKIIIOHYBaHHS MICHKHUX aBTOOYCHHX
MapuIpyTiB LUIIXOM YIPOBAKEHHS Cy4acHHX OpTaHi3allifHO-TEeXHOJOTIYHUX pillleHb, 30KpeMa
onTuMizamii rpadikiB pyxy, OHOBJIICHHS PyXOMOTO CKJaJy Ta TEpexoay Ha EKOJIOTIYHI BHJIH
tparcrnopty. s aBroOycHoro mapmpyty Ne51 wm. JIbBoBa, sSKHMii XapaKTEpH3Y€ThCS BHCOKHM
MaCaKUPOMOTOKOM 1 CKJIaJHUMH YMOBAMH pYyXy, OCOOJMBO TOCTPO IIOCTAa€ HEOOXIJHICTh
pPO3pOOJICHHST Ta HAyKOBOTO OOIPYHTYBaHHS KOMIUIEKCY 3aXOIiB 31 BIIOCKOHAJICHHS TMPOIECY
MacaKUPChKUX IepeBe3eHb Ha IboMy MapuipyTi. Lle 3abe3neunTh miABUIIEHHS €()EKTHBHOCTI
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TPAHCIIOPTHOTO OOCIYTOBYBaHHS HACEJICHHS, 3MCHIICHHS BUTpAT TEPEBI3HUKA Ta IMOKPALICHHS
€KOJIOT1UYHUX MOKa3HHUKIB MICHKOT'O TPAHCIIOPTY.

MeTo10 podOTH € HayKOBE OOIPYHTYBAHHS Ta PO3POOJICHHS 3aXOMIB 13 BIOCKOHAJICHHS
Ipoliecy NepeBe3eHHs NacaXUpiB Ha MICbKOMY aBTOOycHOMY MapuipyTi Ne51 y M. JIbBOBI Huisgxom
aHaTi3y HasSBHUX YMOB eKCIUTyaTaiii, OIIHKK MaCaXUPOIOTOKIB, TEXHIKO-€KOHOMIYHOTO
TIOPIBHSIHHSI PyXOMOTO CKJIaay Ta OOIpYyHTYBaHHS MOILIBHOCTI MEpPEeXOoAy Ha €KOJOTi4HI BHUIU
TpaHCHIOPTY (EJIEKTPOOyCH).

3agaui podoru:

— TpoaHaJi3yBaTH CYYaCHUH CTaH MACaKUPCHKUX IepeBe3eHb Y M. JIbBOBI, 30Kpema
oprasizaniro podotu mapupyTty NeS1, XxapakTepucTUKy NEepeBI3HUKA Ta JII0OYOTO PYXOMOI'O CKJIaay;

— BU3HAUWTH OCHOBHI TEXHIKO-CKCIUIyaTaIliiiHi IMOKa3HUKH POOOTH aBTOOYCIB, IO
BUKOPUCTOBYIOTbCSI HAa MAapIIpyTi, Ta OLIHUTU iX BIANOBIAHICTE CYYaCHMUM BHMOTaM J0
eHeproe(EeKTUBHOCTI 1 €KOJIOTIYHOCTI;

— OOIpyHTYyBaTH JIOIUIBHICT 3aMiHHU J1F0Y0T0 pyXoMoro ckiany (aBrodyciB BA3 A079) Ha
cyuacHi enektpoaBToOycu (Hampukiaa, SUNLONG SLK6121EV), BpaxoBywo4w TexXHIYHI
napaMeTpu, yMOBU MapuUIpyTy Ta IHTEHCUBHICTb IEPEBE3EHb;

— IPOBECTU TEXHIKO-€KOHOMIYHE MOPIBHSAHHS BapiaHTIB eKCIUTyaTalii TpaJuLiiHOro Ta
€JIEKTPUYHOTO TPAHCIIOPTY, BU3HAYUTH MMOKA3HUKHA €KOHOMIUHO1 e()eKTUBHOCTI MOZECpHi3allil;

— OI[IHUTH €KOJIOTIYHUI eQeKT Mepexoay Ha eleKTpoaBTOOYCH, BU3HAYUTH MOXJINBE
CKOpPOYEHHsI 00CAT1B BUKH/IIB MIKIIJIMBUX PEYOBUH Y HABKOJIMILIHE CEPEOBUIIIE;

— chopmyaroBaTH MPAKTHUYHI PEKOMEH/Alll 100 MiABUIICHHS €(PEeKTUBHOCTI OpraHizamii
IepeBe3eHb IMMacaXUpiB HAa MICHKUX aBTOOYCHMX MaplIpyTax Y KOHTEKCTI BIPOBAIKEHHS
€KOJIOTIYHOTO TPAHCIIOPTY.

Bukiaan ocHoBHoro marepiajy. s TOCATHEHHST TIOCTAaBIICHOI METH JOCIHIDKEHHS OyJio
BUKOPUCTAaHO KOMILIEKC METOAIB, L0 NMOEHYIOTh aHalI3 (PaKTUYHHUX JAHUX €KCIUTyaTalii MiCbKOTro
MapIuIpyTy, MaTeMaTUYHE MOJICIIOBAHHS, TEXHIKO-€KOHOMIUHI PO3paxXyHKH Ta MOPIBHSUIbHY OLIIHKY
e(peKTUBHOCTI pI3HMX BapiaHTIB oOpraHizamii mepeBe3eHb. METOJOJOrIYHy OCHOBY pOOOTH
CTaHOBJISITh MOJOXKEHHS TE€Opii TPaHCIOPTHUX IPOIIECIB, OpraHi3alli macakUpChbKUX MepPeBE3EHb,
TPAHCHOPTHOI JIOTICTUKH, EHEPreTUYHOI e(EeKTUBHOCTI Ta eKOJOriuHoi Oe3MeKH MIChKOro
TpaHcnopTy. JlocmiKeHHsT CHupaeThbcsl Ha JEpKaBHI CTaHIApPTH, HOPMH Ta METOAHMYHI
pexomenaiii [17-19].

Ha nepmomy erami AociifKeHHS NMPOBEIEHO aHaII3 ICHYIYOi OpraHizaiii nepeBe3eHb Ha
MapupyTi Ne51 y ™. JIpBoBi. I 1bOr0 BHKOPHCTAHO METOAM HATYPHUX CIOCTEPEXKEHb,
aHKETYBaHHs MacaKUpiB Ta aHaizy oOiikoBux naHux nepeBisHuka TOB «Ycmix BM». Haryphi
CIIOCTEPEIKECHHS MMPOBOJAMIIUCH MPOTITOM THXHS y TOJMHHM ITK 1 MDKIIKOBI mepioau. BuzHavanucs
Taki TOKa3HWUKU: IHTEpBaJl pyXy, CEpenHs IIBUAKICTb CIIOJyYeHHS, 3allOBHEHHS CaJOHY,
MacaXMpoNoTiK Ha KOXHIM 3ynuHni. Ha ocHOBI pe3ynpTaTiB  MoOyAOBaHO Jiarpamy
nacaxupoobopory (puc. 1), o T03BONHIIA BU3HAYUTH JUISTHKA MaKCUMAIBHOTO HABAHTAKEHHS Ta

MOTEHITIHI Pe3epBH ONTUMI3AIlii.
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Pucynox 1 — Jliarpama macaxxupoo0opoTy y mpssMomy (a)
1 3B0poTHOMY (0) HanpsAMKY (paHOK i Beuip)

[lincymoByr04YM MpOBEAEH! HATYpHI JOCIIKEHHS 0auMMO 3aKOHOMIPHICTh IO Iepiojax.
JUiss paHKOBOro TMepioAy XapakTepHa Ouibllla KUIBKICTh MAacaKupiB, $KI BHKOPHCTOBYIOTh
TPAHCIOPT, 4Yepe3 Te, IO OUIBIICTh HACEICHHS BHKOPHCTOBYE TPOMAIACHKUA TPAHCHIOPT MIJIS
JNOOMpaHHs A0 MICIb Ipalli, HABYAHHSA 1 caMe Y LIbOMY BHIAJIKy Ay>K€ BaKIMBUM (PaKTOPOM € yac,
TOMy BUOIp Maja€e Ha MNEpIIMA MapLIpyT, SKUH Kypcye Yy MNOTpIOHOMY HampsMKy. A 11070
BEUIpHBOIO TEpioJy TO yac CTa€ HE TAKUM BaXJIMBHM, 1 BUOIp cTOiTh 3a KoM(opToM, abo
po3TallyBaHHSAM 3YIHMHKOBUX IMYHKTIB BiIHOCHO noMmy. [IpoTte, Bce 0JHO KIJIbKICTh KOPUCTYBayiB
IPOMAJICBKOTO TPAHCHOPTY HE KapJUHAJIbHO MEHILIA HIK y paHKOBH mepioa. Takox aHamizyrouu
HaTypl JochipkeHHs MapuipyTy NeS1 MokHAa AIMTH BHCHOBKY, LIO KUIBKICTh IMACa)HpIB, SKI
NIEPEeCyBaIOThCS y 3BOPOTHOMY HAIpPSIMKY SK Y PAaHKOBUH, Tak 1 y BedipHiil mepiof Oinblla HIX Y
npsiMmoMy HarnpsMKy. KoegilieHT HamoBHEHOCTI Ha MapupyTi 3aBxaud Ouremwmii HiX 0,5. Le
O3Hayae, 10 aBTOOYC 3aBKJM 3alIOBHEHO OUIbIIE HIX HA MOJIOBHHY BiJl MICTKOCTI, sIKa BKa3zaHa y
TEXHIYHUX XapaKTepUCTHKaX. Takoxx y Jeski MOMEHTH Jnocsirae 1 1 Ouibie, TOOTO aBTOOYC
MEPENOBHEHO, a caMe Ha 3ynuHKax najian iM. I'. XotkeBuua, np. B. YopHoBoma, nepksa CB. AHHH,
Hwupk, TPIL «Cxpunsi», mi. KponuBHUIBKOTO.

st OIiHKM e(eKTUBHOCTI POOOTH IIFOYOTO PYXOMOIO CKJIAAy 3aCTOCOBAHO CTaHAAPTHI
METOJIMKM TPAHCIOPTHOI eKcrulyatamii (KoegilieHT BHUKOPUCTaHHS MpoOiry, KoedimieHt
BUKOPUCTaHHA TMAaCaXHUPOMICTKOCTI, CEpelHs TeXHIYHAa Ta eKCIUTyaTalliiiHa [IBUAKICTD,
co0IBapTICTh TMepeBe3eHHs OAHOro mnacaxupa). [lokazHWKM OOYHCIEHO Ha OCHOBI (DAKTUIHHUX
JaHUX MPOOIry, TPUBAJIOCTI peiciB, BUTPAT NaJbHOTO Ta Yacy MPOCTOIB.

CymapHa TOTYXKHICTh TACaXHUPOIIOTOKY 3a PEHC CTAaHOBUTHME: IS MPSIMOTO HANPSIMKY
[Ip=1293 mac.; ans 3BopotHOro — Ilsx=1742 mac. Buxoasum 3 nux AaHuX, JUisl NEPEBE3CHHS
MacaXupiB Ha JOCHTIPKYBAaHOMY MapIHIPYyTi JOUUIBHO BHKOPUCTOBYBAaTH aBTOOYCH MICTKICTIO
6mu3pK0 70 maca)kupis.

Pe3ynbpTaTt BUKOPUCTAHO AJIs MOPIBHSHHS JBOX BaplaHTIB PyXOMOTO CKIIaJy:

— HasBHI aBToOycu BA3 A079, sKki € oAHI€I0 3 HAUMOMYNAPHIIUX MOAeNel aBTOOYCIB Y
JIbBOBI;

— cyuacHi enektpoaBTo0ycn SUNLONG SLK6121EV.

i 3a0e3neueHHs] JAOCATHEHHS METH IMPOBEIEHO HU3KY PO3PaXyHKOBHX 1 aHATITHYHUX
nponenyp. Po3spaxynku mnpoBoamnmcs 3a merogukamu [10, 11] mis aBro6yca SUNLONG
SLK6121EV, ski moka3anu, 10 TP 3aMiHI Ha €JIeKTPOaBTOOyC HEOOXiHa KUTBKICTh 3ac00iB Ha
MapIIpyTy 3MEHIIUTHCS B IOPIBHAHHI 3 aBTO0YCOM MEHIIIOT MiCTKOCTI.
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Tabmuus 1 — PesynbraT po3paxyHKy moTpiOHOT KiTBKOCTI aBTOOYCIB HAa MapIIpyTi

Iloka3nuxk SUNLONG SLK6121EV

UYac Ha HYnHOBUI MpoOIr aBTOOYCA, TOL 0,19

Yac poboTH Ha MapuIpyTi, FOJ 12,41

Yac obepty, Tox 2,55
Kinbkicts 060poTiB aBTOOYCA 4

YTouHeHHs yacy poOOTH aBTOOyCa Ha MapIIPyTi, TOJ 12,41

YTOouHEHHS Yacy 3HaXO/KEHHS Y Hapsii, TOJ 12,6
HeoOxigHa KiIbKICTh aBTOOYCIB 6

IntepBan pyxy aBToOyciB, roj 0,43

[HTEHCUBHICTD PyXy aBTOOYCIB OJ/TOT 2,3

HaBenena Hmxue giarpaMa umocTpye GpakTudHMi rpadik pyxy OJAHIET OJMHHII PyXOMOIO
CKJIaay 3a OJMH IOBHHUH peiic (00opoT), BuKOHaHWN Ha MapmpyTi. ['padix moOymoBano B
koopauHatax «Yac — Bimcranby 1 J03BOJSE BI3yalbHO OIIIHUTH TEXHIUHY Ta EKCILTyaTalliiHy
HIBUJIKICTh PyXy Ha OKpEMHUX JUITHKAaX MapIIpyTy: TOMapaH4eBa JIiHis BigoOpaxae pyx aBTodyca y
NpsIMOMY HamNpsIMKY, 4YOpHa JIiHIA BigoOpaxkae pyx aBToOyca y 3BOPOTHOMY HAINpPSMKY (ITicCIIs
BUKOHAHHS IIPOCTOO HA KIHIIEBOMY ITYHKT1).

10:48
10:04
9:21

8:38

Yac, roa

7:55
7:12

6:28
0 15 3 4,5 6 7,5 9 10,5 12 13,5 15 16,5 18

Bincranp mMixk 3ynuHkamMu, KM

Pucynox 2 — I'padik BUKOHAHHS OJTHOTO 000POTY PyXOMOTO CKJIAITy

PizHOMaHITHI (akTOpu HeperyisapHOCTi (puc. 3) MOCTIHHO CIPUYMHSIOTH BIIXMJICHHS BiJ
rpadika. 1li BiAXWIEHHS MPU3BOAATH JI0 MOPYLIEHHS 1HTEPBALY PYXY, IO BUKIUKAE CKYyMYEHHS
aBTOOYCIB, 30UIbIIEHHS Yacy OYIKyBaHHSA MAacaXHpiB Ha 3yNMUHKAX Ta, SIK HACHIJOK, 3HIKEHHS
P1BHA JOBipU A0 IPOMAaJICBKOTO TPAHCIIOPTY.
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NP A EI PL»Ls TpaHCIIOPTHI TEXHOAOTIL

B JopoxHBO-TPAHCTIOPTHI T
3aTopH

M ITacaxupchbkuil 00MIH

i TexniuH1 Ta EXcIUTyaTamifm1

B Opranisamiia: Ta Iamm

Pucynok 3 — BiZIcCOTKOBHI PO3MOALT IPUYMH HEPETYIAPHOCTI PYXY

Jnis Toro moO CKJIACTH PO3KIaA PyXy aBTOOYCIB Ha MapHIpyTi MOTPiOHO po3paxyBaTH
MACaXMPOTIOTIK IO KOXKHIN TOAMHI 100U 3a (hOpMYIIO0:

Fi = Fpax kHepr 1)

ne Fi —nacaxxuponortik y i-My nepioji 4acy, nac.;
Fmax — MakcuMasabHa TpaHCHOPTHA po0oTa, mac.-kM (Fmax = 629,28 nac.-km);
Kiep — KOCDIIIEHT HEPIBHOMIPHOCTI MACAXKHPOIIOTOKY .
[Taca>xuponoToKH Ha AOCHIHKYBAaHOMY MapLIPyTi, O KOXHIA roJuHi 100H, 300pa)keHi Ha

puc. 4.

9 Q v ) b 5 A
N ¥ \/\ NN N NN / /\ /\ /'1* /V/
SN AN A R N AR G P RIEY
ToauHa 100H

Pucynok 4 — 3MiHa nacaXUpPOINOTOKY 10 FoJJUHAxX 1001
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Po3paxoBano KibKiCTh aBTOOYCIB 10 KOXKHIM TOuHI 700U 3a popmyioro (2):
_ Fos -t (2)

A . = :
v qu " YVc

ne Ai-j — KUTbKiCTh aBTOOYCIB y i-My mepioi, ox.;
tos — uac obepry, roa. (2,55 ron);
g — IacaXUPOMICTKICTh aBTOOYCa, mac.;
Yc — CTATUYHHUN KOS]illiEHT BUKOPUCTAHHS MACAKUPOMICTKOCTI aBToOyca (npuiimaemo vc=0,77).
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KinbkicTh aBTOOYCIB MO KOXKHIN TOAMHI 100U 3BeIEHO B Ta0II. 2.
MaxkcumainbHa KUTbKICTh aBTOOYCIB:

Amax=21-0,88=18,5 = 19 00.
MiHiManbpHY KiJIBKICTh aBTOOYCIB Ha MapIIPYTI:
AMin = 2 55/0,55 = 4 00.
Tabmurs 2 — KinbKicTh aBTOOYCIB 110 KOXKHIN TOUHI T00H

Toouna ooou 3nauennsn
7-8 17
8-9 21
9-10 17
10-11 11
11-12 6
12-13 4
13-14 6
14-15 11
15-16 13
16-17 13
17-18 17
18-19 19
19-20 13
20-21 11
21-22 6

Ha mapuipyTi npoTsrom KOXHOI TOJIWHU HOTO0 pOOOTH HE MOXKE KypCyBaTh MeHIIe HiX 4 1
oinbire Hixk 19 aBToOycCiB (puc. 5).

KinbkicTs aBTodycis, oa.

7-8 89 9-10 10-11 11-12 12-13 13—14 14-15 1516 16—17 17—18 18—19 19-20 2021 21-22

Toxmnn 1068, rox

Pucynok 5 — 3MiHa KiJTBKOCTI aBTOOYCIB 110 TOIWHAX AOOH:
«+» — TaM, Je MOTPiOHO 301IBIINTH KUTBKICTh aBTOOYCIB;
«-» — TaM, /i€ TOTPiOHO 3MEHIINUTH KUJIbKICTh aBTOOYCiB
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Tabmuus 3 — PesynbraT po3paxyHKiB

Ilokasnuk 3Hauenns
KinbkicTh ToaMH 332 po00OUHIA JCHB, ABT TOJT 173
KinapkicTs TOIMH 32 BUXITHUN I€Hb, aBT TOJ 112
KinmpKkicTh aBTO TOIMH 3a PiK, aBTTOJ 59712
KinbKicTh Hy/IbOBUX HNPOOIriB 9340
3aranbHuii Hy/1b0BU IpoOGIr, KM 65380
TpuBaicTh HYJILOBUX MPOOITiB, TOA 1873,35
3arajpHa K-CTh aBTO TO/IMH 32 PiK, aBT'TOJ 74883,35
Piynanit mpo0ir, kM 123426
3aranpHuN IpOOIr, KM 1299647
KinbkicTh aBTOMOO1IE-IHIB,aBT IH 5670
KinbkicTh aBTOMOOLIE-THIB HA MiJIPUEMCTBI, aBT*IH 6670
OO0u1ikoBa KUIBKICTh aBTO0YCIB, 0/ 18
[MotpiOouuMit HoHI POOOUOro Yacy, roj 63286
®oH pobOYOro Yacy OJHOTO BOIis, TOJ 2000
[ToTpiOHA KITBKICTH BOIIB 30

Po3paxyHok ekcrutyaTamiifHux BUTpaT MpoBOAUBCs 3a popmyiioro (3):
CeKcn = CeH + C3apn + CpeM + CaMop + CiH’ (3)

ne Cen — BUTpaTH Ha €HEprito (TaMBO/EIEKTPOCHEPTi0);
Csapn — hoH 3ap0OOITHOI TIIATH BOIIB,
Cpen — TeXHIUHE 00CTYTOBYBaHHS;
Camop — aMOPTH3aLHI BiApaxyBaHHS;
Ciu — 1HIII BUTpATH.

Po3paxyHOK BUTpaT 3 ypaxyBaHHSIM BapTOCTI MaJKWBa Ta TEXHIYHOTO OOCIyroByBaHHS 0e3
ypaxyBaHHsI 3aMiHH IIIMH Ta 3aMiHU 0aTapei pa3 Ha 6 POKiIB MMOKa3aB PiyHy €KOHOMIIO 27%.

[lepexim MiCBKOTO aBTOMAPKy 3 NU3EIBHUX aBTOOYCIB Ha €JIEKTPOAaBTOOYCH € HE MPOCTO
OHOBJICHHSIM PYyXOMOTO CKJaIy, a CTPaTeridyHOI0 TpaHC(HOpMAIl€l0 MacaXUPChKOi TPAHCIOPTHOT
ramxy3i micta. JIJisi yCHiImHOro BIPOBAKEHHS ITi€l 3MIHM KIIFOUOBUM € TEXHIYHE OOIPYHTYBaHHSI,
K€ Ma€ JTOBECTH MOXJIHMBICTH Oe3mepediiiHoi Ta eeKkTHBHOI iHTerpamii enekTpoOyciB y HasBHY
MapIIpyTHy MEpeXy Ta OIepalidHy Mojeib. [ 0OJJOBHUM TEXHIYHUM BHUKIUKOM € 3a0e3MedYeHHS
JOCTaTHBOTO 3armacy Xoay Ta omnTuMizamlis rpadikiB 3apsakud. OOIpyHTyBaHHS BHMarae
MOJICJTFOBAaHHSI, SIKE MOPIBHIOE MPOOIT enekTpodyca (Hanpukiam, 250 kM) 3 1000BUM MpoOIrom 3a
MapupyToMm (Hampukian, 200-300 kM) Ta BH3Ha4Yae, 4d HEOOXiJHA MPOMIKHA o3apsaka abo
JOCTATHBO JIUIIE HIYHOT 3apsIIKH B JICTIO.

KpiMm ekoHOMI1, € BeTMKI TEXHIYHI IUTIOCH. ENEKTpUYHUN TBUTYH JYy’KE€ TPOCTHH: Y HbOMY
HEeMa€ CKJIAIHUX YaCTHH, SKi IMOCTIHHO MOTPIOHO 3MallyBaTH, MIHATH (QIIBTPH YU PEMOHTYBATH.
Hemae xopoOku mepenay, HemMae CKJIaIHOI CHCTEMH BUXJOMy. Yepes Iie eneKTpoaBTOOyCH pijrie
CTOSITh Y PEMOHTI 1 YacTilie BO3ATh MacaXupiB. BoHM TakoX BUKOPUCTOBYIOTH 'po3ymHe"
rajJlbMyBaHHS, KOJHM €HEpris BiJl YNOBUIbHEHHS HE BTPAYa€ThCS JapMa, a MOBEPTAETHCS Hazal y
Oarapero. lle He TITBKM 3a0MIAJDKYE EICKTPUKY, ajie i JoroMarae JOBIIE CIY)KUTH TabMiBHUM
kosoakaM. Tox aBToOycC He TIJIbKU MEHIIIE JJaMa€eThCA, alie i moTpedye MeHIe 00CITyroByBaHHS.

HaiiGinpIy KOpHUCTh BiJl IEPEXOy OTPUMYIOTH MEIIKAHII MicTa, ajpke Iie mpsaMa TypOoTa
Mpo Haie 310poB’s Ta KoMpopT. Jnu3enbHi aBTOOYyCH BUKUAAIOTH y TIOBITPSI AUM, KINTABY 1 6araTo
IIKIJJTUBUX PEYOBUH. ENEKTpoaBTOOYCH K 30BCIM HE MalOTh BHXJIOINY IIijJ 4ac pyxy. [loBiTps cTae
YUCTIIINM, a JAUXaTH y MicTi — yerme. Kpim Toro, 1i aBrodycu imyTh ayxe tmxo. lle o3Hagae

s 1o pybpuxu exnioueno cmammi 3a memamuunoio cnpamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaeMii \ERPH R Pl P4

MEHIIIE [ITyMy Ha BYJIHUIIX, OCOOJMBO paHO BPAHII Ta Mi3HO BBEYEPi, IO POOUTH KUTTS Ois AOPIr
Habarato KOM(OPTHIIINM.

EnexrpoaBToOycu € TpaHCIOPTOM 13 HYJIHOBUMH MICLIEBUMHU Bukuaamu. lle o3Hauae, 1m1o
MiJ 9ac pyXy BOHU HE BHUIUISIOTH y MOBITPSA JKOJAHUX HIKIUIMBUX PEUYOBUH: UMY, CaXKi, OKCHUIIB
a30Ty YM TBEPJMX YACTHHOK, SIKi € OCHOBHHMH 3a0pyJHIOBaYaMH, IO CIIPUYMHSIOTH PECIHipaTopHi
Ta CEeplEeBO-CYIUHHI 3aXBOPIOBAHHA y MeEIIKaHIiB. Ha BiAMiHY Bil Au3eNbHHX aBTOOYCIB, SKi
MOCTIHHO 3a0pyAHIOIOTH MOBITPS B IIEHTP1 MICT 1 MOOIN3Y 3YMUHOK, €IEKTPOABTOOYCH 30€piraroTh
MOBITPSI YUCTUM TaM, A€ KHUBYTh 1 IPALIOIOTH JIIOJIH.

[HmMM  BaXIMBUM  €KOJIOTIYHUM (PAKTOPOM € 3HWKCHHS NIYMOBOTO 3a0pyJaHEHHSI.
Jlu3enbHU aBTOOYC € OCHOBHUM JUKEpEIOM LIyMy: HOro mokasHUKH cAraiotb 85-90 nb npu
pO3roHi abo pyci Ha HU3bKIM MIBUIKOCTI, & TAKOX IT1J] 4aC OYIKyBaHHS Ha 3ynuHI (0nu3bko 68 1b),
OCKUJIBKM OCHOBHHMM IIyM CTBOPIOE ABUTYH BHYTPIIIHBOTO 3TOpsIHHA, IO mparioe. HartomicTs
€JIEKTPOaBTOO0YC JEMOHCTPY€E 3HAYHO MEHUIl MOKa3HUKHU, T€Hepyroun myM Ha piBHI 55-60 nb mix
qac pyxy y noroui. Lls pizuuns, mo cranoButs 15-30 1b, € KpUTHUHOIO, OCKUIBKH 3HUKEHHS IIyMYy
Ha 10 1b mroIChKUM BYXOM CIIPUHMAETHCS SIK 3MEHILIEHHS I'YYHOCTI B/IBIYl. TaKUM YMHOM, MEpeXiJl
Ha eJeKkTpoaBToOycH 3abe3neuye 3HAYHE MOKpAIlEHHS aKyCTHUYHOIO KOM(OPTY B MICBKOMY
CEPEIOBHIIIL, IO € BAYKIMBOIO COIIATFHOIO Ta €KOJIOTTYHOIO MEPEeBaroko.

TakuMm uyMHOM, mepexifi Ha eJIeKTPOaBTOOYCH JI03BOJISE TPAHCIOPTHOMY MiJIPUEMCTBY
3pOOUTH TPSIMUAKA BHECOK Yy BHKOHAHHS EKOJIOTTYHHMX 1uied wmicta. lle He mpocto "3emena'
iHiIlaTHBa, a MparMaTUYHUNA KPOK Ul BUBEJCHHS 3a0pyIHEHHs 3 MICBKHX JOpIr. 3 Orfisay Ha Te
U0 HAa TPAaHCHOPT IMpHUMajae IOMITHA YacTKa 3arajJlbHUX BHKHJIB, MOJEpPHI3allis aBTOHNApKy
€JIEKTPOTATOI0 CTA€ OJHI€0 3 HAaHePEKTUBHIMIMX 1HBECTULIN Y CTIHKUN PO3BUTOK Ta IiJIBUIIECHHS
SIKOCT1 YKUTTSL.

ExoHOMIUHUI pO3paxyHOK MOKa3aB PI3HMULIO Yy BUTpaTax Ha 3aKyIiBIIO aBTOOYCIB JBOX
Mapok, sika craHoBUTb 15676200 rpu. L0 cymy mnorpiOHO [0JaTKOBO 1HBECTYBaTH JIs
BITPOBA/PKEHHs HOBUX T3 Ha TpaHCHOPTHOMY HiANPHEMCTBI.

Bapto 3ayBaxxuty, 1o notTpioHi JOAATKOBI KOIITH JUIsI CTBOPEHHS BJIAcHOI iH(ppacTpyKTypH,
a caMe BJIAaCHOI 3apsHOi craHmii mius 3—4 aBToOyciB. BapricTh ofHi€i OJUHUII CTaHOBHUTH
210439 rpu. 3apa3 B Ykpaini Oararo craHiiil y BitbHoMy goctyni. LliHa Ha mIBUAKI 3apsaKu I
esiekTpoMoOitiB y JIbBOBI 3a3Buuaii cranoBuTh 16...18 rpu / (kBT TON).

BucnoBku. VY  pesynapTaTi  MPOBEAEHOTO  JIOCHI/DKEHHS  BHU3HAYeHO  (DaKTHUHY
HEPIBHOMIPHICTh TMaCaXUPOMOTOKY Ha MapuipyTi Ne51, po3paxoBaHO TeXHIKO-€KCILTyaTalliiHi
nokasHuku aBToOyciB BA3 A079 i emektpoaBTobycie SUNLONG SLK6121EV, po3pobaeHo
ONTUMANIBHUM TIpadik pyXy eneKTpoaBTOOYCiB, KM 3a0e3neuye MOBHE IMEpPEeBE3EHHs MacakKupiB
0e3 3HMKEHHS SIKOCTI 00CIIyrOByBaHHS, CKOPOUEHO COOIBapTICTh MEPEBE3EHHS OJHOTO Maca’kKupo-
kimomerpa 3 3,85 rpH g0 2,75 TrpH, JOBEACHO EKOHOMIUHY JOLUIBHICTH IEpexXoqy Ha
€JIEKTPOTPAHCTIIOPT MNUIIXOM 3MEHIIEHHS eKCIUTyaTalliiHuX BUTpaT npuOim3Ho Ha 25-30%,
pPO3paxoBaHO CKOpPOUYEHHS BHKUAIB MIKimBuX pedoBuH Ha 100% mns CO: 1 Ha moHan 80% st
okcuaiB a3ory. OTpuMaHl pe3yJbTaTH MiATBEPAKYIOTh, 110 BUKOPHUCTAHHS €JIEKTPOaBTOOYCIB
3abe3neuye CTaIUi PO3BUTOK MICBKOTO TPAHCIOPTY i BIANOBIZA€ €BPONEHCHKUM TEHICHLISM
«3€JIEHOTO TMepexoay» B MoOOUIbHOCTI. OTpHMaHi pe3yibTaTd MOXYTh OyTH BUKOPUCTaHI
nianpuemctBoM TOB «Ycnix BM» npu rutanyBaHHI OHOBJIEHHSI PyXOMOTO CKJIaJy Ta OMTHUMIizarii
MapIIpyTHOT Mepexi. 3ampornoHOBaHI MIIXOAU MOXYTh OyTH aganToBaH1 I IHIIUX MICBKHUX
aBTOOycHUX MapuipyTiB JIpBoBa Ta iHIIMX MicT Ykpainu. Martepiaiu poOOTH MOXYTh OyTH
BHUKOPHUCTAaHI y HaBYAIBHOMY TpOIECl TiJ 4Yac BUKIAMAHHA JUCIUIUIH «Oprafizaiis
MacaKUPChKUX MEpPEeBe3eHb» Ta « T paHCIOPTHA JIOTICTHUKAY.

Hanpsimku noaajasmux aociiakenb. [loganpmn gocaipKeHHS TOMUTHPHO CIPSIMYBaTH Ha
ONITUMI3AIlI0 3aps/IHOI 1HPPACTPYKTYPH AJS €IEKTPOAaBTOOYCIB Y MICBKMX YMOBaX, pO3pOOJIEHHS
MOJIEJIEH aaliTUBHOTO PO3KIIATy PyXy 13 3aCTOCyBaHHAM cucTeM GPS-MOHITOpUHTY Ta MITYYHOTO
IHTENIeKTY, OLIHKY BIUIMBY BIIPOBA/UKCHHS €JIEKTPOTPAHCIOPTY HA 3arajbHy TPAHCIOPTHY
€KOCHCTEeMY MiCTa.
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Voitovych O. A., Lubyany P. V., Martynyk V. S. IMPROVING THE PROCESS OF URBAN PASSENGER
TRANSPORTATION THROUGH JUSTIFYING THE TRANSITION TO ENVIRONMENTALLY
FRIENDLY MODES OF TRANSPORT (ELECTRIC BUSES)

This article examines the improvement of urban passenger transportation efficiency through the justified
transition to environmentally friendly modes of transport, with a particular focus on battery-electric buses. The
research addresses key challenges faced by Ukrainian cities, including outdated and energy-inefficient bus
fleets, fluctuating and growing passenger flows, rising fuel and maintenance costs, and the urgent need to
reduce harmful emissions and modernize public transport systems in line with European sustainability
directives. The methodological framework combines field observations, detailed analysis of hourly passenger
flows, technical and operational performance assessment, modelling of route schedules, and economic
comparison between conventional diesel buses and modern electric buses. Using Lviv’s Route No. 51 as a case
study, the research identifies significant irregularities in demand throughout the day, determines the optimal
number of vehicles required in each time interval, and proposes an improved schedule specifically tailored to
electric bus capabilities and charging requirements. The comparative analysis demonstrates that replacing
BAZ A079 buses with SUNLONG SLK6121EV electric buses can reduce operating costs by 25-30%, fully
eliminate local CO: emissions, and substantially decrease noise pollution in densely populated urban areas.
Additionally, the study highlights long-term advantages such as simplified maintenance, regenerative braking
efficiency, improved passenger comfort, and increased operational reliability. The proposed transition model
offers a scientifically grounded decision-making tool for transport operators and municipal authorities,
supporting strategic fleet renewal, infrastructure development, and broader sustainable mobility initiatives
aimed at enhancing the overall quality of urban transport services.

Key words: electric buses; passenger flow; urban transport; operational performance; sustainable mobility;
route optimization.
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JNHAMIYHA MOJEJIb PO3PAXYHKY
PIBHSA BTOMMU LITYPMAHA -PREDICTIVE FATIGUE INDEX

IleTrpoBebkuii A. B., x.m.n., doyenm ragheopu cyonosodinns Xepconcokoi OepawcasHol
mopcvkoi  akademii, M. Xepcow, Vrkpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577.

Y pobomi pozensoaromscsa npobnemu oyinku a100cbko20 hakmopa y cyOHOB800IHHI 3 0COOUBUM AKYEHMOM HA
8MOMI Ma KOSHIMUBHOMY HABAHMAICEHHI CYOH0800is nid wac pobomu 3 ECDIS. IIpogedeno ananiz cyuachux
nioxo0ie i MamemamuyHux mooenei i3 U3HAUEHHAM iX nepesaz i HeOONIKi8 w000 NPOSHO3YEAHHS NOMULOK
onepamopa. 3anpononosano modenw inmeepanvrozo noxasuuxa: PFl (Psychophysical Fatigue Index) ous
KINbKICHOI OYiHKU (Di3i0102T4HOT 6MOMU 3 YPAXYBAHHAM KOSHIMUBHO20 HABAHMAMNCEHHS 8i0 (Di3i0N02iuHUX,
onepayitinux i KoHmekcmHux gaxkmopis. Moodenv nepeddbauae OuHamiuHe KOPe2y8anHs 8a2068UX KoeQiyicHmie
HA OCHOBI MAWUHHO20 HAGHUAHHS MA [HMe2Pye KOHMEKCMHI Napamempu, makxi siK: no2ooa, mpagix i wac ooou.
Modenv npayroe y 06ox pesxcumax: onepayitinomy ma cmayionapromy. Iloxazano modxcnugicms inmezpayii
MoOeni Y HasieayitiHi cucmemu ma mpenadcepu Ojsi PAHHbO2O GUAGICHHSA NIOSUWEHOT emomu ma
nepesanmanicents. 3anponoHo8ana Mooenb 00368015€ NIOGUWUMU MOYHICMb NPOSHO3YE8AHHS PUSUKY HOMUTOK,
ONMUMI3ZY8aMU NIAAHYBAHHA 6AXM | CHPUAMU NIOGUWEHHIO be3neKu MOPCbKUXx Hasieayitinux onepayii. Hadano
NOPIGHANLHULL AHANI3 MONCIUBOCHEN ICHYIOYUX Mooenell ma 3anponoHo8aHoi. Pozenanymi nepcnekmusu
nooanbuwiux — OOCHIOJNCEHb, W0  BKAIOYAMb  A0ANMUSHY  IHOUBIOyanizayito Mmooereil I iHmezpayirno

6a2amosuMipHux 0anux 05l KOMIIEKCHOI OYIHKU CMAHY CYOHOBOOISL.

Knrouosi crosa: ECDIS; moocekuii pakmop; moocerka emoma; Predictive Fatigue Index; Exponential Moving

Average.
DOI: 10.33815/2313-4763.2025.2.31.199-208

Beryn. Bcee Oinbin po3BUHYTI CHUCTEMM aBTOMAaTH3allii KepyBaHHA / HaBiramii ams
CYJIHOBOJIIiB HaJal0Th HE TUIbKHM O€3IeKy CyHOILJIaBCTBA, aje i BUMOTH /10 CTyHeHs MpodeciiiHoi
OCBITU JJIs1 iX KOPEKTHOro BUKOpUCTaHHA. OcCTaHHI JOCTI/KEHHS BUIAJAKIB aBapiii Ha Mopi 3
2015-2025 poku [1] cBimyath mpo IIajgeHUH BIZCOTOK JIOACHKOTO (hakTopa SK MPUYMHY TaKUX

noxi (puc. 1).
2.6

4.9

Human action

[ System/equipment failure ]

Other agent or vessel

OB  Hazardous material

% accident events
Pucynok 1 — BicoTOK iHIMIECHTIB, YIOPSIKOBaHUH 3a TUIIaMH aBapiii cyeH [ 1, Figure 2.7-1]

JlocTaTHRO BeJMKa KUIBKICTh JIOCTIJHUKIB BUKOPUCTOBYE PI3HI MOJENi BpaxyBaHHS
JIIOJICBKOTO (hakTOpa came IpH KepyBaHHI CYHOM, aJie PUAHSATTS PIIICHHS CYTHOBOIIEM TTOBUHHO
6a3yBaTHCs Il ¥ Ha OLIHII HaBirauifHOi 0OCTAaHOBKH, KA MOBHICTIO BiIOOpakaeThCs HAa €KpaHi
ECDIS. ECDIS € HapiramiiiHO0 4aCTHHOIO CHCTEMH YIPABJIIHHS PyXOM CYJIHA, OCKUIBKH II€
IHTerpoBaHa HaBiramiiHa cHUCTeMa, sika BKJIIOYa€ BEKTOpHI kaprtu, AIS, pamap, GPS Ta inmi
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MPUCTPOT / TATYNKH, KAPTH TMPOTHO3Y TOTOAM y BEKTOpHOMY (opmarti, iHPOopMaILito mpo TiauOuHy
Ta HeOe3neku. CyAHOBOJIN MOCTIMHO MpHiiMae pilIeHHS HAa OCHOBI iH(oOpMalii y TOMy 4HCIi 3
ECDIS. Bona € intepdeiicom, depe3 SIKHH TMPOSBISAIOTHCS MOMUJIKH INTYPMaHA, HAMPUKIIA,
HemnpaBWiIbHA iHTepHpeTauis iHopMmarii abo HecBoeyacHe pearyBaHHs Ha noBigomsieHHs ECDIS.
Tomy MOXHa cKa3aTu, IO MOJEINI MOBENIHKHA CyJHOBOJIS Ta JIIOJACHKUH (akTop (y ToMy dmci i
BTOMA, BIUIMB CTPECY, HEJOCTATHICTh JOCBIAY) NPSAMO BIUIMBAIOTh HA €()EKTUBHICTh BUKOPUCTAHHS
ECDIS.

IloctanoBka 3agaui. ETanu, Ha SKMX MOXJIMBE BHMKOPHUCTaHHS Mojeleld BpaxyBaHHS
nrozickKkoro (akropa npu podoti 3 ECDIS:

1. Orpumanns ingopmanii 3 ECDIS. Ultypman oTpumye aHi mpo MapuipyT, INTHOMHH,
HebOe3neuHi 00’extu, AIS / ARPA-niomiTku, TpuBoru / nomnepemkeHHs / 3acTepekeHHs. MoxiinBa
IIPUCYTHICTh: HABAaHTA)XEHHS Ha YyBary, KOTHITMBHI OOMEXEHHS, CTpec, BTOMAa. 3a JIOIOMOTIOI0
0101aTYMKIB € MOXKJIUBICTh 3pOOUTH OLIHKY CTaHy JIFOJHUHHU.

2. OOpobOka Ta iHTeprpertauis iH(opmanii. CyaHOBOIIN OIIIHIOE CHUTYyallil0 1 BU3HAYAE
pu3uKH, obupae maHeBp abo 3MiHy MapuipyTy. CyThb MpOSIBY JIOACHKOrO (akTtopa — MOXKYTb
ICHyBaTH: TOMWIKHM OILIHKM CHUTyauii, mnpomyck mnoBigomieHp Big ECDIS, nenpaBuibHa
1HTepIIpeTalis noBigomieHb. Ha qonomory MOXyTh IPUHTH €KCIIEPTHI CUCTEMHU.

3. Ilpuitnarrs pimennsa. Ha ocHoBi ananizy iH(opMmalii ornepaTtop odupae KOHKPETHY Jil0:
KOpPUTYBaHHS KypcCy, IIBUJIKOCTI, 3MIHa MapuIpyTy, CHUTHami3amis ekinaxy, 1H. Mogjeni
«BUIIEPE/DKEHHST / MPOTHO3YBaHHA» 1 MamuHHOro HaBuaHHS (ML) MOXyTh MpOrHO3yBaTu
HWMOBIPHICTH MPaBUIIBHOTO 200 PU3HKOBOTO PIIEHHS HA OCHOBI NONEPEAHIX Aii.

4. Buxonannsa nii yepe3 ECDIS a6o kepyBanust cynHom. Jlisi omepatopa peecTpyeThCs:
3MIHM MapuHIpyTy, HiATBEPAKEHHS MOB1AOMJIEHb, HAJAILTyBaHHS aBTOMaTHYHUX cucteM. CucreMa
ECDIS 3pniiichioe 3anuc y LogBook B aBTOMarnyHOMy pekuMi NOTOYHHMX JAHUX IHTETPOBAHUX
JDKepes OTpuMaHHs 1H(dopMallii, K1 MOTIM MOXKHA BUKOPUCTATH JUIsl aHAJI3Y .

5. Monitopunr Tta 3BopoTHiM 3B’s30k. ECDIS (i momatkoBi cuctemu Oe€3MeKH) MOXke
TeHEepYBaTH TPHUBOTH, SKIIO NMPHUCYTHI PU3UKU PO3XO/KEHHA ab0 HapiramiiiHi pusuku. Mogeni
JI03BOJISIFOTh  OLIHUTH JIIOJACBKUN (DaKkTop, sSK LITYypMaH pearye Ha TMOBIJOMJIEHHS: IIBUAKO,
MOBUTHHO, HETIPABUIIHHO.

6. Anamiz Ta BnockoHaneHHs. Jlor-3anmucu ECDIS Ta moBeaiHKOBI JaHi1 MITypMaHa MOXYTh

OyTH BUKOpPHCTaHI JJIsi HaBYAHHS E€KiMaxy Ha TpeHakepax, BIOCKOHaleHHs iHTepdeiicy ECDIS,
1o0yI0BH aaNITUBHUX CUCTEM MONEPEIKEHHS.
Marematiuni mozeni / ML / I migxoau B MPUHLIKIIT MOKYTh: aHami3yBaTH jor-3anucu B ECDIS,
BUSIBJISITU TUIIOBI NMOMWIKM YM “‘30HM PU3UKY~ (HANPHUKIAA, 4YacTi MPOIYCKU IOBIJOMIIEHB,
HEMpOpOOJICHI MapIIPyTH MEPEXOdiB), IPOMOHYBATH aJaNTHBHI PEKOMEHIAI] Y MOMepPEeIKeHHS
Ha OCHOBI MTOBEJIIHKM KOHKPETHOT'O OIlepaTopa.

Tabmuus 1 — [puknaau inTerpanii

Mooeny / Ilioxio 36’30k 3 ECDIS
®dopmalibHi P-aauuHi MOZIeNi | AHami3 peakiliii omnepatopa Ha BHHHMKAO4Yi IOBIJOMJICHHS, 3MiHU
peakuin MapupyTy, HeGe3neyHi 00’ eKTH
ML / Data Mining [IporHo3yBaHHA NOMHJIOK NpH IUIaHYBaHHI MapLIpyTy, iJeHTUQIKaLis

MMOBTOPHOBAHUX HaTepHiB HOBCILiHKI/I

Ilcuxodizionoriuni cencopn | BimcrexkeHHs yBaru Ta KOTHITHBHOTO HAaBaHTaXXEHHS IiJx 4ac poOOTH Ha

ECDIS
HMI (human—machine Brockonanenns intepgeiicy ECDIS, posramyBanns iHpopmarii Ta
interaction) / Ergonomic CUTHAJIIB
Research
Human Error / HFACS Knacuikanis TuniB momusnok npu Bukopuctanni ECDIS, o npusenu 1o
(Human Factors Analysis aBapii

and Classification System)
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Bci mopeni ineHTrdikallii moBeXiHKH ONepaTopa MOKHA HAIMPSIMY 3aCTOCYBATH 10 aHATI3y
it ma ECDIS:

1. ¢opmanbHi + CUMYJISIIIHI MOJEINI — MPOTHO3 PEAKIIii;

2. ML — anamni3 noriB ECDIS, BusiBieHHs pU3HUKiB;

3. mcuxo(i3ioNoriyHi — OIiHKa HABAHTAKCHHS Ta YBaTH;

4. opranizauiiiai / HMI — ontumizanis intepdeiicy, 3amodiranHs BToMH Big TpuBor (alarm
fatigue).

TakuM 4YMHOM, JOCHIDKEHHS JIIOACBKOrO (akTopa HE TIOBHHHO OOMEXKYBAaTHCS
MaHEBPYBAaHHSIM CyJHA, a TOJOBXYBAaTHUCS ¥ Ha HABITAI[ll0 3 METOK OE3MEeYHOi eKCILTyaTarii
ECDIS.

OcTaHHl JOCHIDKEHHS JAHOTO HAIpsIMy CYTTEBO IPOCYHYJHUCS B aHaji3l CTaTUCTUKU
BUKOpUCTaHHA 3B’s3ku  mTypMaH-ECDIS. Asropu [2] aHamizytoTh, YoMy BTOMa MOPSKIB
3aJMIIAETECA  3HAYYMIOK MPUYMHOIKD MOPCHKMX —aBapiil, TONpH PO3BHTOK TEXHOJIOTIH,
aBTOMaTH3allil0 Ta HOpPMAaTUBHI BUMOrd. ToOTO HaBiTh 3 CyYyaCHHUMHU CUCTEMaMHU (TaKUMH SIK
ECDIS) Broma 3ammmaerscs pusukoM. Cepen kateropid mronacbkoro ¢dakrtopa [3] icHye
«TepcoHalibHa OCOOJUBICTBH» (IO MOXKE BKJIKOYATH BTOMY, B)KMBAHHS aJKOIOJI0), SIKA YacTo
MPU3BOJIUTH JI0 JIETAIBHUX BHUMAAKIB a00 CEpHO3HMX aBapii, sika MOKa3ye — BTOMa € OJHIEI0 3
KIIFOUYOBHUX TEPEIyMOB Yy cepii peanbHUX 1HIHAEHTIB. Jlocmimkenns [4] aHani3yloTh WMOBIPHOCTI
oMok npu BukopuctanHi ECDIS 1 pusuku, 110 BUHHUKAIOTh Yepe3 HEJOCTATHIO MiATOTOBKY /
3BMKaHHS KopucTyBayiB. Lle HaliKOHKpeTHIlIl OCHiKeHHs, siKi 1oB’s3ytoTh ECDIS-BiamoBy /
HEeTpaBUWJIbHE BUKOPUCTAHHS 3 JIFOACHKOI0 oMmiikoro. Ctatts [5] 3Beprae yBary Ha Te, o ECDIS
— «COIIO-TEXHIYHA» CUCTEMA, 1 JIF0/IChKA MOMMUJIKA (BKJIIOYHO 3 HEMIPABUJIBHUMH JIIIMU OIIEpaTopa)
Mae OyTH BpaxoBaHa MPH OLIHI PU3HKIB.

Tob6to, moacekuit ¢axtop + ECDIS BeayTe 10 3Ha4dyIlIMX PHU3HKIB, SKi BUMAararTh
BpaxyBaHHs. Jlociimkenns [6] mokazanu, sk (i3ionoriyHi / mcuxoiorivyni pakrtopu (BTOMa, CTPEC)
BIUIMBAIOTh Ha Oe3rnexy npu Hasirauii. Tomy, sikuio ECDIS € wactunoO MicTka, BToMa IITypMaHa
MiABHILY€E PU3UK, IO iH(popMallis Oyae HermpaBUIbLHO 00po0iieHa, MONepeKEHHsI IPOIrHOPOBaHi
Tomo. Y poborti [7] Bka3aHi mepeayMoBH Taki sk «loss of situation awarenessy i «attention deficity,
10 YacTO € MPOsSIBaAMH BTOMH a00 TEPEBTOMH, OCOOJIMBO IIiJ] Yac JOBTUX BaxXT, HIYHUX YEPryBaHb
tomo. Lle nae oOrpyHTyBaHHs, 110 BTOMa — HE JIMIIE TEOPETUYHMH PU3MK, a peasbHuil (akTop
BUHHUKHEHHS MTPo0OJieM, TOOTO y HassBHOCTI MOCIIIOBHICTh: BTOMa — JIojicbka mommika — ECDIS /
HapiramiitHi momuiku. [lyOmikarii moka3yioTh, 110 BTOMa / JIFOJAChKAa TOMHIIKA / «IIEpCOHATbHA

0COOJNMBICTE» — HE TMPOCTO TEOPETHYHI 3arpo3u: BOHU pealbHO QIrypyIOTh y CyYacHHX
CTATUCTUKAX IHIUJEHTIB 1 aBapiil. HaiicyuacHimi po0oTH, siki gocmimkytors ECDIS nmomuiku (sik
or Bayes — wmonemtoBanus y 2024 pomi, SLIM — anamiz y 2022 pomi) — TOKa3yTh, IO

excruryaTaitiss ECDIS e puznkoBaHO10, SKIII0 HE BPaXOBYBATH JIFOACHKUA YMHHHUK. Y BUCHOBKaX [8]
— BTOMa / TIepelyMOBHU (0COOMCTa TOTOBHICTh, BTOMA, OpraHi3alliiiHi yMOBH) 4YacTO BUCTYHAIOTh SIK
MpUXoBaHi (aKTOPH, sIKi Yepe3 psiI MOAiIN / TOMHIIOK MTPU3BOIATH 0 aBapii (HApUKIAJ, TOCaIKH
Ha MiTUHY). JlOCHTiKEeHHS TeMOHCTPYIOTh, IK BTOMa MOXKE OyTH «IIPHXOBAaHUM)» YHHHUKOM — HE
0e3mocepeIHbOIO JII€I0, aJie MTPUXOBAHOIO YMOBOIO, IO MiJIBUIIY€ PU3UKH Ta CTBOPIOE MEPEIYMOBHU
JUTSE IOMWJIOK. HaBiTh Mpu HAsSBHOCTI 3BITIB YAaCTO HEMa€ JOCTaTHHO JaHUX, MO0 CHOpMYIIIOBATH
yHiBepcaiabHy Mojnenb «human-operator + ECDIS + fatigue», Tomy momeni «human factor +
fatigue» Bapro iHTerpyBatu B anamiz manux ECDIS / maBirarmiiiHoi Oe3meku SK «KOTHITHBHI /
nicuxodiziosoriuni + people in the loop (JTroaM y UK yIIPaBITiHHS ).

AKTyaabHicTh Aocaizkenb. CydacHi MiAXOTU JO MOJICNIOBAHHS BIUIMBY JIFOJCHKOTO
(hakTOpa MOXKHA PO3MOAUTMTH HAa OKpPEMi HANpPSMKH: TICUXOCOIliabHI Ta OpraHi3amiiHi Miaxo/u,
dopmanbHi 200 aJrOpUTMIUHI MOJENI TMOBEAIHKHM ImTypMmaHa, Data-Oriven abo ML-migxomam,
KOMaH/IHI 200 epraTuyHi CUCTEMHU Ta B3a€MOJIs JIOJUHU 1 TEXHIKH, EMIIPUYHI JOCITIHKEHHS a0
aHaJi3 aBapiil Ta JIOJICHKI TOMWIKH. Y JOCHIKEHHSAX [9] 3ampornoHoBaHO cucTeMy iaeHTUdiKarii
HETaTUBHUX MPOSBIB «IIOJACHKOI TOMUIIKW» HaBiraTopa 4epe3 MOHATTS «Cy0’ €KTUBHOI €HTPOIMii».
Posrisinarotbest IepBUHHI Ta BTOPUHHI (DaKTOPH, IO MOXKYTh MMPU3BOAMTH JIO TTiIBUIIICHHS SHTPOIII|
(to6T0 1m0 miABHIIEHOT WMOBIpHOCTI mommiaku). OJHAK, y HAsIBHOCTI CKJIAJHICTh TOYHOTO
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BUMIPIOBaHHA «Cy0’€KTMBHOI EHTpOMil», WMOBIpHa 3aJIe)KHICTh BiJl KOHTEKCTy — KOHKPETHOTO
ekimaxy / cymHa |/ yMOB; MOXIMBa HH3bKa YyHiBepcanpHicTh. Y crarti [10] Hamano
(hopMabHO-ANTOPUTMIYHHMNA MMIAXiJ 13 TEpPeTBOPEHHSIM TPOCTOPY O3HAK il omepatopa y
JIOT1KO-TEOMETPUYHMIA MPOCTIp P-aJUUYHUX CUCTEM; Ha OCHOBI JaHUX CUMYJsATOpa (Aii, TOTH, BiZI€O)
1IeHTU(IKYIOThCA peakilii onepaTopa B €KCTpeMaJbHHUX HaBiraliiHUX cuTyamisx. Hemomikamu €:
a0CTPaKTHICTh P-aAUYHOTO MIAXOIYy, 3aJIeKHICTh B CLEHApPiiB CHUMYJSATOpa 1 HEBU3HAYEHICTb,
HAaCKUTPKA TakKl MOJETi aJeKBaTHI peaJbHUM YMOBAaM. Hocmimxenns [11] mokasyroTh
BUKOPUCTaHHA O1OMETPUYHHUX / MCUXO0(i310J0T1UHUX CEHCOPIB Ul BUMIPIOBAHHS KOTHITUBHOI'O
HAaBaHTa)XEHHsSI BaxTOBOro odilepa IMiJ 4Yac MaHEBpIB (HANpHUKiIad, YHUKAHHSA 3ITKHEHHA) Y
CUMYJIATOpax. BuMmiproomooTbes O10METpHUYHI MapaMeTpH, aHadi3yloTbcs IIKOBI peakuii Mmix
HaBaHTaXeHHAM. OJHAK, pe3yJbTaTH 3aJIe)KaTh BiJl HANAIITyBaHb CHUMYJIATOpA, THITy 3aBIaHHS,
THUITy CEHCOPIB; CKJIAJHO MEPEHECTH Ha pealibHi CyJlHa; CEHCOPU MOXKYThb OyTH 1HBa3MBHHUMH a00
3aBakatu poboti. DyHAaMeHTaIbHOIO OIJAAOBOIO pobororo € [12], mo cucremaTusye
IICUXOJIOTO-COLlIaIbHI Ta OpTraHi3alliiiHl acleKTH JIIOJCHKOro (akropa B MOPCHKIA Oe3meri.
[Ipononyetscst monin Ha TpH piBHI: (1) — 1HAMBIAyalbHI (KOTHITUBHI) YMHHHKY, (2) — colialibHI /
MiocoOucTicHi, (3) — cucTemHi / opraHizamiiiHi (JJATEHTHI MOMMJIKH). Y HAasSBHOCTI OIIHC
TEOPETUYHOI, KOHLIENITyaJlbHOI OCHOBH; JOTIOMAara€ po3yMITH, YOMY HIPOCTi “TeXHI4HI~ MoOJedl —
HEJOCTaTHI; L0 € BAXIUBUM Ui IHTErpamii IMCUXOCOIaJIbHUX AacleKTiB y MareMaThyHi /
dbopmanpai Moneni. OnHak, 11e He MaTeMaTUIHAa MOJIETh, a OIJISIIOBA 1 TEOPETHYHA, sSKa MOTpedye
MOJJAJIBIIOI KOHKPETH3allii, He J1a€ aIFOPUTMIB, He rapantye ¢opmamizauii. ¥ [13] 3anpononoBaHo
riOpuHy METOJUKY, sKa BUKOPUCTOBY€E NCHXO(QI310J0rI4HI [aHl, HANpHUKIaA, T'e€MOIAMHAMIYHI
3MIHHM Pa30M 3 MAalIMHHUM HaBYaHHSM, 1100 00’ €KTUBHO OLIIHUTHU €(PEKTUBHICTH pOOOTH IITypMaHa.
VY MeTomuIll € pO3MOIial MOPSKIB 3a KBamiQiKaIl€r, aje BOHa TOTpedye CHeriaabHOro 00J1aJHaHHS
(OioceHcopiB), € CKIAJHOCTI 3 OpPraHi3ali€ro eKCIePUMEHTIB, TAKOXK MOXJIMBA YYTIUBICTh 10 THILY
3a/la4, HaBaHTAXXEHb 1 KOHTEKCTy. ToOTO y HasBHOCTI morpeba y TiOpuAHHUX MOJeNsX, ki O
MO€HYBAIU (OpPMabHY / aJTOPUTMIYHY YacTUHY + HCHXO0(i310J0TiuHI JaHl + KOHTEKCT (THII
Cy/IHa, KOMaHJ1a, YMOBH).

MeTo0 AOCJTiIKEHHsI € BU3HAYCHHS pOJII KOTHITMBHHX (DAKTOpiB, 30KpemMa BTOMH, Yy
BUHUKHEHHI MOPCHKHMX IHIIMJIEHTIB, a TaKOX CTBOPUTH Ta OIHUTH €(EeKTUBHICTH MOJEINi
IHTErpaJIbHOTO TOKa3HWKa KOTHITUBHOTO HaBaHTaxeHHs (PFI) nns migBumenHs Oe3neku
cyaHOBOMIHHS. O0’€KTOM OCJTI/IZKEHHsI € TIPOIIEC HABIralliifHOTO YNpaBIiHHSA CYyJHOM B YMOBax
BIUTUBY JIFOJICBKOTO (hakTopa. 3amadero AOCTiIKeHHsI € po3poOka ¢opMasizoBaHOi AMHAMIYHOT
MoOJIeINi, SIKa MPOTHO3YE PiBEHb BTOMH CYJHOBOJiS Ha MaiOyTHIM MPOMIXKOK 4acy, BpaxOBYIOUH:
MMOTOYHUM CTaH BTOMH, (Pi310J10TI4HI TapamMeTpH (COH, Yac YepryBaHHs ), KOTHITUBHE HaBaHTa)KEHHS
Ha HaBiramiitHoMy MicTKy (depe3 ECDIS), omepariiini ymoBu (moroga, Tpadik, HIYHI TOJIUHH),
icropuuHi naHi omepatopa Ta ML-kopekmito. MeToau MOCTiAKeHHsI: TOPIBHAJIBHUNA aHai3,
MaTeMaTU4YHE MOJICNIIOBAHHS, €JIeMEHTH MallMHHOTO HaB4yaHHsA (ML), MeTonu Teopii mpuUHHSTTS
pilIEHb.

OcnoBHa yactuHa. Ha 06a3i xiacuunoi Mozeni KOMOIHATOpHOI iHTerpalii B 3BaXKEHHUX
KOMIIOHEHTIB JIIOJICBKOTO (DakTopa MpONOHYEThCA JAWHAMIYHA MOJETIb BpaxyBaHHS BTOMH BiJ
ECDIS (Predictive Fatigue Index, PFI), sika 6a3yeTbcst Ha TPhOX TOJIOBHUX KOMIIOHEHTAX:

— ¢izionoriunmii ctan (F), Hanpukmam: coH, 610pUTMHU, TPUBATICTh YEPTYBaHHS;

— KorHiTUBHe HaBaHTaxeHHs (C), HaNpHKIAI: KiJIBKICTh OJHOYACHUX 3a/a4, CKJIAIHICTh
MapiipyTy, aktuBHicT ECDIS (moBigoMiieHHs, KUTBKICTb Jii);

— omnepariitauii pusuk (O), HAMPHUKIIAJ: TTOTOIHI YMOBH, Tpadik, HeOe3MeUHi 30HH, Yac J00u
(HiuHi rOaMHM).

Binomuii iHTerpanbHuil iHIEKC (TOCTiIKEeHHS BTOMH 3 ypaxyBanHsaM ECDIS):

FI(t) = weF(t)+w:C(t) + woO0(t), 1)

ne FI(t) — ingexc Bromu B MomeHT 4acy t (0 - 1 a6o 0 - 100%);
F(t) — dizionoriunnii cran (0 — moBHA CBIXKICTh, | — MaKcHMalbHA BTOMA);
C(t) — xoruituBHe HaBaHTaKeHHS (0 - 1);
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0(t) — onepartiitamii pusuk (0 - 1).
F(t) =1-— &ea’rawake(f) , (2)
opt

ne S(t) —gac cHy 3a ocTanHi 24 TOAUHY (TOUHH);

Sopt — ONTUMAJILHUH Yac CHy (HaNpuKiIa, 8 roaun);

Taware (t) — yac 6e3nepepBHOT AKTUBHOCTI (TOIUHM);

a — xoediuient HakonudeHHs BTomH [0.01;0.1], migbupaerscs ekcriepuMeHTanbHo. ToOTO, BTOMA
3pOocCTa€ MpH HEJOCHUIIaHHI Ta TPUBAIOMY Oe3epepBHOMY YepryBaHHI.

C(t) = ﬁl (t)Ntasks (t) +.82 (t)Nmessages (t) + .83 (t)Nroutehandling (t) ’ (3)

1€ Nigsks(t) — KiTbKICTh OTHOYACHUX 3a/1a4 (KEpyBaHHS, 3B 130K, MOHITOPHUHT);

Nipessages(t) — kinbkictb nosigomnens ECDIS / RADAR / AIS & ARPA 3a ogunuiio vacy;
Nyoute_handiing (t) — cKk1aanicte MmapupyTy / MmaneBpyBanns (0 - 1);

Bi(t) + B2(t) + B3(t) =1 — ue ¢yHkuil BaroBux [IMHAMIYHUX KOC(ILIEHTIB (3aJIeKHI Bif
KOHTEKCTY / BTOMHU).

O(t) = VlW(t)+y2Vtraffic(t) + V3Tnight (t) ’ (4)

ne W (t) — xoediuient cknagaocti moroam (0 - 1);
Virasric(t) — minbHicTs pyxy cynen (0 - 1);
Thigne(t) —vacosuit pakrop (0 — menn, 1 — Hiv);
y1+Y2 + ¥3 = 1 — 11e BaroBi KoeQiieHTH.

Monens 103BoJIsIE BU3HAUATH oporosi 3HaueHHs FI, Hanpuknan:
FI < 0.3 — HOpMAaJbHA IpaIe3/1aTHICTD;
0.3 < FI < 0.6 — monepemkeHHs (IIBUIIIEHA yBara);
0.6 < FI < 0.8 — oOmesxeHHSs i, aBTOMAaTH3AaIlisl YaCTUHU MPOIIECiB;
FI > 0.8 — KpUTHYHHI piBEHb, PEKOMEHIYEThHCS 3aMiHa BaXTOBOTO odirepa / mepepna (SKIIO J1Ba
o(inepu Ha BaxTi, MOXKIMBHIA 0OMiH (QYHKLISIMHU HA JACSIKHHA dac).

st imTerpanii 3 ECDIS cuctema Mo)ke amantyBaTu KUTBKICTH MMiJKA30K, MiJACBIUYyBaHHS,
3MEHIIyBaTH AaKTHUBHICTh €KpaHiB (ICEKiIbKa, SKIIO Oe3MamepoBa TEXHOJIOTisI), MO0 3HU3UTU
KOTHITHBHE HaBaHTA)KCHHS.

Jlnst ouiHKK (PI3MYHOTO CTaHy MO>KHA BUKOPUCTOBYBATH (Di310JI0T1YHI CEHCOpH: 1HTErpariis
HRV, EEG, ouni garuumku s yroudHenHs F(t). Hamani BukopuctoByethest ML-miaxim: 306ip
icropuunux nmaHux FI(t) 1 momiit / iHIMICHTIB AJI1 HABYaHHS MOJENII Ta ONTUMI3aIlii BaroBHX
Koe(illi€HTIB.

JInst AMHAMIYHOTO TPOTHO3YBaHHSA piBHSA BToMH Ha 1-3 rommnu (At) mogmens PFI 3
ypaxyBanHusam (1)—(4):

to+At

PFI(ty + At) = FI(t,) + f (WeF () 4+weC () + w0 (b)) dt + 3, (), (5)
to

ne &y (t) — Kopekiis Ha OCHOBI icTopwuHUX maHux omeparopa (ML-Momens), 1Mo BpaxoBye
IHAWBIAyaIbHI MATEPHU BTOMH, PEaKIliid Ta TOMUJIOK.

ey (t) = @(Navigator's_History; ECDIS_LogBook; Fatigue Outcomes) (6)

Tob6to £y (t) = @(ey, ey, ..., €j, iCTOpIs AaHKX, KOHTEKCT), 1€ ¢j — 6a3oBa j-Ta CKIagoBa
noxuOku (pakTop (Hi3i0NOriYHUX MapaMeTpiB MTypMaHa, HaBaHTAXKEHHs Ha mTypMana Bijg ECDIS,
MOT0/1a TOIIO).

@yukuis @ Moxe OyTH peani3oBaHa uepe3 perpeciiHy Mojenb, Helpomepexy abo
rpajiieHTHHI OyCTHHT, HaBueHa Ha 3amucax LOgBoOK mepioni Baxtu koHkperHoro OOW: sk
IIBUAKO BIH BTOMJIIOETHCS MpU TNEeBHUX HaBaHTaxeHHsX ECDIS; sk pearye Ha mMOBiIOMIICHHS
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ECDIS; sxi mommiku Ttpamisumucs npu pisHux piBHAX FIl. Tobro HaBiTh ABa omnepaTopu 3
OJIHAaKOBUM rpadikoM yepryBaHb MaTUMYTh iHAuBiAyanbHi PFI, mo pobute miaxix aganTuBHUM.
Mogens PFI mo3Bossie mporHo3yBaTé piBeHb BTOMH Ha TOPU30HTI At 1 BUAaBaTH peKOMEHaalii 10
3MiHM BaxT, poTailii, aBToMatu3anii. Skmro 3nauenns PF| nepeBuirye nmopir PFlcrit, cuctema mosxe
MOJIaTH 3BYKOBHI CUTHAJI MacTepy abo 3ampornonyBaru 3aminy / nogatkoBoro OOW HagirariitHoro
MICTKa.

Jnst  pospaxyBaHHS ~— JAMHAMIYHUX  KOE(IIIEHTIB  KOTHITUBHOTO  HaBaHTAXCHHS
B1(t), B2 (t), B3(t) mporOHY€eThCS MOECID, KA TOEAHY€E TOMEHHI MpaBuia W 00 €KTUBHY OIHKY
BKJIMBOCTI 3 JIAHUX 1 BMI€ JUHAMIYHO MiJIalITOBYBATUCH MiJ KOHKPETHE CyIHO / mtypmana. st
uporo 1o (3) momaerbes I(t) — pyune kepyBanns. Junamiuni koediuientu [ (t), B, (t), B3(t)
pPO3paxoBYIOThCS SIK KOMOiHaIlsl anpiopHux (ekcrepTHuX) Bar i data-driven BakimBOCTEH, SKi y
CBOIO 4epry, € HOpMaji30BaHUMHU. AJANTHBHI Baru 3ajexarb BiJl KOHTEKCTY (Hi4Y/A€Hb, MOToja,
niepcona mrypman-OOW) 1 Bigpasy Aar0Th IHTEPIPETOBAHY PO3OMBKY BHECKY KOXKHOTO IMOKa3HHUKA
y 3arajbHe HABAaHTAKEHHSI.

Y momeHT vacy t maemo M mokazuukiB Xj(t), j=1..m. Jlas mpocToTH B MpHKIagi m=3, TOIi

X1 = Niasks) X2 = Nmessages’ X3 = Nroute_handling-
Hasunmo koporky momenr M (LightGBM / RandomForest / Logistic regression) Ha Habopi
HaBYAJIBHUX JIaHUX, JI€ b — IHAUKATOp «suboptimal performance / near-miss / operator error» abo
0e3mocepeIHbO «Iepenasl y MOKa3HUKaxX yBarmy.

Hexait [; — BiiHOCHA Bax/IMBICTh J-0f 03Haku y Moaeni M. Hopmanizauis: Y75, [; = 1.

BBeieMO KOHTEKCTHI MHOKHUKH C;j(t) (HanpuKaa: Hiv/aeHb, noroaa, tpadik). Jus koxuoi
o3Haku Maemo Qymkuiro migramTtysanns g;(c;(t)) € (0; +o0), sika 36inbiIye Bary uiei 03HaKH y
JaHOMy KOHTeKcTi. Hampukman, mpu HOYL  Gmessages(Might) > 1, 00 curHanm wactimre
TIPOBOKYIOTH CTPEC; IPH HPOCTOMY MAPIIPYTi Groyte handiing (lOW_complex) > 1.

Koeoinientn, sk kKoMOiHAIis eKcmepra, JaHUX 1 KOHTEKCTY, MOXKHa OTPUMATH depe3
PO3paxyHOK MOYATKOBOI Bark Uil KOXKHOT O3HAKH :

() = (ue; + (1= wh)g; (5®), (7)

ne u € [0;1] — mapamerp, IO KOHTPOJIIOE Bary €KCIEPTHOI CKiaaoBoi mpotu data-driven (Ha
MPaKTHII {4 MOKHA CTaBUTH 0J13bK0 10 0.2—0.5 Ha cTapTi, MOTIM MiIalITyBaTH).
Hopwmannizanist B miicyMKOBi KOe(illieHTH:

u (o) 8)
o o~
k=1 U ()
Mopens MOBHHHA TPAIIOBATH B JBOX PEXUMaX: omeparifHoMy (MPOTITrOM Iepexoay) Ta
cTarionapHoMy (mociimkenHs 3anuciB LogBook mo Baxrtax). B onepauiiiHoMy peXumi: KOXHI T

XBUWIMH 30upatoThes  X;(t),c;(t) i obumcmoersest f;(t); y cramioHapHOMy (IIicis 3aBepIIEHHS
HEPEXO/lY) OHOBIIOKIOTHCA [;. SIKIIO HakoNMYEHa JOCTaTHsS KUIBKICTh CEaHCIB, € MOXJIHBICTH

ﬁj=

CTBOPUTH «TPEHYBaHHs» 1 OHOBUTH TmapameTpu p. Jmsg cTabiTbHOCTI MOXKHA 3acCTOCYBAaTH
Exponential Moving Average (EMA) s Bar:

BiMA) = ppM At — 1) + (1 - p)B (D), (9)

ne ipu p = 0.9 Oyae 36epekeHo TIaBHICTh 3MiH.

3arajbHUN aJTOPUTM ONEPAIITHOTO BUKOPUCTAHHS:

1. 3ibpaTu peanbHi qaHi (iziosorii, KOTHITUBHOTO HABAaHTAXXEHHS Ta ONepaliiHi (akTopH.

2. HopmamnizyBatu Ta 00YMCIUTH KOMIIOHEHTH1 (yHKIi FI.

3. Bukopucrat ML-dyHKkIio &y (t) M1st iHAUBITYaTbHOI KOPEKITii.

4. OGuucnutu PFI(t+At) njis IpOrHO3HOTO TOPU3OHTY.

5. IopiBaaru PFI 3 moporamu i BU3HAYWTH 3aXOJU: MOMEPEHKEHHsI, YaCTKOBa a00 TMOBHA
aBTOMATHU3AIlis, poTallis, BUKIUK gogaTkoBoro OOW Ha MiCTOK.
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6. IloBToproBaTH HMMKI KOKHY TroAuHy / 30 XBHIIMH, OHOBJIIOIOYH JIaHi 1 MPOTHO3.

PesyabraTi il anajgi3 BukopucTaHHsl. [HauBimyamizamis miJ KOHKPETHOTO CYyIHOBOJIA
3a0e3mevuyeThbcsl HasBHICTIO (PYHKIIT €y, IO J03BOJSE BPaxOBYBAaTH IHIWBIAyaiabHI TaTEPHU
BTOMH Ta peakiliii Ha HaBaHTa)KeHHs. [[porHo3 BToMHU MOXHa poOUTH HWHAMIYHUM Ha 1-3 roauHu,
iHTerpytoun (Hi3iosoriro, KOTHITUBHI THapaMeTpH, omepaliiiHi (akTopu Ta IHIUBIAYaIbHICTh
mITypMaHa, IO J03BOJIIE TpUWMaTH TMpeBEeHTUBHI pimeHHs: aganTamis no ECDIS, poranis
BaxTOBHX / BUKIHK goaatkoBoro OOW, yacTkoBa aBToMaTu3allis. SIKIIo po3risgaTH MOXIHUBICTh
BUKOpUCTaHHA He 3akpuTux cucreM ECDIS (mporpamuo), To PFI He nuie Bumiproe piBeHb BTOMH,
a i no3Boisie cuctemi agantyBatu cuctemy ECDIS (HanamtyBaHHS SICKpaBOCTI €KpaHa, BUIUMICTh
nonepeKeHb, MiACBIYyBaHHs) BIAMOBITHO IO CTaHy OIEepaTopa.

Haii6iipii BIAMIHHOCTI 3 ICHYIOUMMM MOJEISIMH JIOCATAIOTHCS BHUKOPUCTAHHSIM caMe
TUHAMIYHUX Koe(imieHTiB (A7 MpUKIaAy y MOl MOKa3aHi JUisi KOTHITUBHHX MapaMeTpiB) i
noeTHaHHSA: 1HTepdeic + HaBiramis + ¢izioyoris.

Ta6muis 2 — [TopiBHSHHS CIPOMOXHOCTEH MoJIesei

R Moocnueocmi
- Tunoei eéxioni Oobmerrcennsn ..
Mooens / Ilioxio Onuc . , . , 3anpononoeanoi
oani icuyrouux nioxooie .
mooeni PFI
. [Toct-pakty™m ana-
Kiracudikarris oy . . axty Mopgenb Hagae
ABgapiiiai T3, HE J]a€ YHCIIO- A
MTOMMJIOK . . . MaTemaTu4yHui fatigue-
HFACS 3BITH, JTIOICHKI BOI OI[IHKH, HE .
oreparopa 1o rating y pealbHOMY
. . MTOMMJIKH BUKOPHCTOBYEThCS . .
piBHSX iepapxii X 4aci, a He Ticis aBapii
y peaJIbHOMY 4aci
He nparrrorots mix 30ip maHux
Cy0'ekTriBHa 4yac BaxTH HABAHTAXKEHHS
SART / NASA- e AnKkeTH, ’
OIliHKa . HEMOKJIMBO ABTOMATHYHO Yepe3
TLX CaMOOIIiHKa
HAaBaHTa)KEHHS aBTOMATU3YBaTH ECDIS logBook +
0e3 omeparopa OioceHcopH
Mopneni He BpaxoBytoTh
Con .o o/1aeThes (HaKTo
SAFTE, Three- HaKOIMUYEHHS S cUTyalliiHe HaBaH- Hon . (1) P
. LUPKaaiaHH1 KOTHITHBHOI Baru
Process Model BTOMH Ha OCHOBI TaXKEHHs, CTPEC, .
) [UKITH ) . . ECDIS-pimens
CHY Ta PUTMIB KOTHITHBHI 33124l
Markov / Bayesian S Crann Maremarnysi, ane | BBoxuTbes ¢izionoris i
NmoBipHICcTh
Operator Error OMILIKH CUCTEMHU, HE BPaxOBYIOTh TICH- aJIalTUBHE
Models TTOMHUJIIKA x0(i3uKy THOAMHA TiepeHaBYaHHS
Machine- . He inTerpyerpes i3 | Hampsimy moB'si3yerbest
. . AHauni3 crany X .
Learning Fatigue . EEG, HRV, podinem KOTHITHBHE
. MO3KY / HEPBOBOT .
Detection CHCTEMMH KaMepu 3aBIaHHA HaBaHTaXEHHA 13
(EEG/HRV) orepaTopa onepauisimu B ECDIS

TeopeTnuHO MOXHa MOPIBHATH 3arajloM MOJIEJNI 3a KPUTEPISIMU: peasibHUM 4yac, 0cOOUCTICHA
(nepconidikoBana) anantamis, BpaxyBanHa BBy ECDIS, 3actocyBaHHs y HaBiraiii, nIporHos
aBapifHOCTI.

Tabmuns 3 — 3aranpHe MOPIBHSAHHS MOJIENeH

Kpumepiii Icuyroui mooeni 3anpononosana mooenw
. 3nebinbue offline Ta Besnepepsuuii 00unCIIOBAIBHINM NOKA3HUK + live-
PeanbHuii yac . iu . .
aHaJIITHKA aBapid OIliHKA KOTHITMBHOTO HABAHTAXCHHS
. . . ML-aganTuBHUHE KOeQIIiEHT + MepcoHami3ais +
OcobucricHa aganTaris BincyTnst abo pyuna A . Pin p H
anani3 icropuunux gannx LogBook
Bpaxysanns ECDIS- . . YacTkoBo (4epe3 HaBHYKH 1 peaKilii) + moBHa
. Maiixe BIICYTHE . L .
HOBEIIHKHA iHTerpartis i + nosigomuenus ECDIS
3acTocyBaHHS . . .
YBanHi y OobwmexeHe L{inboBa MOZEIIb MiZl CYAHOBOMIS
HaBiramii
[IporHo3 aBapiitHOCTI Huspkuit Bucoxkuii uepe3 3-0CbOBY OIHKY
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BucHoBkH. 3anponoHoBaHa MOJENb JUHAMIYHOTO BU3HaYeHHs piBHA BToMu PFI nparitoe sik
€MHUM KOMIUIEKC, SIKUI B LIJIOMY € IHTEIPOBAHOIO MOJIEIUTIO OL[IHKU PU3UKY JIFOJCHKOI MOMUIIKH Y
HaBiranii Ha piBHI omepatopa ECDIS y peanbHomy 4aci. JluHamika BU3HA4€HHsS KOe(IllI€HTIB
KOTHITHBHOTO HaBaHTaXEHHS JI03BOJIsie Tomepemkatd / 3amobirat  mepeBromi  OOW
HaBITal[IfHOrO0 MICTKA, ONTHUMaJbHUM YHMHOM, 3 TOYKH 30py O€3MeKH, IUIaHyBaTHU PO3KIJIAJ BaxT,
OpIEHTYIOUHCH caMe Ha OCOOUCTICHI JlaHi oillepiB HaBIralifHOTO MiCTKa.

IlepcnexkTHBM MOAANBIIMX A0CTIIKeHb. 3 METOIO MIABUILEHHS TOYHOCTI MOJEIIOBAHHS €
CeHC Yy MNOJAJIBUIMX JOCTI/PKEHHSIX CHCTEM CAaMOHABYaHHS, SIKI KOPHUIYIOTh Baru (akTopiB y
peaJlbHOMY 4Yacl 3aJeKHO BIJ TOBEIIHKM CYAHOBOAIS Ta 3MIHHUX yMOB HaBiraumii. Takox
NEPCIEKTUBHUMU HalpsMKaMH MOXXYTb CTaTH: pPO3poOKa TOYHIMIKX MoJeNneil KOHTEKCTHHX
Koe(iLi€HTIB  JUIs PI3HUX CLEHapiiB: HIY/JeHb, MOroja, Tpadik, CKIAIHICTh MapUIPyTy 1
JOCTIPKeHHST B3a€MOJIii MK KOHTEKCTHUMH Ta (i3ionoriyHuMu (akTopamu Ui MiABUILEHHS
JIOCTOBIPHOCTI pe3yJibTaTiB MojentoBanHs. Hanani, MoxkHa po3pobutu nporpamuuii monynb Crew-
Assist, skuii Moxe (DYHKIIOHYBAaTH SIK CUCTEMa KOHTPOJIIO 3a piBHEM BToMM IiTypMaHa-OOW i
HaJaBaTH MOPau 3a1JIs 3a11001raHHs IEPEBTOMHU.
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Petrovskyi A. DYNAMIC MODEL FOR CALCULATING NAVIGATOR FATIGUE LEVEL -
PREDICTIVE FATIGUE INDEX

The research addresses the challenges of assessing the human factor in maritime navigation, with a particular
focus on the fatigue and cognitive workload of ship navigators during the operation of Electronic Chart
Display and Information Systems (ECDIS). The study provides a comprehensive review and critical analysis of
current approaches and mathematical models, including NASA-TLX, SWAT, HFACS, and SAFTE, highlighting
their strengths and limitations in predicting operator errors and identifying high-risk situations. A new
integrative indicator is proposed: the Psychophysical Fatigue Index (PFI), which quantitatively assesses
physiological fatigue while taking into account cognitive load arising from physiological, operational, and
contextual factors. The model introduces dynamic adjustment of weighting coefficients using machine learning
techniques, allowing for adaptive, individual-specific calibration. Contextual parameters such as weather
conditions, traffic density, time of day, and complexity of the navigation route are integrated into the model to
enhance predictive accuracy. PFI operates in two modes—operational and stationary—providing both real-
time monitoring and baseline assessments of the navigator’s state. In addition, the research presents a
multidimensional metric that evaluates cognitive workload by integrating physiological signals, operational
tasks, and contextual influences to provide a holistic assessment of navigator performance. The proposed
models can be implemented in navigation bridge systems and training simulators for the early detection of
elevated fatigue levels and cognitive overload, thereby contributing to risk reduction and improved maritime
safety. A comparative analysis of existing models and the proposed integrative approach demonstrates
improved accuracy in error risk prediction, optimized watch scheduling, and enhanced decision support.
Prospects for future research include further development of adaptive machine learning algorithms for
individualized assessments, integration of multidimensional real-time data, and validation through operational
and simulator-based studies, aiming for a comprehensive evaluation of the navigator’s physical and cognitive
state under varying operational conditions.

Key words: ECDIS; human factor; human fatigue; Predictive Fatigue Index; Exponential Moving Average.
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3MICTOBHA MOJEJIb IUPKYJIALII BEJIMKOI'O BITPUJIBHOI'O
CYIHA, SIKA BKUIIOYA€ B CEBE ITIOBOPOTH
«4UEPE3 ®OPJAEBIH/I» TA «OBEPLITAI»

Toscrokopuii O. M., x.m.H., doyenm, Kaniman OanieKo2o NIABAHHA, 3A8i0y8ay Kageopu

Hagieayii ma ynpaeninHs cyOHoM, XepcoHCbKa 0epiicasHa MopcbKa axademis, M. XepcoH,
Vkpaina, e-mail: otovstokory@gmail.com, ORCID: 0000-0003-3048-0028.

O06'ekmom 0ocniodceHHs € npoyec YUPKYIAYIl BeIUKo20 BIMpUIbHO20 CYOHA 3 NPAMUM  BIMPUTbHUM
ocHawgennam. Ilonoc nosopomy eidiepae 6enuxy poiv y npoyeci nosopomy cyona. Ilogopom eenuxozo
BIMPUNILHO2O CYOHA GIOPIZHAECMbCA 810 NOBOPOMY CYOHA 3 MEXAHIYHUM O8USYHOM. [ CYyOHa 3 MeXaHIYHUM
O0BUSYHOM NOBOPOM BUKOHYEMBbCA NPOCMON NEPEeKIAOKOo KepMd, d O GIMpPUiIbHO20 CYOHA, 0COOIUBO
8ENIUKO20 | 3 NPAMUM GIMPUTLHUM OCHAWEHHAM, OJisl BUKOHAHHA NOBOPOMY HACO NPUXOOUMbCA BUKOHY8AMU
MaHesp 3 e8ONIOYIEI0 GIMPULAMU, A MONCIUBO, | 080 MAHEBPU.

IIpu nosopomi simpuivHo2o cyona Oitoms 06i 60K06I cunu: Kkepma ma simpui. Y pasi 06ox abo Oinvue cul
PO3PAX0BYIOMbCS CYMAPHI MOMEHMU OOKOBUX CUT, WO OiIOMb 3d 200UHHUKOBOIO CHPIIKOIO i RPpOMU 8iOHOCHO
yenmpy obepmannsi. Axuii cymapruii momenm Oyoe binbwium, y momy Hanpsamxy i 6yoe obepmamucsi cyOHo.
s mozo wob cyoHo nosepmanoco y nOmpiOHOMY HAnpsamKy, mpeba, wob momeHm OOK0B0I cunu Kepma
nepeoinbuly8as MoMeHm 60K08OI CULU GIMPIUL.

Y pezynomami six meopemuunux docniodcensb, max i npaKmMudHUX eKCHepUMeHMi8 6UHA0eHa cxema No8opPoOmy
8ENIUKO20 GIMPUTILHO2O CYOHA 3 NPAMUM BIMPUTILHUM OCHAWEHHAM 3 YPAXYBAHHAM OCMAHHIX 00CTIONCEHD, KA
11 npedcmagnena 6 yit cmammi.

LJi pesynomamu modcymv Oymu GUKOPUCMAHI NPU MAHEBPYBAHHI GIMPUTLHUX CYOeH 3 NPAMUM BIMPUTLHUM
OCHAWeHHAM Y PI3HUX YMOBAX NIABAHHS.

Knrouosi cnosa: genuxe simpunvte cyOHO 3 RPAMUM BIMPUTLHUM OCHAUEHHAM, NOBOPOM GIMPUTLHO20 CYOHA,
yenmp obepmanHsa, NOAC NOBOPOMY, YeHMP GIMPUTLHOCTII.

DOI: 10.33815/2313-4763.2025.2.31.209-225

Beryn. OcTtaHHIM 9acoM y 3B’S3Ky 3 BHYEPITyBaHHSIM BHKOITHUX KOTAJIWH BiIHOBITFOETHCS
IIKaBICTh /10 BUKOPUCTAHHS €HEPrii MOHOBIIOBAHUX JDKEpEN, y TOMYy 4Hcihi W eHeprii BiTpy. Ha
MOPCHKOMY TPAHCIIOPTI II€ TPOSBISIETHCS B BUKOPHCTaHHI €HEprii BITPY SK OCHOBHOTO, TaK i
JOTIOMIDXKHOTO JKEpesa eHeprii [yt pyXy cyaeH. Lle cTtocyeThbes K cyaeH A BIAMOYUHKY, SK-TO
MPHUBATHI SXTH, TaK 1 KOMEPIIHHOTO (JIOTY, Y TOMY YHCII HaBYAJIbHHUX, MACAKUPCHKUX CYICH, a
TaKO’ 1 BAHTQXXHUX 3 BUKOPHCTAHHIM BITPHJI SIK JIOTIOMIKHOTO JKEpelia eHeprii.

Pyx BiTpuibHOTO CyHA BIAPI3HAETHCS BiJl PyXy Cy/JHA 3 MEXaHIYHUM JIBHUTYHOM. OcoOIMBO
B MpOIeCi pyXy MO KPUBOJIHIMHUM TpaeKkToOpisM, TOOTO, MiJ 4yac MOBOPOTiB. Tawm, 1€ CynHy 3
MEXaHIYHUM JIBUTYHOM JOCTaTHBO MPOCTO MOBEPHYTH KEPMO i BUKOHATH MOBOPOT IIiJl BILTUBOM
MEPEKIIAICHOT0 KepMa, BITPUIHHUK IMOBHHEH BUKOHATH MaHEBpP 31 3MIHOKO TOJOXEHb BITPHII,
MOBOPOTY peiB (Opacomku), a TO ¥ JekiIbka MaHeBpiB. [Ipu 1IbOMy BaXJIMBOIO CTa€ POJIb
BUKOPHUCTAHHS TIOJIOCA MTOBOPOTY ISl TIOJIETIIEHHS! MaHEBPIB.

IMocTanoBka mnpodiaemu. Panime icHyBajga JIBOXTOYKOBAa CXeMa IIOBOPOTY CyJIHA.
Po3paxoByeTbest IeHTp Baru cyaHa. [Ipu BiACYTHOCTI pyXy MOJIOC IIOBOPOTY 3HAXOIUTHCS B LIEHTPI
Bara. [Ipu pyci cy/iHa TOJTFOC MOBOPOTY 3MIIIY€ThCS HA3yCcTpid pyxy. [Ipu nii 60KOBOT crii TOJIOC
MOBOPOTY 3HAXOJAUTHCS 3 MPOTHIICKHOTO OOKY BiJl TOUKM MPUKIAJAHHS OOKOBOI CHJIM BiJHOCHO
IIEHTpa Barv. [HKOJIM 11e IPU3BOAMTE JI0 HE3PO3yMiJIoro pe3ynbraTy. Hampukiam, komu cymHo e
BIIepe]l, a OOKOBa CWJIa TPHKJIAJEHAa B HOCOBIM YacTWHI CyaHA. TO HE3pO3yMillo, 1€ € TIOIIOC
MOBOPOTY. ABTOpPOM OyJia 3amporoHOBaHa TPhOXTOYKOBA cxeMa moBopoty [1]. BupaxoByeTncst
LHEHTp Baru CyJHa. Bix ImeHTpa Baru po3paxoBYEThCS TOJOXKEHHS IIEHTPY OOepTaHHs, SKe
3MINY€EThCS BiJl IIEHTpAa Bard Ha3yCTpid MOTOKY BOJIH, IO Habirae. | BeMMYMHA IIHOTO 3MIMIEHHS
3aJISKUTH BiJl IBUAKOCTI cyaHa. Bin meHTpa oGepTaHHs po3paxoBYIOTHCS Ijiedi OOKOBHX CHII, SIKi
BIUIMBAIOTh HAa CyAHO. SIKIIO CWiIa OJlHA, TO IIOJIOKEHHS IOJIF0Ca TOBOPOTY 3HAXOAUTHCS 3
MPOTHJIC)KHOTO OOKY BiJl TIOJOXEHHS TOYKH NpPUKIAJaHHSI OOKOBOI CWJIM BiHOCHO IIEHTpa
obepranns. lle Oyno 3amponoHOBaHO JUIsi KOHBEHIIIMHOTO OJHOTBHHTOBOTO CY/HA, JI¢ TIpU
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MTOBOPOTI YTBOPIOETHCS OZIHA OOKOBa cuiia — O0KoBa cuiia kepMa. Ha BiTpriibHOMY CyIHI B Tiporieci
MOBOPOTY 3aisHI 1B1 OOKOB1 CHJIHM: KpiM OOKOBOI CHIIM KepMma Oepe ydacTh 1 OOKOBa cujia BITPHUIL.
Takosx moTpiOHO OpaTH J0 yBaru, sIK pO3TamioBaHi 0a30Bi TOUYKH MTOBOPOTY, Bl 4OTO 3AJICKUTH IXHE
MOJIOKEHHS 1 SK BOHHU MepeMillyloThcs. Bcee 1e moTpiOHO AOCHIAWTH Ha MPHUKIAAI MOBOPOTY
BEJIMKOTO BITPWIBHOTO CyAHA 3 MPSIMUM BITPWIBHHM OCHAIIeHHAM. Jyisi pyXy BITpHIIBHUKA B
3aBJJaHOMY HampsMKy MOTPiIOHO, 00 MOMEHT CHJIM KepMa 3aBKIHU MEPEeBUIIYBaB MOMEHT CHIIU
BITPY, SIKILIO BOHHU JIIOTh Y Pi3HI OOKM 1 1100 CyMapHUN MOMEHT IMX Cuji OyB CHpSMOBaHUH Y
NoTpiOHOMY HAmNpsAMKY. SIKIIO MOMEHTH [il0Th B OJHOMY HAmpsAMKy. Y CTaTTi HAAalOThCs
peKoMeHalii, sSIK 1le BUKOHATH.

AHali3 ocTaHHiX Aociailkens Ta myOJikamii. I[Ipo moBopoT min BiTpuiamu B3araii
HebaraTo my0Jikauii. A Ipo MOBEAIHKY MOJIKCa IOBOPOTY MPH LIbOMY — B3araji OJAHHHULII.

ABtopu B po0OoTi [1] mNOKa3yroThb HOBY CXeMy IOBOpOTy cyaHa. [IpomoHyerbcs
BUKOPHCTOBYBATH TPHOXTOUYKOBY CXEMY ITOBOPOTY cyaHa. [Ipo sKy Humocs Buie.

Y. Mapxaii y cBoiii kHuU3i [2] moOKa3ye, SK KOPHCTYBAaTHCS BITPHIOM i SIK 3pOOHTH IIe
HalledekTuBHINIE. BiH BBaXae, 1110 cuiia TSATU BITpUJIA YTBOPIOETHCS BHACIIAOK PI3HULI TUCKIB, SIKI
BUHUKAIOTh Ha pi3HUX OOKax BiTpuiIa mpu oOTikaHHI Horo BiTpoM. Ha miaBiTpsiHoMy Oo1i BiTpuriia
3a paXyHOK HIJBMILEHOI IIBUJKOCTI BITPOBOIO MOTOKY 3rAHO 13 3aKOHOM bepHyIuIl yTBOpIOEThCS
MOHMKEHUH THUCK, a HA HaBITPSIHOMY — MIABMIIEHUNA. 3aleXKHO BiJ KyTa aTaku BITPY cuja TATU
BiTpmiia Oyjae yTBOprOBaTHCS ab0 MiJiMaibHOI CHJIOK Kpuia, abo CHIIO JI0OOBOTO OMOpY

(puc. 1).
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Pucynok 1 — Po3nozin TrckiB Ha BiTpuii: a — pu KyTi ataku 20°, KOJIU PYIIIHOIO CHIIOI0 BUCTYIIA€E
migHIManbHa cuia; 6 — npu KyTi ataku 90°, Kou pynriiHOK CHIIO0 € CHiia JI060Boro onopy [2]

BiH mokasye, sSIKHM YMHOM BUKOPHCTATH BITPHJIO HaiieeKTHBHiIIe. AJe BiH HE IOB’A3ye€
e(eKTUBHICTh pOOOTH BiTpHIIAa 3 TOBOPOTAMHU CYJIHA.

John Harland y [3] posmoBimae, mo mpu IUIaBaHHI CYJCH WiJ NPSIMUM BiTPUIBHUM
OCHAIIIEHHSM, SKHX OyJ0 OiIbIICTh, OCHOBHUM MUTAaHHSAM OyJIO BU3HAUYEHHS KyTa YCTAHOBKH PEiB
BIZTHOCHO JiaMeTpajIbHOI TUIOIIMHH MIPH PI3HUX KyTax aTakd BITpY. Y NaBHUHY OyJIM CTBOPEHI pi3Hi
CUCTeMH BHpaxyBaHHS KyTa PO3BOPOTY peiB, ajie Mi3Hille OyJo 3HaiieHe MpOCTe MpaBuiIo, IO
MpaIoe IMUTKOM TpUCTOWHO. Tak, pei po3BEepTArOTHCS BIAHOCHO BEPTHKAIBHOI BUCI SKOMOTA
KpyTillle TIpU CiAyBaHHI B KPYTHH OCHMAEBIHI 1 MpsMO Mpu ciigyBaHHI Ha dopaeBina. Ilpu
NPOMDKHUX Kypcax pei MaroTh IUIMTH HaBMUI KyT MDK BITpOM Ta KypcoMm. BiH moxasye, sk
BUKOHYBAJIUCh TOBOPOTHU «OBEPIITAr» Tay depe3 «(HOpaAeBIHI» B €MOXY BITPHUIL.

[lincymyBaBImM momnepeaHid AOCBiA MaHEBPYBaHHsS BITPWIBHUKIB 1 Oepydyd 10 yBaru
Cy4JacHi TexHojorii aBtop crarti [4] mokasye, SK CydacHi BITPMJIBHHKH MOXYTh IIJaBaTH,
BUKOPUCTOBYIOUH CyYacHI CXEMH ITOCTaHOBKH/TIPUOMPAHHS BITPHII, @ TAKOXK Opaconku. MaHeBpu i
€BOJIIOLIIT 3 BITpUJIAMHU TIPU BUKOPUCTAHHI CyYaCHHUX TEXHOJIOT1 BUKOHYIOTHCS 3HAYHO MIBUIIIIE.

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin
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Chase G. A. B [5] moka3ye, sk BUKOPHCTOBYBATH MJIsi MaHEBpPIB Ha CyIHI 3 TPSAMHM
BITPUIIOM PYXOMHI TIOJTIOC TIOBOPOTY cynHa. Bin OpaB 10 yBaru 3-miornosuit 6apk «Elissay», i Bin
BUKOPHCTOBYBAB KOHIIETIIIO PyXOMOI TOUYKH MOBOPOTY NPH CIIiTyBaHHI ITiJl BITPUIAMH 1 MAIIHHOIO
1 3MIHIOIOUHM CKJIaJ MOCTaBJICHUX BITPWI, 00E€pTaBCsl HABKOJIO TOYKM B HOCOBIM YacTHHI CyJIHA MPHU
pyci Boiepen i, y KOpMOBIii YacTHHI CyiHA TIpU pyci Ha3as.

VY pobGoti [6] aBTOp, KamitaH Xbio KaBie, mponoHye 3-TOUKOBY CXeMy IOBOPOTY CYJHA,
BUJUISIIOYM IPOMIXKHY TOYKY MIXK LIEHTPOM Baru 1 MOJIFOCOM IOBOPOTY, Ky HAa3WBa€ LIEHTPOM
OOKOBOTO OIOPY 1 BBaXKa€, IIO BiJ II€1 TOYKU BiAPAaXOBYIOTHCS BCl ITUIeUi OOKOBUX CHJI, IO AIFOTh
Ha CYJIHO 1, BIAMOBIIHO BCl MOMEHTH LMX cwi. Ha mpukianai BiAXoxy CyJaHa BiJ IpUYaly 3aJHIM
XO7IOM, aBTOp TOKAa3aB, 110 BAKOPUCTAHHS YNHHUX, HA TOH Yac, peKOMEeH1allii 3 KepyBaHHS CyTHOM
MPHU3BOJNUTH J0 HaBaly CyAHa Ha mpudai. BBakamocs, mo cymaHO 00epTaeTbcs HABKOJO IICHTPY
oOepTraHHs, SKUH IpU pycCl 3aJHIM XOJ0M 3MillyeTbesi Hazaa. Hacmpasni Xk, cynHo obepranocs
HaBKOJIO TOJIOCa TOBOPOTY, SKHUW HaBHNAku OyB 3MINICHUW BIEpea, MO0 ¥ MNPU3BOAWIO 10
HaBAJIIOBAHHSA CyJHA Ha mpuyai. Takok aBTOPOM HaBEeIEHI MipKyBaHHs LIO0J0 LIEHTPY OOepTaHHS,
SIKAW TIOBUHEH 3HAXOAUTHCS MK IIEHTPOM TSDKIHHS 1 IEGHTPOM OOKOBOTO T1APOIUHAMIYHOTO OMOPY
(COLR), sikuit 3MilTy€eThCs y HANpsAMKY pyXy cyaHa. Makcumanbhe 3mimeHHs COLR, Ha gymky
aBTOpa, cTaHOBUTH 0 10% OOBXHMHU CynHA. ABTOp TaKOX IIJKPECIMB, IO LEHTP OOepTaHHS 1
TIOJIIOC TIOBOPOTY — 11€ /IBA Pi3HI LIEHTPHU.

VY poborax [7-9] aBTOp BuUALTsE€ TPU OCOOJIHMBI LIEHTPH OOEPTAHHS: LECHTP LUPKYJIAIIT
(3adikcoBaHuit Ha 3eMHIN OBEPXHI LIEHTp MJIaHeTapHOro odbepranus E), nentp oOepranus cyaHa S
1 IIOJIFOC TTOBOPOTY (YMOBHHUM LIEHTp oOepranHs P). ABTOp Takoxk (ikcye yBary Ha HOBOMY IOTJIS/L
Ha TOJIOC IOBOPOTY (3a BHUCJIOBOM aBTOpa Ha HOBIM KOHIENLIi MOJIcCa MOBOPOTY), sKa
BIJIPI3HSAETHCS BIJ TPAIULINHHOI TUM, IO IOJIIOC TOBOPOTY € YMOBHUM LIEHTPOM OOEpTaHHSI, HOTro
MIOJIOKEHHS HE 3aJIeKUTh BiJ] MMO30BXKHBOT IIBUAKOCTI PyXy Cy/HA 1 BiH HE € LIEHTPOM OOepTaHHs
cyaHa. Y poOOTi HaBOAATHCS TaKOXX MPUKIIAJAA BUKOPUCTAHHS HOBOI KOHIICTIIi TIOJTIOCa TTIOBOPOTY
JUI TPakTUYHOTO MaHeBpyBaHHS. Kpim Toro, y crarti [/] aBTOp 3aKJIMKae BUMTH MaiOyTHIX
CYJIHOBO/IIiB Ta MEPEBUYUTH BCiX CYTHOBOJIIB MPABHJILHUM METOJAM YHPABIIHHSA CyIHOM 3TiJHO 3
KOHIIETILII€}0 TTOJIF0CA TOBOPOTY.

VY poboti [10] aBTOp pO3MIpKOBYE HAJ MPOIECOM MOBOPOTY CyJHA 1 B IIIOMY MiATPUMYE
MoJIOXKEeHHs, 3ampornoHoBani Dr. Seong-Gi Seo B iioro po6orax. ¥ po6oti [11] BiH micymMoBye
MOTJIAM aBTOPIB, SIKI BHBYAIOTh NPOOJIEMH IMOBOPOTY CyAHA 1 NMPUXOAUTH JO BHUCHOBKY, MIO
HaBYaHHS CYJAHOBO/JIIiB NOTPIOHO NPOBOJUTH, CIIMPAIOUUCH Ha HOBY TEOPIIO.

@OyHaMeHTaIbHI JTOCTI/DKEHHS 3 KepyBaHHS CyJHOM HaBeleHi y kHu3i [12], 30kpema, y
po3aini 7.2.4. Pivot Point mokazaHo cydacHHWi CTaH ySBJIE€Hb MPO IOJIOC MOBOPOTY Ta HOTO
BUKOPHUCTAHHS JIJIsl KEPyBaHHS CYTHOM.

Astopu B [13] moka3yroTh, Ik po3paxyBaT mojoxeHHs [II1 mpu MIBHAKOCTI, MEHIIIH Hix
MIBUKICTH TIOBHOTO XOJY.

Astop y [14] nporoHye HOBY 3MICTOBHY CXEeMY IOBOPOTY CyIHA 3 BpaxyBaHHSIM OCTaHHIX
JOocsTHEHb Teopii Ta mnpaktuku Ta «[lam’atky cyaHoBomito». HoBa 3micToBHa Mopaenb Ta
«ITaM’ATKH. ..» T03BOJATh 3MEHIIUTH MMOXMOKH KepYBaHHS Ta IIJBUIIUTH O€3NEKy MaHEBpPYBaHHS,
0cOo0NMBO y CTUCHEHHMX Bojaax. OTpuMaHi pe3ysibTaTH MOSICHIOIOTHCS TUM IO, HAa BIAMIHY BiX
BIJIOMHUX ITiJIXOJIiB: HOBAa 3MICTOBHA MOjieJIb TOOyj0BaHa Ha OCHOBI 3-X TOYKOBOi CXEMH MTOBOPOTY,
sIKa BPaxoBY€E JIOJATKOBY TOUYKY — LEHTP 0OEpTaHHS; MMOJIOKEHHS MOJII0CA MTOBOPOTY BU3HAUAETHCS
BIJTHOCHO LIEHTPY OOEpTaHHs, a HE BIAHOCHO LEHTPY Baru; IIOJIOKEHHsS IIOJI0ca IOBOPOTY
BU3HAYAETHCS HA TUIOLIMHI, Yepe3 aOCIiCy 1 OpIMHATY IMOJIF0CA TIOBOPOTY.

VY po6ori [15] aBTOp MOKa3ye MpakTUYHI HUIAXH PO3PaxXyBaHHs MOJI0KEHHS 0a30BUX TOYOK.

[TpoTsirom AOBroro yacy B yCiX MOPCHKMX HABUAJIBHUX 3aKJIa/laX MOJOXKEHHS MPO MOBOPOT
CyaHa BHUKJIAJalIM, CIIUPAlOYHCh Ha JIBOXTOYKOBY cxeMy [16]. A Takox mo Takiii camiii cxemi
HaBYAJIM KalliTaHiB HA MDKHAPOJIHKUX Kypcax miaBuIneHHs kBamidikarii [17].

VY 2014 pori International Training Center for Maneuvering on manned models Port-Rebel
BuiaB HoBuil Port Revel Shiphandling 2014 Course Manual [18], e sikocti 6a30BOro MpUHIIKITY
MIOBOPOTY CyAHa oOpaHa TPbOXTOYKOBA CXEMa IOBOPOTY cyAHAa. MiX TOYKaMH LEHTpa Bard i
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MOJIFOCY TIOBOPOTY PO3MIIlICHA JOAAaTKOBAa TOYKA, SKa Ha3BaHAa «HEHTPAIBHOI TOYKOI» («the
neutral point»), B sikiii mpu mpuKIagaHHI OOKOBOI CHIIM HE YTBOPIOETHCS OOEPTAIBHOIO PYXY, a
YTBOPIOETHCS TUTBKH TOCTYHNAIBHUI pyX Cy/IHA JIaroM y HampsMKy fii 6okoBoi cuim. Lle maiibke
30ira€Thes 3 BU3HAUYECHHSIM IICHTPY O0OKOBOTO oropy kamitana Kasie [6]. ABTop Takox y po6ori [14]
MIPOMOHY€E TOYKY MDK LIEHTPOM Bard il MOJIOCOM IOBOPOTY TOYKY, B SIKIM CyAHO Oyae martu
HaWMEHIIMI MOMEHT iHepuii 1 B AKOMY KyTOBE MPUCKOPEHHS, BHKJIHMKaHE OyIb-sKOI0 OOKOBOIO
cuior, Oyne HanOuTbIMM. [{ro Touky aBTOp HasuBae LlenTpom O6epranns. Bona € kommpomicom
MIDXK LIEHTPOM Baru i HEHTPOM OOKOBOTO omnopy. BiTHOCHO 1eHTpa 00epTaHHS pPO3pPaxOBYIOThHCS BCi
IJ1e4i 1 MOMEHTH OOKOBHX CHJI, IO IFOTh Ha CYJIHO.

[TincymoByrO4H MPOBEACHUN aHaNi3 OCTAHHIX JOCHIIKeHb Ta MyOMiKaIii, clij 3a3HaYuTH,
10 aBTOpaMHu ycix myOrikamiii Oysla BHKOHAaHAa BelWKa po0OOTa 3 YIOCKOHAJICHHS CHCTEMH
OBOPOTY cynHa. OCHOBHA YaCcTUHA JIOCIIXKEHb IPOLIECIB MaHEBPYBaHHs CYyJIEeH 3 BUKOPUCTAHHAM
TMOJTIOCA TIOBOPOTY CTOCYETHCS MAHEBPYBAHHS CYACH 3 MEXaHIYHUM IPUBOIOM. TOMY, TOCIIKSHHS
IIPOIIECiB MAHEBPYBAaHHS 3 BUKOPUCTAHHSAM I0JIIOCA TIOBOPOTY JJISl BITPUIBHUX CYCH 3aJIUILAETHCS
aKTyaJbHOIO HAYKOBO-TEXHIYHOIO 32/1a4€H0.

Merta pgociaizxeHHsi. MeTOl JOCHIKEHHS € po3poOKa NUIAXYy KepyBaHHS BEIUKUM
BITPWJIBHUM CY/JHOM Ha LUPKYJIALIT 13 BAKOPUCTAHHSAM KOHIIETIII] I10JII0ca MOBOPOTY.

3agaui qocaigskeHHs. 3a1adaMy JOCITIIKEHHS €:

1 — anaumi3 miTepaTypHUX JHKEPEIT Ta MOIIYK aHAJIOTIB 1 MPOTOTHITIB;

2 — po3pobOKa cXeMH IMOBOPOTY BEJIMKOIO BITPUIILHOIO CYJIHA, 3 YPAXyBaHHAM IEpPEMIilLICHHS
0a30BHX TOYOK IIi/1 YaC MAHEBPY;

3 — po3pobKa HUIAXY MOBOPOTY BEIMKOIO BITPMIIBHOTO CyJHA 3 BUKOPUCTAHHAM KOHIEMIII{
TIOJTIOCA TIOBOPOTY;

4 — nepeBipKa Ipane3aTHOCTI Ta €(h)eKTUBHOCTI PO3pPOOJIEHOTO IIIAXY.

Bukian ocHoBHoro marepiaay. Ha BiiMiHy Big CyJeH 3 MEXaHIYHUM JBUTYHOM,
LUPKYJISLiS BITPHIBHOTO Cy/JHAa HE MOXE OyTM BHMKOHaHa Yy BHUIVIAII Kojla, 00 e(pEeKTHBHICTh
BITPOBOi YCTAHOBKH CHJIBHO 3aJIC)KHUTH BiJl HampsMKy BiTpy. [lnsa 3aiiicneHHs moBopoty Ha 360°,
BITPWJILHUK Ma€ BUKOHATH 2 MaHEBPH: IOBOPOT «OBepIITar» (MEpeTHH JiHIi BITPY HOCOM) 1
MOBOPOT «4epe3 (opreBiHa» (MEpeTHH JiHii BITPY KOpMOW) y OyAb-iKii mociimoBHOCTI. Pyx
BEJIMKOTO BITPUIBHOTO CyJHa Ha MPSMOMY Kypcl sBIsie COOOI0 YPIBHOBAXXKEHY B3a€MOJIIO
o0epTalbHUX MOMEHTIB OOKOBUX CHJI, SIKI HAMaralOThCsl PO3BEPHYTH CYIHO 3a TOJUHHHUKOBOIO
CTPUIKOIO (HANMPUKIIAM, CHJI BITPWI), 1 OOEPTAIIbHMX MOMEHTIB OOKOBHX CHJ, SKi HaMararThCs
PO3BEpHYTH CYAHO MPOTH TOAWHHHKOBOI CTPUIKHM (HANPHUKIAL, CHI KepMma). bOKOBHX cHI MOXe
OyTH JdeKibKa, aje, SAKIO0 CymMa MOMEHTIB, IO JilOTh 3a TOJWHHHUKOBOKO CTPIIKOIO,
YPIBHOB@XY€ETHCSI CYMOIO MOMEHTIB, IO JIIOTh NMPOTH TOJUHHHUKOBOI CTPUIKH, BITPWIBHE CYIHO
Hae mpsaMuM KypcoM. J[7s mogonanHs apeidy mia BiTEp 3MIHIOIOTh Kype Ha JIeKiIbKa TpaayciB Ha
BiTep. IIpu mMOBOPOTI BENMKOTO BITPMIIBHOTO Cy/IHA BUIIEBKAa3aHa CXeMa 3MIHIOEThCS. SIKII0 O0KOBi
CHJIM BITPHJI 1 KEpMa CTBOPIOIOTH MOMEHTH, CIIPSIMOBaHI B Pi3HI OOKH, JIJIs1 TPOIOBKEHHS TIOBOPOTY
noTpibHo, 106 MOMEHT OOKOBOI CHIM KepMma OyB Oinblile MOMEHTY OOKOBOi cuiM BiTpui. Y pasi,
KOJIM 111 CHJIM CTBOPIOIOTH MOMEHTH OJIHOTO 3HaKy, Tpeba 116 BAKOPUCTOBYBATH 1 HAMaraTHCs B Taki
MOMEHTH PO3TaHATH CYJTHO, 1100 301IBIINTH IBUKICTH, BiJ] SIKOT 3aJIe)KUTh OOKOBa CHJIa KEpMa.

MaHeBpyBaHHsI Ha BITPUJIBHOMY CYIHI JIEIIO BiApPI3HAETHCS BiJ] MaHEBPYBaHHs Ha CYJHI 3
MEXaHIYHUM JBUTYHOM. BoHo ckmamHime. /[ns cyaeH 3 KOCMM BITPHJIBHUM OCHAIICHHSM JIeTIIIe
BUKOHYBAaTH MOBOPOT «OBEPIITAr», a CKIaAHile — «4depe3 (GopaeBiHI», a JUId CyAEH 3 MPSAMUM
BITPHJILHUM OCHAIIIEHHSIM — JIETIIIE BHUKOHYBAaTH TOBOPOT «4epe3 (OpACBIHI», a CKIATHIIIE —
«oepmrtary. PSV ROYAL CLIPPER € HalOinpmuM 1 Ha CHOTOJHI €JMHUM HASBHUM
I’ SITUIIOTJIOBUM CYJHOM 3 MPSMHUM BITPHJIBHHUM OCHAIEHHSIM 1 TOMY € HaWCKIagHIIIUM ISt
BUKOHAHHS TIOBOPOTY «OBEPIITATY.

PosrnsHemo maHeBp Ha mpuKiani macaxupchkoro BitpmibHoro cynna (IIBC) ROYAL
CLIPPER, puc. 2. ROYAL CLIPPER sBnse coboro m’ATUIIOTNIOBUN KOopaOenb 3 TUIOIIHUHOIO
BITPUIILHOTO OCHameHHs 5209 M?, TIOBHA BOJOTOHHAXKHICTH — 5000 T, JOBKHHA MaKCHMAajbHA
132,74 m, noBxxkvHa MK TepreHAuKymnspamu 98,55 M, mmpuna 16,00 M, ocamka mMakcuMaidbHa

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin
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6,0 M. Mae 42 Bitpuna (26 mpsmux i 16 xocux) Ha 5 moriax — ¢ok (fore), rpor (main), mimn
(middle), 6i3aus (mizzen), mxurep (jigger).

Jlxurep bizanb Mizn I'por Dok
I | s R »4_ r" 2k 4 . ‘
| i | | rb 3

H T N e et
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Ha TIBC ROYAL CLIPPER pei Opacomisatbes Ha MiHiManbHuil kyT no Il y 43°
MiHIMaJBbHUH KyT aTaku, IPU SKOMY CyJHO Ma€ CTAJMH XiJa BHepen, JOpiBHIOE 17°, oTKe CEKTOp
IPOTUBHOTO BITPY B HOCOBiM uacTuHI JaOpiBHIOE 60° 3 KkokHOro Oopty, 3aramom 120°. Ilpu

3HAXOJDKEHHI BITPY B IIbOMY CEKTOPi CYJHO HE MOXE PYXaTHCh ITiJ] BITPUIIAMH BIIEPE]] 1 TIPH 3MiHi
rajca IoTpiOHO Ie# CEKTOp MPOXOAUTH abo 3a iHepIieto, abo Ha X0/10Bi Ha3asx [4].

Ha puc. 3 HaBeaena miarpama 3anexsocti mBuakocti BBC «Royal Cliper» Bix HanmpsiMKy
yZ1aBaHOTO BITpY.

160
195190185 175170165
12N

Pucynok 3 — Jliarpama 3anexHocri mBuakocti BBC «Royal Cliper»
BiJl HAMIPSIMKY Y/IaBAHOTO BITPY, sika Oysia BU3HAUEHA EKCIICPUMEHTATLHO

Ha puc. 4a 300paxeno exkpan pamgapa [IBC ROYAL CLIPPER 3 Tpaekropiero pyxy cyaHa

IiJ] Yac PO3BOPOTY B YMOBax Jii OOKOBOTO BiTpy. MaHEBp BUKOHYBAaBCs aBTOPOM y TippeHChKOMY
Mopi. CuilyeT CyiHa Ha TPaeKTopii pyXy HakaaeHi aBTopoM BpyuHy (puc. 4b).
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uepes gopaesmKa

2 6

Pucynok 4 — Iupkyssiis Benukoro BitpuibHoro cyaaa ROYAL CLIPPER:
a— ¢otorpadis 3 expaHa pagapa, b — TpaekTopis 3 HaKJIaJEHUMH CHITyeTaMH CyIHa

Ha HacTynmHHMX ckpuHIIOTax, puc. 5-13, HaBeseHI (pparMeHTH AaHOI TPAEKTOPIl I PI3HUX
eTariB MaHeBpyBaHHs. Ha gparMenTax 1o1aTkoBo 300pakeHi CHMBOJIM HACTYITHHX 0a30BHX TOYOK,
[IB — (©) — ueHTp Baru — po3paxoBy€eThCS 5K LCHTP CTATei HaBAHTAKECHHS Ha CyAHO. J{yis Kpamoro
3pO3yMIHHS TIPOIECy MOBOPOTY OyJeMO BBaXKaTH, IO CYAHO 3aBaHTAXXEHO TAaKUM 4YMHOM, 1o L[B
3HaXoAMThCs Ha mizeni. | Bci cuim, mpo siki Oyae WTH MoBa HUXKYe, OyIyTh PO3paxOBYBAaTUCH 3a
yMoBor0, 1o [IB — Ha wmigeni. Y pasi 3HaxomkeHHs B B iHmiNA To4Ii, Oyae po3paxoByBaTHCS
Bijictanb LB Bix mizento 1 BCi iHIII TOYKH, PO 5K Oy/e 3rajyBaTHCS HUXK4Ye, OyAyTh 3MIIICH] Ha
Taky X Bigctanb. [lonoxenns LIB mix yac MaHeBpy 3aIHIIAETHCSA HE3MIHHUM.

Upip — X — UEHTP BITPUIBHOCTI TEOMETPUYHMIA LEHTD HAJBOJAHOI YacCTHHH CyJIHA,
BKJTIO4aroun Bitpuia. Ilonoxenns Lpirp MOXKe 3MIHIOBATUCH 3aBISIKU JOAABaHHIO a00 MPUOUPAHHIO
BITpUJI.

A — $3 — Touka mMpHKTAZAHHA CHIM BIiTPY (aepPOAMHAMIUHOI) — 3HAXOIHUTHCS 3 GOKY
HampsIMKy BITpy. UMM MeHIIe KyT aTaku BITpYy, TUM BOHA Jajl BiJ UEHTPY BITPUIBHOCTI.
[MonoxxeHHst TOYKK A MOKe 3MIHIOBATHCh TP 3MiHI KypcoBOTo KyTa BiTpy [9].

oo - + — LIEHTp O0epTaHHs, 10 € TOYKOIO, BIIHOCHO SIKOT MOMEHT iHeplii cyqHa Oyne
HallMEHIIMM 1 BITHOCHO SIKO1 pPO3paxOBYIOTHCS BCl IUIEYi Ta MOMEHTH OOKOBUX CHJI, IO JiIOTh Ha
cyano. [7] 11O po3paxoByeTbCcst MO pi3HUISX TonokeHHs abcipicn [T mpu HyabOBid 1
MaKCUMAaJIbHIN MIBHAKOCTSX, a MOTIM Mo (OpMYyJi 3aJeKHO BiJ] YacTKU (PaKTHYHOI IIBHIKOCTI
BiTHOCHO MakcuMaybHOi. IlonmoxkenHs IO Mo’ke 3MiHIOBaTHCh BHACHIJOK HANPSIMKY pyXy 1
HIBUIKOCTI cy1Hg [8].

I - — TMOJIIOC TOBOPOTY, IIO € BUAMMOK TOYKOI, HAaBKOJIO $KOT (DaKTUYHO
po3Bepraethest cyaHo. [ 3HaXOAUTHCS 3 MPOTHIICKHOTO OOKY BiJl TOUKH MPHKIAAHHS OOKOBOL
cwin BigHocHO 11O [7] ITIT po3paxoByeThCs MO TAHTCHIIHHUM IIBHIKOCTSM HOCA Ta KOPMH 1 He
3aJISKUTH Hi BiJl THITy CyAHA, Hi Bil BUAY 1 KITBKOCTI pyIIiiB i MOXKe OyTH pO3paxoBaHUM IJisi OyAb-
sxoro cyaHa. [Tonoxxenns I1I1 Moske 3MiIHIOBATUCH IUISIXOM 3MiHHM ITOJIO’KEHHS TOUKH MTPUKIIATAHHS
OokoBoi cuim [8].

IToBOpOT cysnHa Mae BUKOHYBaTHCS Ha OAHOMY TeMili, 0e3 3aTpUMOK. ByJb-ska 3ynuHKa
MOJKE 3aTPUMATH CYJTHO, BOHO BTPATUTh XiJ1 1 TOBOPOT MOKE HE BIATHUCS.

IIpu BUKOHAHHI IUPKYJALIL, A7 TPOXOKEHHS BChOIO CHEKTPY KypciB y 360°, BiTpuiibHE
CYyIHO Ma€ BUKOHATH 2 TMOBOPOTH «4epe3 (OpAEBIHI», KOIU MEPETUHAE JIHIIO BITPY KOPMOIO i
«OBEpUITAr», KOJIH MEePETUHAE JIIHIIO0 BITPY HOCOM y OYy/Ib-sIKii TOCIiAOBHOCTI.

Orxe, posrmsHemo 1mwpkymsmito [IBC ROYAL CLIPPER 3a eranamu. ManeBp
BukoHyBaBcs 21.07.2004 y TippeHcbkoMy Mopi miJl KOMaH010 aBTopa. Ilo 3akiHUEeHHIO MaHEeBpYy
aBTOpOM 3pobieHa ¢Gororpadis MaHeBpy 3 ekpaHa pagapa (puc. 4a). Pucynok 4b moOymoBanuii
aBTOPOM Ha I1iil ¢oTorpadii HUIAXOM HaKIaJaHHSI CXEMAaTUYHUX MAJIIOHKIB Cy/HA B PI3HUX CTaAisIX
IUPKYJIALIL, a TTOTIM KOXHa cTafis Oyna nepedoTorpadoBana, 10 HEl JTOAaHI MOJOKEHHS 0a30BHX
TOYOK 1 3po0iieHi pucyHnku 5—13.

VAR Jlo pybpuxu exnioueno cmammi 3a memamuunoio cnpamoeanicmio « Tparcnopmui mexnonoziin
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Eran 1

Pucynoxk 5 — I[ToBopoT Benmkoro BiTpuisHOTO cynHa. Etam 1

Cyano npsmye kypcom 85° 31 mBukicTio 6—7 By3:miB, BiTep 350° 10 m/c, pei oOpacoruieHi
rajBiHI JTIBOTO Tajica 1 MpsAMI BITpWJa NPAMIOIOTh y sAKocTi kpwia. [[B O6aum3pko migento.
Vmax=14 By3miB. 3a takoi mBuakocti L{O = (0,12-0,14)L Bixg LIB. girp Tpoxu momepemy Mieiko.
Bnaciok Toro, 1o BiTep 06J13bKO TpaBep3y, TOUKA MPUKIIAJECHHS CHIIN BITPY IPUOIU3HO B IIEHTPI
BITPUIILHOCTI. BiTpmiia CTBOPIOIOTH SIK MO3/I0BXHIO, TaK 1 OOKOBY aepoarHaMivyHy cuiy. [TomoBxHs
€ pyuniHOW cuiol, a OokoBa yTBOproe apend. s kommeHcarii 1poro npeddy Kype
MPOKIAJAI0Th Ha KyT, IO JOPIBHIOE KyTy npeindy, Ommwkdye mo Bitpy. s mporo kepmo
MEePeKIaaloTh Ha MEeBHUIM KyT 1 yTPUMYIOTh HOBUM Kypc. MOMEHT aepoJuHaMIYHOI CHUJIH, TOYKa
MPUKIAJCHHS K01 po3TamoBaHa Heaaneko mozany LlO, HamaraeTbcs po3BEpHYTH CYAHO HPOTH
TOOUHHUKOBOI cTpuiku. bokoBa cumima kepma mnportuaie upomy. KyT mnepeknaaku kepma
BCTaHOBJIOETBCSA TaKUM, 1100 MOMEHT OOKOBOi CHJIM KepMa JIOpIBHIOBAB MOMEHTOBI
aepOAMHAMIYHOI CHJIM 1 CYJIHO HIJIO MPSAMHUM KypcOoM. 3aBIsSKH TOMY IO TOYKAa MPUKIAJCHHS
aepoanHaMiuHO1 cvim Hemaneko mo3any L[O, IIT manexo momepeny, 3a rabaputamu cymna. J[is
CJITyBaHHS MPSIMUM KypCOM TakKe po3TallyBaHHS 0a30BUX TOUOK € ONTUMAIbHUM.

Eran 2

Jl11a BUKOHaHHS MOBOPOTY NoTpiOdHo Habmu3utu I1I1, o0 BiH po3TamoByBaBcsi BCepeauHi
Koprycy cyaHa. CyaHO TOYMHAEe TIepeKyafiaTd KepMo IpaBopyd Ha Oopt. Llg omeparis
BUKOHYETHCSI TIOCTYNOBO, 100 PI3KO HE 3MEHIIWIach MWBUAKICTh. [IIBHAKICTE MOCTYHOBO
3HMXKYETbCs 10 4—5 By3niB. KoHTp-0i3anb npulupaeTbes 1is Toro, mob nepeHectu Lsip Briepen i
MOJIETIIUTH TOBOPOT Bix BiTpy. KypcoBuii KyT BIiTpYy 301IbIIYyEThCS 1 MEPEXOAUTH TpaBep3 y Oik
KopMu. Touka NMpHKIAJaHHA CHUJI BITPY MOCTYIOBO MOYMHAE 3MillyBaTHCsA B KopMmy. IlonoxeHHs
[IB He 3MiHIOETbCA MPOTIrOM BCHOTO MaHeBpY. Bracmigok 3menmeHHs mBuzakocti O
HaOmmxaeTbes 1o LIB npubmmsno 1o (0,08-0,1) L. (Ilpu Vmax=14 By3niB Ax = 0,2 L, i nmpu V= 4

By3na Ax = 0.08 L, mpu V=5 By3niB Ax = 0,1, 3riziHo 3 GopMyso0 Ax = L 1-— _ Vimax =
2 NVx +Vimax
2§ .
1-2&"’

& — € xoedilieHTOM, KMl BU3HAYAETHCA BIJHOMICHHSIM MaKCHMAIbHOTO MEPEMIIICHHS MEHTPY
obepraHHs 10 AOBXHHK cy1Ha [8]).

Ha cyaHO mouMHarOTh JTiSITH JBAa MOMEHTH: BiJ OOKOBOI CHJIM KepMa, KU HaMaraeThCs
PO3BEPHYTH CYIHO 3a TOAMHHHKOBOIO CTPLUIKOIO, 1 OOKOBOi CHJIM BIiTPY 3 JIBOTO OOpTY, SIKHIA
HAMAara€eTbCs PO3BEPHYTH CYJHO TPOTH TOJWHHHKOBOI CTpUTKM (00 TOYKA MPHKIAICHHS
aepoIMHAMIYHOI CHIIM JISKUTh Y KOopMy Bia Llsirp uepe3 Te, 1m0 BiTep 3 KOPMOBUX KYPCOBHX KYTIB.
[Inedye MomeHTY cuiM BiTpY 301mbIIyeThes 3 0 pH BITPOBI B OOPT 10 MaKCHMAIbHOTO 3HAUEHHS
IpH BITPOBi B KOpMy). BokoBa cuia kepma 3aJIeXKHTh Bix MBUAKOCTI cynHa. Came ToMy HOTpiOHO
BXKMBATH BCIX 3aXOJIiB, II00 MIBUAKICTh Cy/JHA 3HAYHO HE 3MEHIIyBanach. TakoX BEIUKUH BILUIUB
Mae To# (akTop, 1o Tiede OOKOBOI CHIIM KepMa 3aBXKIH MOCTiiHe 1 mpubau3Ho nopisHioe 0,5 L, a
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TUIeye CWIIM BITPY 30UIBIIYETHCS B Mipy 3pOCTaHHS KypCOBOTO KyTa BiTpy. BomHowac BenmmumHa
OOKOBOT CHJIM KepMa 3MEHIIYEThCS TIOCTIHHO BECh Yac BHACIIIOK 3HWKEHHS MIBHIKOCTI CynHa, a
BeIMYMHA OOKOBOI CHIIM BiTpYy OyJzie JOpPIBHIOBATH CHIJII BiTPY MOMHOXKEHOI HAa KOCHHYC KyTa MiX
HaINpsIMKOM BITpY 1 JiaMeTpaJIbHOIO IJIOMMHO0). MOMEHT KepMa IHIISIXOM 3MEHIIEHHS IIBUIKOCTI
3MEHIIYETHCS, | MOMEHT CHJIM BIiTPY B 3arajbHOMY BHUIIJKy 3MCHIIYETHCS. TaKUM YUHOM, PI3HHIIS
MOMEHTIB TaKOX 3MEHIIYyeThCs. ToMy 1100 pe3ynbTyroda O0KoBa cuiia Oynia CHpsMOBaHa JIiBOPYY,
KOJIM TOYKa ii IPUKIIaJICHHS BIAIAISIEThCS B OIK KOPMH, TIOTPIOHO MEpeKIajKy KepMa BUKOHYBATH
IUIaBHO, MO0 LIBHIKICTh HE 3MEHINWJIACH Pi3KO. [HKOIM IS MPOJOBXKEHHS IOBOPOTY MOTPIOHO
3a4eKaTH SKUUCH 9ac JIs 30UTBIIICHHSI IBUKOCTI CY/IHA.

Pucynok 6 — [ToBopoT BenuKoTo BiTpuibHOTO cyaHa. Etam 2

Eran 3

Cyano npoioBxye moBopoT. Pei mounHaroTh OpaconuTi TAaKUM YUHOM, 100 BOHU 3aiiMalii
TMIOJIOKEHHS BIAHOCHO BITpY mpubau3Ho B 90° . BiTpuiia mo4nHaOTh OpalioBaTH TAKUM YUHOM, IO
IMIBUAKICTh HAOYBA€THCS IIISAXOM CHIM iXHBOTO J1I0OOBOro omopy BiTpy. IIBHAKICTE TpoOmOBKYE
Oytu Ha momnepenHboMmy piBHI. [lpuumHu nporo ommcani Ha etami 2. LIB 1 IO 3HaxonsaTecs Ha
nonepenHix MiciX. Lgirp BHACTIZOK TOTO, 11O 3a/HI BITpHUJIA 3aKPUBAIOTH MEPE/IHI, 3MIIIYETHCS B
kopMy. KypcoBuii kyt BiTpy 30uabmIyeThess a0 180°. 3aBasku 1pOoMy IUIede CHIM BITPY
301IBIIy€ThCSI MakcuMabHO J10 0,25 L [1].

[Ipu HAsSBHOCTI JOCTAaTHHOI MIBHIAKOCTI MOMEHT OOKOBOiI CHJIM K€pMa BCE OJHO MEPECHITIOE
MOMEHT OOKOBOI CHJIM BITpY, ajle B AKHICb MOMEHT, Ha KypcoBoMy KyTi B 130-150° cyHO moraHo
CITyXa€eThCs KepMa (11€ BIIOYBAETHCS caMe TOMY, 1110 Ha WX KYPCOBUX KyTaxX BEJIMYUHHU MOMEHTIB,
SK1 yTBOpEHI OOKOBOIO CHJIOIO KepMa 1 BITPOM HAOIMKAIOThCs OJ1HA J10 0/1HO1). Touka nmpukiiaganHs
aepOJIMHAMIYHOI CHJIM BITPY 3MINLYETHCSI B KOPMY 1 TOMY TOJIOC TTOBOPOTY HaOmmwkaeTbes o 11O.
Le nae MOXJIMBICTD IPUCKOPUTH ITOBOPOT, KOJIM KyPCOBHI KyT BITpY cTae O6ipmmM 150°.

Pucynox 7 — I1oBOpOT BeIMKOTO BITpUIBHOTO cyaHa. Etam 3

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin
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Eran 4

CynHo mnepeTuHae JiHIIO BITPY KOPMOIO, TaKUM UYHWHOM BHKOHYIOUM IIOBOPOT «uepes3
¢dopaeBiHgy. Pei mpomoBKyOTh OpacOMUTH, YyTPUMYIOUYH MOCTIHHUN KyT MK HUMH 1 HAaPSIMKOM
BiTpy. s mifABMINEHHS KYTOBOI LIBHJIKOCTI IOBOPOTY HicCIis MEPETUHY JiHil BITpY KOHTp-Oi3aHb
CTaBIISITh, PO3BepHYBIIM Ha mpaBuid ranc. LB, i [IO 3HaxonmsaThcs Ha momepenHix MicsaX. Llgimp
MIOBEPTAEThCSl Ha IONEpelHE Micle, e BiH OyB 10 mnpubupaHHs KoHTp-OizaHi. Hlmsaxom
MOJIAJIBIIOT0 3MEHIIIEHHS KypCOBOTO KyTa BITPY, TOUKA MPUKJIAJCHHS CHJIH BITPY HAOIMKAETHCS /10
Igirp. 3aBasiku 1ipoMy 111 MaB Ou 3MimnyBaTHCs BIepeq Yy Mipy 3MEHIIEHHS BiCTaHi MK Llsimp Ta
TOYKOO TPHUKJIAICHHS acpoJMHaAMIYHOI cvuii. AJie OOKOBa CHJIa KepMa 1 CHJIa BITPY IMOYHHAIOTH
JISITU B OJHOMY HAmpsSMKYy, YTBOPIOIOYM MOMEHT OJHOrO 3HAaKy, SKHH po3BepTae CyIHO 3a
TOJMHHUKOBOIO CTPiKOI0. CyIHO PYyXa€eThCs 13 TAKMM KyTOM Jperdy, 00 MpOEKITis MO3I0BXKHBOT
cuiiu Ha OOKOBY BiCh JOpPIBHIOBaJIa CyMi OOKOBUX CHJI Bil K€pMa 1 BITpUJI. 3aBISKU LIbOMY ILIeue
cyMapHOi OOKOBOI CHJIM KepMa 1 BITpHMJI MOXKE 3MIIIyBaTHCS TPOXH BIepex abo Hazam, abo
3aJMIIaTHCA Ha Micli 3alexHo Bif cuiu BiTpy, [ 3anumaerscs B Mexax kopmycy. Lle Hamae
MO>KJTUBICTh Ha IIbOMY €Talli IPOOBKYBATH IIOBOPOT, 30epirarouu iHEpIii0 00ePTATBHOTO PYXY.

Pucynok 8 — [ToBopoT Benukoro BiTpuiibHOTO cyaHa. Etam 4

Eran 5

Pucynox 9 — [ToBopoT BenMKOTro BiTpUIBHOTO cyaHa. Etam 5

CynHo mpoJIoBXKy€e MOBEpTaTH 1 Hae Ha MoBopoT «osepmuTar». CyaHy MOTpiOHA JOCTAaTHS
iHepIis, 00 MepeTHYTH HOCOM JIiHito BiTpy. Jst 30inbmeHHs KyToBoi MBHAKOCTI Llgirp TOTPiOHO
3MICTUTH Ha3zajA. s 1poro KOHTp-0i3aHb OpacomuisTh Ha JIBUH rajic 1 mpUOMparOTh KIIBEpH.
KypcoBwmii KyT BiTpy 3MeHIIyeThCs 10 90° MpoIoBKy€e 3MEHIITYBAaTHCS JIalli i TOYKA MPHUKIATAHHS
CHUJIU BITpY HaOmmkaeTbes 10 Lgirp. 1 moTiM nepetunae ii. LB 3HaxoauThes Ha monepeHboMy MiCL.
KyT araku npsMux BIiTpHJI 3MEHIIYETHCS 1 pei HaOIMKAIOTHCS IO HANIPSIMKY, KOJIM BOHH MEPETHYTh
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miHito BiTpy. IIBHaKicTs cymana 3HMWKYEThC 1 1{O HaGmmkaeTses go 1[B. Bracmimok nii 6oxoBoi
cuin kepma I1I1 3Haxoauthest Ha Biactani (0,17-0,18) L momepeny mimento.
Eran 6

Pucynoxk 10 — IToBopoT Benukoro BiTpuisHOTO cyaHa. Etam 6

CynHo 3a iHEpLI€ NPOJOBKYE PYXaTUCh BIEpeN 1 pO3BEpTATHCS 3a TOJMHHUKOBOIO
cTpinkoro. [Ipu mepetuHi pesMu JiHIIO BITPY mpsMi BiTpuia oOcTiHIOWOTheA. CynHO BTpaudae
HMIBUJIKICT. SIK TUIBKM TpsAMi BITpUJIa OOCTIHATHCS, MOYMHAIOTH OPACONUTH TPU 3aIHI LIOTJIM HA
NPOTHIICKHUH Tasc. [1ix THCKOM mpsAMUX BITPHII Ha IMX IIOTJIaX 1 KOHTP-013aHi, sika oOpacorieHa
Ha JIBUH Tajc, CyAHO MPOAOBKYE PO3BOPOT 3a TOAMHHHUKOBOIO CTPUIKOIO 1 HaOyBa€ MIBUIKICTh
Hazaz. [licis Toro Sk CyJHO 3yMUHUTHCS, KEPMO IEPEKIIaIaeEMO JiBOPYY Ha O60pT. X04 Ha 3aTHBOMY
XOZOBI KEPMO MEHII e(eKTHBHO, HIK Ha TMEpeIHbOMY, aje€ BOHO BCE OJHO MpaIoe 1 TpU
301IBIICHH] MIBUAKOCTI 3aAHbOro xoxay no 1,0—1,5 By3nmiB Bigxumsie xopmy JiBopyd. LB 1 Lgirp
3HAaXOHAThCs Ha momepenHix micusx. 1O dyepes BiaCyTHICTH MIBHAKOCTI 3MilryeThes a0 LB, a
MOTIM, IO HaOYTTI MIBUJKOCTI 3aIHBOTO X0y, TPOXU B KopMy Bix LIB, nmpu6nnsno Ha 0,03-0,04 L.
Touka npuKIaaHHsI aepOIUHAMIYHOI CHIIM B 3B’SI3KY 31 3MEHIIEHHSM KypCOBOTO KyTa BITPY MEHII
Hix 90° mepeminryeTbcsi Bhepea Bi Mifgemo 1, BiamoBigHo, Biax LIB. 3aBasku upomy III1
3MinryeThest Ha3amd, 3a 11O ToMy, mo O0okoBa cuila KepMa MpH BiJICYTHOCTI IIBUIKOCTI BXKE Maibke
HE Mpalloe, a aepoJUHAMIYHA CHJIa BITPY HAMarae€TbCsi pO3BEPHYTH CYAHO HMPOTH T'OAMHHUKOBOI
ctpinku. Y neir momeHT [T moxe Oyt 3a mexkamu cyara. OTke, €IMHOIO CHUJIO0, SIKa MPAITioe Ha
PO3BOPOT Cy/HA 32 TOJUHHUKOBOIO CTPLIKOIO, 3aJUIIAE€THCS CHiIa (MOMEHT) 1HEpIlii 00epTaaIbHOrOo
pyxy. Tomy ans ycmimHoro #oro BUKOHaHHS NOTPiOHO HaOpaTH 3a3[ayieriib JOCTATHIO KyTOBY
MIBUOKICTD.

Eran 7

Ha npomy etanoBi, mepeTHYBIINM HOCOM JIHIIO BITpPY, CyJHO HaOyBa€ MIBHJKICTb 33HHOTO
X0y 1 il BIUTMBOM MEPEKIIaJeHOro JiBOPYY KepMa i1 BITpWI Ha (DOK- 1 TPOT-IIOTIIAaX MPOJOBKYE
PO3BOPOT 3a TOAMHHUKOBOIO CTPUIKOIO. BiTpuiia Ha TphOX 3aHIX LIOIJIaX MPALIOIOTh TiplIe TOMY,
0 IXHIA KyT aTaku 3MEHIIYETbCS 1 B SKHICh MOMEHT BITPHJIA ONHUHSIOTHCS B TIOJOXKEHHI
«JICBEHTIK», TOOTO, KOJIU BIT€p AME B3JIOBXK BITPWI 1 BITpUJIa HE MPALOIOTh. TaKoX, SIK TUIBKU
BiTEp TMEpeTHEe JiHII0 HOCa, CTaBIATh KIIBEpH, NpHYOMYy, Ha mpaBuid raic. KoHTp-0izaHb
npubuparots. Bee 11e pazom 3 npssMuUMHM BiTpuiiaM (OK- 1 TPOT-ILOIJI HA/la€ CyAHY OOKOBY CHITY, SIKa
po3BepTae CyaHO 3a TOJMHHHMKOBOIO CTPUIKOIO Ha 3aAHbOMY Xoja0Bi. LB 3HaxomguTbcs Ha
noneperHboMy Miclil. Llsirp 3MinTyeThest Bnepen. UYepe3 HaOyTTs MIBUAKOCTI 3aaHboro xoxy LIO
3MIITy€eThCsl Ha3ad. Todka NMpUKIaJaHHS aepOJMHAMIUHOI CHJIM 3HAXOIUTHCS TOMEPEdy MiJelto
yepes3 Te, 110 BiTep AME IiJ TOCTpUM KyToM. Bce 1ie 3011blilye MOMEHT, 110 pO3BEpTaE CyJHO 32
TOAMHHUKOBOIO CTPIIKOIO, a BIAMOBIAHO 1 KyToBY mBHAKICTh. III1 3HaXomuThcst B KOPMOBIH
YacTUHI KOpIYCYy 3aBASKM TOMY, L0 TOYKAa IMPHUKIAJAHHSA AepOJMHAMIYHOI CHJIM 3HAXOIUTHCS
noniepexy Bix 11O.

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin
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Pucynoxk 11 — IToBopot Benukoro BiTpuiibHOTO cyana. Etam 7

Eran 8

Ha 1mipoMy eramnoBi CyJiHO Ha 3aJIHOMY XOJYy JOCTaTHBO PO3BEPHYJIOCS 332 TOJUHHHKOBOIO
CTPLUIKOIO 1 TpsIMi BiTpWiIa Ha 3 3aJHIX IMIOTJaX MOYalIM IparfoBaTé BHepen. [IpsMi BiTpmia Ha
NepeHiX LIorjax Ie MpaIloloTh Ha3ad, ToMy iXx OpacomuaTe Ha jdiBuid rauc. lIkoTu kimiBepiB
TaKOX MepPeKUIaroTh Ha JiBUH ranc. CyaHO 3yNUHSAETHCS 1 MOYMHAE HaOyBaTH nepenHii xia. LB i
Isirp 3HAXOAATHCS HA ToniepeaHix micisix. [Toku cyano He HaOymo mBuakocti 11O 3HaxomuThes B
omHomy wmicmi 3 IIB. OckiibkH KypCOBUH KyT BITpY 30UIBIIUBCSA, TOYKA MPHUKIAJICHHS
aepOAMHAMIYHOI CHIIM TaKOXX HAaOIHM3WIach 0 Miaento i, BiamosigHo, Ao LIB. III1 3naxoautbes B
KOpMi, MOXKIIMBO, HaBiTh, 32 MEKaMHU KOPITYCY.

Pucynoxk 12 — IToBopot Benukoro BiTpuibHoro cyana. Etam 8

Etan 9

Pucynok 13 — IToBopoT Benukoro BiTpuibHOTO cyaHa. Etam 9

Ha wmiii cranii Opacomnsate pei Ha (ok- 1 IpoT-IIOraax Ha JIBHM Tajc, CTaBIATh KOHTP-
0i3aHb, MONPABISIIOTH BCi BITPHJIA 1 JIATAIOTh HA TOMNEPEHii Kypc. Bei omopHi TOYKM 3aliMaroTh
MOYATKOBI MOJIOKEHHSL.
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TakuM YMHOM, BHKOHAHHS MaHEBPIB Ha BEJIWKOMY BITPHIIBHOMY CYJIHI BHUMAarae BiJ
CYJTHOBO/IisSl 3HAHHSI TEOPETHYHUX MiJBAJIMH SK aepOJMHAMIKH, TaK 1 TApPOAMHAMIKH, a came, K
BUKOPHCTOBYBATH MEPEMIIIICHHS TIOJIIOCA TOBOPOTY TIiJl 4ac 3MiHU HAIIPSIMKIB SIK BITPY, TaK 1 Kypcy
cyaHa. [ToBopoTu Ha BEIMKOMY BITPWIBHOMY CYJHI 3 NPSIMHUMH BITPHIaMH, OCOOJIHMBO MOBOPOTY
«OBEpUITar», BUMararmTh BiJ €KilMaxXy 3HaHb, BMiHb 1 3J1aro/pKeHocTi B poOoTi. CyaHa MEHIIOTo
pO3Mipy MOXYTh MEPETHYTH JIHIIO BITPY HOCOM 3a iHeplieto 6e3 BTpaTH BiACTaHI Mija BiTep, X0U i
[le BUMarae TapHOTO BOJIOJIHHS HaBUYKAMH BHKOHAHHS I[bOTO MaHEBpY. A Ha CyaHI TaKoi
BOJIOTOHHA)KHOCTI 1 TaKOi JIOBKWHH, TIOBOPOT «OBEPIITAr» MOXKE€ BHUKOHYBATHUCS TUIbKH 3 3a/JHIM
xoqoM. Tomy 3HanHs nosokeHHs IO Ta IIIl sx Ha mepeaHbOMY, Tak 1 Ha 3aJHBOMY XOZax
JloNIoMarae BUKOHATH 1€ MOBOPOT, Tak 1 MOBOPOT «depe3 (opaeBiHm». Y MOBOPOTI «yepes
(dopaeBiHI MOTPIOHO TAKOX 3HATH JIEAKl HIOAHCH, HANPUKJIAJA, TE, 10 Ha KypCOBUX KyTax BITPY
130-150° onHoOro GOpTY HpU MOBOPOTI HA MPOTUIIEKHHUI OOPT CyAHO MOTAaHO CIIyXa€eThCs KepMa,
SKIIO HE Ma€ JOCTaTHbOI HIBUAKOCTI. Y TaKOMy pasl MOTpIOHO MpHMMAaTH JOJAaTKOBI 3aX0[Hu,
HaNpUKJIa] 3MEHIITYBaTH IOy KOPMOBHUX BITPHIL.

OcHOBHI pe3y1bTaTH Ta IX 00rOBOpPEHHH.

— Ilpu BuKOHaHHI MOBOPOTY «uepe3 (OPAEBIHI» cuia 1 miaedye OOKOBOI CHIM KepMma
3aJIMIIAIOTBCSL B TIOMEPENHIX MeXaX, HaBiThb CHJIa MOXE 3MEHIIYBaTHCS BHACIIAOK NaJiHHA
HIBUJIKOCTI CyJIHA Yepe3 MepEeKpUBaHHs MepeIHiX BITPUI 3aJAHIMU. MOMEHT CUIM BITPY, HaBHAKH,
301LIBIIYETHCS Uepe3 HaOIMKEHHS KypcoBOro KyTy BITpy A0 180° 1 30UIbIIeHHS IJIe4a CUIIM BITPY
3aBJIIKM MEPEMILICHHIO TOUKH MPUKIIaJaHHs CHIIM BITpY B KopMy. Ha kypcoBux kyrax y 130-150°
cyaHo moraHo ciyxaeTbcsi kepMa. (Etam 3) Lle BimOyBaeThcsi camMe TOMY, IO HA IIUX KYPCOBHX
KyTax BEJIMYMHHU MOMEHTIB, Kl YyTBOPEHI OOKOBOIO CHIJIOK K€pMa 1 BITPOM HaOJIMKAIOTHCS OJIHA 10
onHoi. Touka NpUKIaJaHHA aepOAMHAMIYHOI CHJIM BITPY 3MILIYETHCA B KOPMY 1 TOMY IIOJIOC
noBopoTy Habmwkaerbes A0 L1O. s nogonanss wiei npobieMu noTpioHO Bech yac OpaconuTH pel
MEPIEeHIUKYIISIPHO J10 BITPY 1, AKIIO 1€ MOTP10HO, 3SMEHILIUTH KYT MEPEKIaIKU KEpMa Ha SIKUICh Yac
Ui HaOOpy MIBHJIKOCTI 1 TUM CaMHMM 30UIbIIEHHS MOMEHTY OOKOBOi CHJIM KepMa Micis Habopy
HIBUJIKOCTI 1 TepeKiagku kepmMa Ha Oopr. Lle mae MOXIHMBICTD HPUCKOPUTH MOBOPOT, KOJIU
KypCcOBHUI KyT BiTpy cTae OutbmuM 150° 1 Hamasmi nepexoauTh Ha MPOTUIIC)KHUN OOpT, 16 MOMEHTH
CHJI KepMa Ta BITPY /AONOMAaraioTh OJIUH OJHOMY. TakUM UYWHOM 3aBISKH EKCIIEPUMEHTY
MIITBEP/HKEHO Te, 0 Ha KypcoBux KyTax y 130-150° cyaHO moraHo ciayxaeThest KepMa 1 IMOsSICHEHO,
YOMY II€ BiIOYBA€THCS CIIUPAIOYHUCH HA HOBY 3MiCTOBHY TEOPIO MMOBOPOTY CY/THA.

— KputnuyHoro TOYKOIO 1718 CyJHA 3 IPSAMUM BITPUIBHUM OCHAILEHHSM € IEPETHH CYAHOM
HiHii BiTpy HOCOM. JIJIsl IBOTO CYHO PO3TaHSIOTH, 30UTBIIYIOUN KyT aTaKd HUIIXOM BiJIBOPOTY BiJl
BITpY, @ MOTIM MPHUBOJATH JI0 BITPY mNepekiankor kepMma. [1lo0 301UIpIUTH KPYTHHH MOMEHT Bij
OOKOBOi CHJIM KepMa, BHUHOCATh KOHTp-0i3aHb Ha Bitep 1 mnpubOuparors kiiBepu (Etam 3).
[TepeTHyBIM JIiHIIO BITPY pesIMH, MPsMi BITpUJa Ha MIOTJaX OOCTIHIOIOTHCS (BITEpP M€ B HHUX 3
HOCOBOTO HAIPSIMKY) 1 MOYMHAIOTH MPAIfOBaTH Ha3a, 3ynuHsoun cyaHo (Etam 6). Y et MomeHT
MOYMHAIOTh OpaconuTu pei Ha 3 3aAHIX WIOrIax, BUBOAAYM iX 3 BITpY. Lsip Ipu mpomy
MEPEMIIIYEThCS BIIEPET 3aBASKH BUBEJICHHIO KOPMOBUX BITPWII 3 BITPY 1 TOUKA MPUKIIAJAaHHS CHIIA
BITPY TaKOX IEPEMIIIyEThCS BIEpea, 00 BiTEp AME 3 HOCOBUX KypCOBUX KyTiB. OCKUIBKH TOYKA
MPUKIIAJICHHS CHJIM BITPY 3HAaXOAMTHCS B HOCOBiM wacTuHi cyana, I1I1 mepecyBaeThcst B KOpPMOBY
yacTuHy cynHa. Koy cyaHo 3ynMHsA€ThCS, a MOTIM NOYuHae pyx Haszal, 11O 3HaxonuThes B paiioHi
1IB, 60 mBuakocti B meit MomeHt Omm3bko 0. Kepmo mepekianaroTe Ha MpOTHICKHHNA O0pT (Y
TAaKOMY BHUIMAJIKy 3 IpaBoro OOpTy Ha JiBUM) An8 TOro, mo0 NPOJOBXKUTH PO3BOPOT 3a
TOJMHHUKOBOIO CTPIUTIKOIO Ha 3aaHboMy Xoay. LlO mpu npomy moumHae 3MilllyBaTUCS Ha3al MpU
Habopi mBuaKocTi q10 1,0-1,5 By3na, a tuiede OOKOBOI CHIIM BITPHII 301IbINy€eThCs. [ mbOTo %X
MEPEHOCSTh IIEHTP BITPUIBHOCTI BIIEPE]] CTABISUU KiIiBepa i mpubuparoun KoHTp-0izanb (Etam 7).
VY migcymky 1O 3minryrotbest Hazan 3a LB, Lgirp 3MilyeThcs Briepea, TOUKa MPUKIATaHHS CHIIN
BITpY Takox 3Mimnyerbess Brepea. 111 3minryeTscst Ha3ad i CIpusie TOBOPOTY 3a TOJWHHHKOBOIO
CTPUIKOIO. YBAJIMBLIMCH IiJ BITEp Ha JOCTATHIN KyT, KOJIM MOYHYTh HPAIIOBATH BIEpe] KOPMOBI
BITpHJIa, CY/IHO TIEPEKIIaac KepMO MPaBOPyH i OTpuMye Xin Briepen. Hocosi mornm Opacoruisite Ha
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noBuit rayic (Etan 8). Ile Takoxk MiATBEPIHKEHO 1 MOSCHEHO HA 0a3i BUKOPUCTAHHS HOBOI CXEMH
MIOBOPOTY Cy/HA 1 epeMillleHHs 0a30BHX TOYOK IIOBOPOTY.

— Cyano po3Bepraetsesi HaBkoyo [II1. J{ist iporo cuia kepma, sika IPOTHIIE CHITI BIUTUBY
BITpWJI, Ma€ yTBOpIOBaTH MOMEHT BigHocHO IO, sikuil mepeBepliye MOMEHT CHJIM BITPY TaKOX
BigHOcHO 1[0, a00 BUKOPUCTOBYBATH CHITy BITPY UIS TMPOJOBXKEHHS IMOBOPOTY B pasi, KOJW CHIIA
BITPY YTBOPIOE MOMEHT y HamlpsMKY MOBOpOTY. Lle pocsraeTbes TuM, 1110, 3Hat0uu nonoxxkeHHs L{O
npu MaHeBpax (ronepeny LIB nmpu pyci Bnepen 1 nmo3any Bia LIB npu pyci Hazan) 1 mojokeHHS
TOYKU NPHUKIAJCHHS CHJIM BITPY, MOMEHT BiJi OOKOBOi CHJIM KepMa, SKUH € Maiike MOCTIHHUM 1
3aJIe)KUTh B OCHOBHOMY BiJl CUJIM BITPY, MA€ 3aBX/IU MEpPEBEPIIyBaTH MOMEHT CHIH BITPY. A L€
BXKE JIOCATAETHCS TUM, 110 MOMEHT CHJIM BITPY MOXKHA PEryJIIOBaTH LUIIXOM 30UIbIIEHHS a0o
3MEHILIEHHS IUIOII BITPWJIBHOCTI (IpuOuparoun abo cTaBisud BiTpwia) abo Opacoruisiuud pei 1
TaKUM YMHOM BHBOJSYM 3 BITPY HOCOBI a00 KOpMOBi BiTpuia. ToOTO, OCHOBHUM 3aBIaHHSAM
CYJIHOBOJIISl JJIsl YCHIIIHOTO MOBOPOTY BITPUJIBHOTO Cy/HA € MEPEBEPIIEHHS MOMEHTY BiJl OOKOBOT
CHJIM KE€pPMa HaJ MOMEHTOM CWJIM BITpY a00 BHUKOPUCTOBYBAHHS CHJIM BITPY AJISi IPOJIOBXKEHHS
IIOBOPOTY B KOKHUN KOHKPETHUA MOMEHT ITIOBOPOTY.

— Ha nupkymsuii cyqHO BHKOHYe J1Ba MOBOpOTH. st Toro moO BOHM OyiM BAAIMMH,
0a30B1 TOYKHM MMOBOPOTY MOTPIOHO pO3TallyBaTH B MOTPIOHMX MicIsgX. MaHeBp BHUHIIOB BIAINUM,
TOMY MOJKHa 3allpONOHYBAaTH pO3TALIOBYBaTH 0a30BI TOYKM B THX MICLSAX, /1€ BOHM Oynu
po3TalloBaHi NPy BUKOHAHHI IIbOTO MaHEBPY 1 BUKOPUCTOBYBATH €BOJIIOLT, IK HAITUCAHO BUIIIE.

— Ha Benukomy BiTpmiibHoMy cyani ROYAL CLIPPER mpotsarom 2004—2006 pokiB 0yio
npoBesieHo 19 ekcriepuMeHTIB 3 HUPKYJIALIT CyIHA, SIK1 TIATBEPAMIN A1€BICTH METOAY.

BucHosku.

— IlpoBenenuii aHani3 JiTepaTypHUX JKEpE Ta MOLIYK aHAJIOrIB 1 mporotuis. [[xepena
[2-5] crocyrorecs maneBpyBaHHS mij BiTpmiamu, Jukepena [1, 5-18] crocyroTbcsi BHKOHaHHS
CyJHaMH TIOBOPOTY i BpaxyBaHHS 0a30BHX TOYOK MOBOPOTY i TiNbKH JuKepeno [5] crocyerbes
BUKOPUCTAHHS PyXOMOTIO HOJIOCA TOBOPOTY BITPUIBHUKOM.

— Po3pobnena cxema TOBOPOTY BEJIMKOTO BITPWIBHOTO CyJHA, 3 YpaxyBaHHSIM
nepeMilieHHs: 0a30BUX TOYOK ITiJT YaC MaHEBPY.

— Po3pobnenmii mUISIX MOBOPOTY BEJIMKOTO BITPUIBHOTO CyJHA 3 BUKOPUCTAHHSIM
KOHIIETLi IOJIrca MOBOPOTY.

— Bukonana mepeBipka TMpale3laTHOCTI Ta €PEKTUBHOCTI PO3POOJICHOrO MUIIXY dYepes
poBeAeHHs 19 ekcriepuMeHTIB 3 IUPKYJIALIT BETUKOTO BITPUIBHOTO CYyAHA.

— Ha puc. 4a BumHO, 110 3MINIEHHS MiJ] BITEp MPH MOBOPOTI «4epe3 (HopaeBiHI» CKIIanae
3,4 xOt, a mpu MoBOpoTI «oBepmrar» — 1,8 kOT. [Ipu maBaHHI Mg BITPHIIAMH IS 3MIHU TajCy
KpammM Oy/ie TOBOPOT «OBEpINTar», ajie, SKIIO BiH HE BIAEThCS 4Yepe3 sKICh OOCTaBUHU Ha
NepeHbOMY XOJy, HOTpiIOHO PpOOUTH Ha 3aJHBOMY, a00 BUKOPUCTOBYIOTH IIOBOPOT «4epe3
dbopaeBiHy.

— Jlng MaHeBpiB Ha BEIUKOMY BITPUIBHOMY CYIHI MOTPIOHO YITKO YSIBJIATH TMOJIOKEHHS
0a30BUX TOYOK, a caMe: TOUYKH NPUKIIAJaHHSI CHUIIM BITPY (a€pOJUHAMIYHOI), IIEHTPY BITPHIILHOCTI,
LEHTPY Baru, LIEHTpy 00epTaHHs, TOJOCY IIOBOPOTY.

— JIns moJeTIeH s MoBOpOTy 0a)kaHo POOUTH Tak, 100 MPH 3MiHI HANIPSIMKY PYXY Cy/aHa
(Bmepen — HazaJ) 1 BHUKOHaHHA NpHU IbOMY IIOBOPOTY TOYKAa HPUKIAJAEHHS cuiau Oyna 3
MPOTHIICKHOTO OOKY BiJ HapsIMKY pyXy (Ipu pyci Briepe — y KOpMi, IpH pyci HazaJ — y HOCOBI).
Ie Hagacte MoxuuBicTh nnepeHocuty 1111 y HanmpsiMKy pyXy 1 OJIETIIyBaTH TOBOPOT.

— HaykoBoro HOBH3HOIO € Te, IO IpPU MOBOPOTI «OBEPINTAr» IIiJi Yac TMEPETHHY BITPY
HOCOM /1Bl HOCOBI ILOIJIM 3aJIMIIAIOTHCS HA MONEPEeIHbOMY Tajci, a 3 3agHiX — OpacormysaThes Ha
BIZIMiHY BiJ{ TOTO, III0 paHille Ha 1HIIUX CyJHaX TUTbKU (DOK-IIOTIIA 3aJIUIIaIacs Ha MONepeHbOMY
rajci, a pemra Opaconmuiuck. [le BimOyBaeThCs 3aBASKH TOMY, 10 Ha S-IOTIIOBOMY KOpabii (ok- i
TPOT-IIOTIIH 3HAXOATHCS MOMEPEy MiZIeTs 1 TOMY MOXKYTh BBKATHCS HOCOBUMH IIOTJIAMH.

— HaykoBoi0 HOBM3HOIO € Te, IO pO3MVIAJAETHCS BHUIMAJOK 3 BPaxyBaHHSAM JBOX
MOTIEPEYHMX CHJI: KepMa Ta BITpHII. BU3HAUaIOTHCS IIeUi WX CHII 1 TIOPIBHIOIOTHCS 1XHI MOMEHTH
BITHOCHO LeHTpY oOepraHHA. [Ipu 1mboMy Il YCHIIIHOTO BHUKOHAHHS IMOBOPOTY IpPH PI3HUX
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HanpsMKax MOMEHTIB CHJI KepMa Ta BITPY NPOBOASTHCSA 3aXOMU JJIsi yTPUMYBaHHS IepeBaru
MOMEHTY BiJl CUJIM KepMa HaJl MOMEHTOM BiJl CHJIM BITpY (IIpUOMPAIOTHCS Ta AOAAIOTHCS BITpUIIA,
OpacoIIsThCs MEBHI pel B NOTPIOHOMY HAIPSMKY).

— HaykoBoro HOBHM3HOIO TakoX € PO3KJIaa IPOLECY MOBOPOTY BEIUKOTO BITPHIIBHOTO
CyIQHa 3 MPSIMHM BITPHJIBHHM OCHAIICHHSM Ha €TalM i BU3HAYCHHS MOJOXEHHS 0a30BHX TOYOK
MOBOPOTY Ha KOKHOMY 13 €TaliB BiAMOBIZIHO 10 3alpOIIOHOBAHOI 3MICTOBHOI MOJENI MOBOPOTY
cyaHa [17], a Takox BH3HAUCHHS OCHOBHOTO 3aBJAaHHS CYJHOBOMIS JUIS YCHIIIHOTO BHKOHAHHS
HOBOPOTY.

— Tlpomonyetbes Tpadivna onepaTHBHA KapTa MaHeBpy (puc. 14).

| IK=120-150°, V=4-5 By3IL
Pel OpACOTLIATHCA TaK,
mob KyT A0 BiTpy OVB 90°.
Kaieepa Ha op/r. CyaHO
TIPOTIOEAYE D

IK=85°, V=6-7 B. Bci IK=85"+, V=6-7/4-5
BITpHIIA, pei — Kp. Oefn. B. Kontp-013a6p
JUT, KEPMO TIPAMO KepMo p/o. CyaHO
MOYHHAE TIOBOPOT

IK=300°+, V=0 5. Peina 3
3a[IHIX IOTIax D Ha T, ;K=18(}"+, V=4-5 By3IL
i Y74 el OPACOITATRCA Tax,
K.n:usepa' ’ . £ mob KyT Jo BITpy OyE 907
Krieepa Ha np/t. KoHTp-
ﬁi,sa}m*Cym{o MOYHHAE
TIOEOPOT «OBEpIITAT

IK=0°+ V=10-15

5. Kmisepa .

KUEI‘p—ﬁl-BBH]:*_ i
Kepno — /0.

IK=60°+, V=15—30B. 9

Pei Ha 2 mepeqHiX IOTAax Wi IK=70°+, V=55—-6.0 B.

Ha 'T. Kepmo - mpavo ’f'::}"' 3 Kortp-6izanp . Kepmo -
"_f-"' paMo

4 5.

Pucynok 14 — I'padiuna onepatuBHa kapta MaHeBpy mupkyisinii BBC ROYAL CLIPPER

IlepcnekTUBH MoAaJBLIIMX AOCJimxkeHb. [loganpmii gocmipkeHHsT OyayTh TPOBOAUTHCS
CTOCOBHO IPOLIECY OBOPOTY PI3HUX TUMIB CYZEH 3 PI3HUMHU PYIIiSIMU B PI3HUX YMOBaxX.
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Tovstokoryi O. M. A SUBSTANTIVE MODEL OF THE TURNING CIRCLE OF A LARGE SAILING
VESSEL, WHICH INCLUDES “WEARING” AND “TACKING” TURNS

The object of the study is the process of turning a large sailing vessel with square-rigged sail arrangement.
The pivot point plays a significant role in the process of turning a vessel. Turning a large sailing vessel differs
from turning a vessel with a mechanical engine. For a vessel with a mechanical engine, turning is performed
by simply shifting the rudder, and for a sailing vessel, especially large and square-rigged, performing a turn
often requires a maneuver involving the adjustment of the sails, and sometimes two separate maneuvers.
According to the new concept, the turn is performed using a three-point scheme, namely: the center of gravity
of the vessel is calculated. From the center of gravity, the position of the center of rotation is calculated, which
is displaced from the center of gravity towards the oncoming water flow. From the center of rotation, the lever
arms of the lateral forces that affect the vessel are calculated. If the force is one, the position of the pivot point
of rotation is on the opposite side from the point of application of the lateral force relative to the center of
rotation. In the case of two or more forces, the total moments of the lateral forces acting clockwise and
counterclockwise relative to the center of rotation are calculated. Whichever total moment is greater
determines the direction of the vessel’s turn. In order for the vessel to turn in the desired direction, it is
necessary that the moment of the lateral force of the rudder exceeds the moment of the lateral force of the sails.
When turning a sailing vessel, two lateral forces act: the rudder and the sails. In the case of two or more
forces, the total moments of the lateral forces acting clockwise and counterclockwise relative to the center of
rotation are calculated. The vessel turns in the direction of the greater total moment. Therefore, for the vessel
to turn in the desired direction, the moment of the rudder’s lateral force must exceed the moment of the sails’
lateral force.

As a result of both theoretical research and practical experiments, a new scheme for turning a large square-
rigged sailing vessel was invented, taking into account the latest research, which is presented in this article.
These results can be used when maneuvering square-rigged sailing vessels in various sailing conditions.

Key words: large square-rigged sailing vessel; turning of sailing vessel; center of rotation; pivot point; center
of sailing area.

© Toscrokopuii O. M.
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BUMOI'M 10 O®OPMJVIEHHS MATEPIAJIIB

Jlo npyky TpHMAIOTBCS CTATTI YKPATHCHKOK YHM AHTIIMCHKOI MOBAaMH, IO MiCTATh
pe3yNbTaTh BIACHUX OPUTIHANBHUX JOCITIIKEHb, SKI MAlOTh HAYKOBY 1 MPAKTUYHY I[IHHICTH 1 HE
nyOmikyBanucs goci. Jlo Ipyky He NMpHiiMaOTBCS CYTO OIVIAAOBi cTaTTi. BiamoBiganpHICTh 32
3MICT CTaTTi HECE aBTOP.

3rigHo 3 BuMoramu 1. 3 IlocranoBu Ilpesunii Bumoi Atecramiitnoi Kowmicii Ykpainu
Ne 7-05/1 Bin 15.01.2003 p., HayKOBi CTATTI, IO HAJAIOTHCA 10 IPYKYy, MMOBHUHHI MICTUTH HACTYIIHI
€JIEMEHTHU: MMOCTAHOBKA MpOOJIEeMH Yy 3araJbHOMY BUIVIAII Ta 11 3B'SI30K 13 BaXJIMBUMU HAyKOBUMU
Y MPAKTUYHUMHU 3aBJIaHHSMU; aHAI3 OCTaHHIX JOCHIKEHb 1 MyOmiKamii, y SKUX 3am04aTKOBaHO
PO3B'sI3aHHS J1aHOT MPOOJIEMHU, Ha SIKI MOCHJIAETHCS aBTOP; BUALICHHS HEBUPILICHUX paHillle YaCTHH
3arajibHOI MPOOJEeMH, SKUM INPUCBSIUYETHCS CTATTs; (POpPMYINIOBaHHS IIeH cTaTTi (IOCTaHOBKA
3aB/IaHHA); BUKJIAQJICHHS OCHOBHOIO MaTepialy JOCHIPKEHHS 3 TOBHUM OOIpYHTYBaHHSIM
OTPUMAaHUX HAYKOBUX pE3yJbTaTiB; BHUCHOBKM IOJIO JAHOTO JOCHIKCHHS Ta MEepCIeKTUBU
MOJTANTBIINX HAYKOBHX JIOCII/PKEHB Y TaHOMY HAIPSIMKY.

Obcaz cmamen — 10...15 cTOpIHOK, BKJIIOYAIOYM BCl MaTepiaid, y T. 4. TaOJIUL, PUCYHKH,
rpadiku Ta COUCOK JiTepaTypHuX Jukepen. CymapHuil o0car puCyHKIB 1 TaOJIMIb IOBUHEH OYTH HE
o6inb11e 30% 00csIry OCHOBHOI YaCTHUHH.

Ogopmnenna cmammi. Ha mepuriii cTopiHmi pykomucy 3a3Hadaethes koa YK, Haspa
po0oTH, Ipi3BHUIIIE, iHIIIaTU Ta HAYKOBUI CTYIiHb (3BaHHS) aBTOpPA(iB).

Koo Y/IK — o niBomy kparo, po3mip mpudty — 10.

Ha3zea — 110 neHTpy OpyKOBAaHUMHU JiTepaMu (LpUQT KUpHUIL, po3mip mpudty — 14).

Ingpopmayia npo aemopa(ie): npi3Buile, iHIIIaNM, HAYKOBUH CTYIiHb, BYCHE 3BaHHS,
rmocajia, TOBHa Ha3Ba YCTaHOBH ab0 rpoMajichbkoi oprasizaiii, nepxkasa, e-mail, ORCID aBtopa —
KypCHUBOM, TI0 JIIBOMY Kparo, po3mipoM mpudty 12.

Texcm nvanaetbes y hopmati penakropa MS Word mpudrom Times New Roman, posmip
mpudty — 12, intepsan — 1.

Hapamempu cmopinku (omuist Mexio ®ANJI, TTapameTpu cTOPiHKN):

po3mip mamnepy — A4: 210%297 mwm;

OpI€HTAIlisl apKyIlla — KHUKHA (aJIbOOMHA HE JOITYyCKAEThCH ),

moJst — 2,00 cm;

namitypka — 0,00 cm;

KoJoHTUTYH — 1,30 cM™;

a63arHuii Bizctyn — 1,25 cMm, BUpiIBHIOBAHHS 32 IMIUPUHOIO, CTOPIHKA HE HYMEPYBAaTH.

YV cmammi nasoosmvca minvku mi gopmyau, pucyumku, maodauyi, wo 3abe3neuyromo
PO3KpUMMsL 3MICIYy npeoCcmasieno20 00CIIONCEHHS, 6Ci 60HU NOBUHHI MAMU NOCUNAHHS 68 MeKCMi
cmammi.

@opmynu oBUHHI OyTH HAOpaHi 3a JOMOMOTOK0 BOYI0BaHOTO pefakTopa ¢popmyrn Equation
Editor. Bci ¢opmynn BCTaBIAIOTHECS B TAONHUIIO 3 HEOKPECICHHUM KOHTYPOM, IO CKJIAJA€THCS 3
JIBOX KOJIOHOK: y TIEpIIii 3HaxXoauThbes opmysia 6e3 ab3aily i BUpIBHSHA IO LEHTPY, Y APYTiHd —
HoMep (opmynm Tex Oe3 ab3aiy i 3 BUPIBHIOBAHHSM I10 IIEHTPY. Mexa MiXK KOJIOHKaMH TaOJIHIIi
BCTAHOBIIIOETHCS Ha MMo3Ha4ll 14 cm.

Ile crocyerbcst Takok (GOPMYINT i CUMBOIIB (GOpMYIL, sIKi CTOATH 1Mo TekcTy. [lapamerpu B
penaktopi ¢GopMys MOBHHHI B TOYHOCTI BIANOBIaTH HaBEIEHWM HIpK4Ye. Po3Mipu (omiisi MEHIO
penaktopa Equation Editor: PO3MIP, Busnauutu ...):

e 3BuvaiiHuii 12 mr.

o Kpynuwuii ingexc 7 mr.

e JlpiOHwMit iHACKC 5 TT.

o Kpynuuii cumsoin 18 .

e JlpiGHuit cumBon 12 mr.

Ta6nuyi nadbuparotsest y Microsoft Word.
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Pucynku noBuHHI OyTH YOpHO-OinmMMu, Oa)kaHO TPO30OPHMHM, 1 BCTaBiieHI y (aii craTTi.
®opmat pucyHkiB (tif, pcx, bmp To1io) moBuHeH OyTH CyMICHUH 3 pelakTopoM TekcTy Microsoft
Word. Po3ninbna 3gatHicTh prcyHKiB — He MeHie 300 dpi.

Cmpykmypa cmammi:

e BCTYII;

e TIOCTaHOBKa MPOOJIEMU;

e aHaJI3 OCTaHHIX JOCIIHKCHB Ta MMy OJTiKallii;

e MeTa Ta 3aJia4i IOCIiKCHHS,

e BHUKJIAJ OCHOBHOTO MaTepiasly (METOAM MJOCHIDKEHHS, pO3B'S3aHHA 3a7ad  Juls
3a0e3neueHHs! JOCATHEHHS TIOCTAaBJICHOI METH);

e OCHOBHI Pe3yJIbTaTH Ta IX OOTOBOPEHHS;

e BHCHOBKHU;

e TIEPCTIEKTHBH MOJAIBIINX JTOCIIKEHD;

e CIIMCOK BUKOPHCTAHOI JiTEpaTypHu.

OCHOBHI pO3J1IM MOXYTb MAaTH Ha3BH, JEILIO BIAMIHHI BiJ IPUBEICHUX BUIllE HAlIMEHYyBaHb
31 30€peKEHHSAM iX 3arajibHOI JTOT1YHOI MOCIIJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETECSA 3aralbHUM CIIMCKOM Yy KiHII PYKOIUCY
(MOCNIOBHICTh — Yy MOPAAKY 3rajJyBaHHA [0 TEKCTY) 3CiHO 31 BCTAHOBJICHHMMH BHMOTaMHU
crannapty JCTY 8302:2015. Cnucok Mae HanmiuyBatu 15...30 HaliMeHyBaHb, 3 IKUX MIHIMyM 2/3
ory0sikoBaHUX 3a ocTaHHi 10 pokiB, 3 HUX HE MeHIIe 5 3akopaoHHUX. He MeHmie 3 mocunanp Mae
Oyt Ha cTarTi 3 BHAAaHb, IO IHACKCYIOTbCs Oazamu Scopus Ta/abo Web of Science Core
Collection. OGcsr camonMTyBaHHS (ITOCUJIAHHA HA CBOi MONEpeAHi MyOJiKallii) JOMyCcKaeTbCsl He
Outbire 1/3 3arajibHOT KUTBKOCTI JKEPE.

Jlo cTarTi TakOX HaBOAMUTHCS Tepelik Jiteparypu narunuieto (References), mns iioro
opopmiieHHs BHUKOpPUCTOBYEThCS APA-ctuns. Crnucok JiTepaTypu TpaHCIITEPYeThCS abo
NePEeKIIaIaeThCcs aHTIINChKOI0 MOBOK. TpaHchiTepyBatu iHpopMaliro He0OXiHO BiIMOBIIHO 1O
nocraHoBu KaGinery MinictpiB Ykpainu Big 27.01.2010 «IIpo BHopsiaKyBaHHsS TpaHCIiTEparii
YKpaiHChKOTO a(aBiTy JaTHHUIEIO» (TPaHCIITEpaIlil0o YKpaiHChbKOI MOBH MOXKHA 3JIMCHUTH 3a
nocwinanHsM http://ukrlit.org/transliteratsiia#tsource=0JzQsNGAOYLQuNGIOLXQstGB0OYzQutC40
Lk= [oOpatu ctangapt: [lacnoptauii (KMY 2010)]). TpaHcmitepyBatu Kepena, sSKi MUITYThCS
JATHHUIICIO HE TIOTPIOHO.

Cmpykmypoeani anomauyii yKpaiHCbKOIO MOBOIO o0Ocsrom Big 150 mo 250 cmiB Ta
aHTIIHCHKOI0 MOBOIO 00csiroM He MeHie 1800 3HaKiB HAAIOTHCS: HA MOBI OpPHUTIHATY CTaTTi Tepe;]
BCTYIIOM, Ha 1HIIH MOBI1 — TICJIS TEKCTY CTATTI. Y KiHIII aHOTAIliii HABOATHCS KITFOUYOBI CIIOBA.

OcHoeHi eumozu 00 aHomayii.

e aHOTaIlis Mae OyTH HamMcaHa TaK, MO0 MaTH MOMKIHWBICTH OyTH MPEIACTaBICHOIO 1
CIPUIHSTOIO UNTaueM OKPEMO BiJ CTATTi;

e aHOTAIliA Mae OyTH M030aBJeHOIO MyOJfOBaHHA iH(OpPMAaIlii, 0 HAaBEJICHa B 3aroJOBKY
CTATTI;

e aHOTAIliA Mae OyTH iH(QOPMATHBHOI, 3MICTOBHOIO, MICTUTH KOPOTKY iH(popMaIliro mpo
JOCIIJKeHHS, 10 TPEJICTaBlIeHI B aHOTOBaHI poOOTI — ramysb, A0 AKOi BIJIHOCHUTHCS POOOTa,
aKTyaJIbHICTh, 3ACTOCOBAH1 METO/IU, OCHOBHI PE3yJIbTaTH, IX 3HAYEHHS TS TEOPil Ta MPAKTUKH;

e PpEYEHHs, BUKOPUCTaHI B aHOTalii MatoTh MicTutd 10...20 cniB, OyTH 3pO3yMUINMU /s
yuTava 0e3 3aiiBOi MpUMITHBI3AIlIT;

e Y TEKCTi aHOTAIIil CJIiI BUKOPUCTOBYBATH KIIFOYOBI CJIOBA 3 TEKCTY CTATTi;

e QAHOTAIllA AaHMIKCHKOIO MOBOIO HE Mae OyTH CIinmuM JayOaroBaHHSAM —aHOTAIil
YKpaiHChKOIO MOBOIO, 8 OyTH CaMOCTIHUM I[iJIiCHUM TEKCTOM.

Jlokymenmu, w0 nooaromscs 00 peoaxkuii.

Jis myOumikarii aBTOp TOBMHEH HAJaTH JIO PEAAKIll eNeKTPOHHOK TOMTOoK (Ha
nomrry journalnvksma@gmail.com) enekTpoHHHI BapiaHT HACTYITHUX JOKYMEHTIB:

e KOMII IOTEPHUI BapiaHT cTaTTi — ¢ain, Habpanuit y penakropi Microsoft Word;

e (haii KO)KHOTO PUCYHKA, BKIIFOUEHOTO B CTATTIO, OKPEMO.
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Kpim Tekcry crarTi aBTOpOM(aMu) HaJarOThCA:

e CTPYKTypOBaHa aHOTAIlii Ta KJIIOYOBI CIIOBa YKPaiHCHKOI 1 aHIMIIHCHKOK MOBaMH,
BKJTIOYAIOYM HA3BY CTATTI Ta MPi3BUINA aBTOPiB JBOMA MOBAMH — Ha OKPEMii CTOPIHIIL;

e JTIEH31WHUI TOTOBIp MiAMUCAaHUI yCiMa aBTOpaMH;

e BIJJOMOCTI MpPO aBTOPIB (IMpi3BHIIE, iM'S, IO OATHKOBI, BUCHUH CTYIiHb, BUCHE 3BaHHS,
Micie poOoTH, Tmocajaa, JoMamHs abo ciayxk0oBa aapeca, KOHTaKTHUN TenedoH, e-mail, HayKoBi
inTepecu aBropiB, ORCID aBTopa(iB)) — Ha OKpeMiii CTOpIHIIi.

CrarTi, moJaHi Ha pO3MIA, NPOXOIATH NEPEBIPKY Ha IUIariar Ta IOJBIMHE CIine
penieH3yBaHHs. [ perneH3yBaHHS pefakiliiHa KOJIETis MOXE 3aIydaTd CTOPOHHIX (axiBIiB 3a
BIJIMOBITHUM HAIPSMOM.

PepakmiiiHa koserist 3anuirae 3a co0O0 MPaBO MPHUMMATH PILICHHS HIOAO BiJNOBITHOCTI
MpEeACTaBICHUX POOIT HampsMaMm >KypHainy. Marepiaau, mo He oQopMJIEHI 3TiIHO HaBEACHHUX
MIPaBWII, MICTATH IUIATIAT, M HE BiJMOBIIAI0THh HAMIPSAMaM JKypHaIy OyIyTh BiIXHUJICHI.

Honosxncenna npo konghioenyiiinicmeo

Imena Ta enekTpoHHI axpecd, BKa3zaHi KOPHCTyBauaMH Ha CalTi IIbOTO KypHaIy, OyIyTh
BUKOPHUCTAHI BUKJIFOYHO JUUIsl BUKOHAHHS BHYTPIIIHIX TEXHIYHUX 3aBJaHb I[bOTO KYPHAIY; BOHU HE
OyIyTh MOIIMPIOBATUCH TA MEPEIaBaTUCh CTOPOHHIM 0cO0aMm.
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DESIGN REQUIREMENTS FOR SCIENTIFIC WORKS

Only articles in Ukrainian or English containing the results of authors own original research,
which have scientific and practical value and have not been published yet, could be accepted for
publication. Purely review articles are not accepted for publication. The author is responsible for the
content of the article.

According to the requirements of item 3 of the Resolution of the Presidium of the Supreme
Certifying Commission of Ukraine No. 7-05/1 dated 15.01.2003, scientific articles submitted for
publication should contain the following elements: statement of the problem in a general form and
its connection with important scientific or practical tasks; analysis of the recent studies and
publications in which the solution to the problem, which the author refers to, was initiated; selection
of previously unresolved parts of a general problem, to which the article is devoted; formulation of
article goals (statement of the task); presentation of the main material of the study with a full
justification of obtained scientific results; conclusions and prospects for further scientific research
in this area.

Article total volume allowed is 10...15 pages with all materials embodied, including tables,
figures, graphs and reference list. The sum of figures and tables should be no more than 30% of the
research body.

Article design. The following information shall be placed on the first page of the
manuscript: Universal Decimal Classification (UDC) index, article title, surname, initials, and
scientific degree (academic status) of the author (s).

Universal Decimal Classification (UDC) index is to be placed on the left side, font size — 10 pt.

Article title is to be placed in the centre in block letters (bold type, font size — 14 pt.).

Information about an author (s): surname, initials, academic degree, academic status,
occupational  title, full name of institution or public organization, country,
e-mail address, author’s ORCID is to be indicated in Italics, on the left side, font size — 12 pt.

The text is to be given in MS Word document format, font — Times New Roman, font size —
12 pt., line spacing — 1.

Page setup (menu option FILE, Page setup):

paper size — A4: 210*¥297 mm,;

paper layout — book (album is forbidden);

margins — 2.00 cm;

casework —0.00 cm;

page header/footer — 1.30 cm;

paragraph indent — 1.25 c¢m, full justification, no page numbering is required.

The article is to contain only those formulas, figures, tables that provide disclosure of the
content of the presented research, all of them must be referenced in the text of the article.

Formulas should be typed using the built-in Equation Editor formula editor. All formulas
are to be inserted into a table with no outline, consisting of two columns: the first column is to
contain a formula without a paragraph and centre justified, the second one is to contain a formula
number (if any), without a paragraph and centre justified. The border between the columns of the
table isto be setat 14 cm.

This also applies to formulas and formula characters that appear in the text. The parameters
in the formula editor must exactly match the following:

Sizes (Equation Editor menu option: SIZE, Determine ...):

e Regular 12 pt.

e Large index 7 pt.

o Small index 5 pt.

o Large character 18 pt.

o Small character 12 pt.

Tables are to be made up in Microsoft Word.
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Figures should be black and white, preferably transparent, and inserted into the file and
article print. Figure format (tif, pcx, bmp, etc.) must be compatible with the Microsoft Word text
editor. Figure resolution is to be at least 300 dpi.

Article structure:

e introduction;
statement of the problem;
analysis of the recent research and publications;
the purpose and objectives of the research;
statement of the main material (research methods, problems solutions to ensure the
achievement of the objectives);

e discussion of results;

e conclusions;

¢ directions for further research;

o reference list.

The main sections may have names that are slightly different from the names given above
while maintaining the general logical sequence.

Reference list is to be given in the form of a general list at the end of the manuscript (the
sequence is to be in the order of citation) in accordance with the established requirements of DSTU
8302: 2015 standard. The list should contain total 15...30 titles, of which at least 2/3 published in
the last 10 years, of which at least 5 foreign. There should be at least 3 references to articles from
publications indexed by the Scopus and/or Web of Science Core Collection databases. The amount
of self-citation (links to your previous publications) is allowed to be no more than 1/3 of the total
number of sources.

The article is to be followed by the reference list in Roman alphabet (References). ARA-style
is to be used when executing it. The reference list is to be transliterated or translated into English.
Information transliteration is required to be in accordance with the Resolution of the Cabinet of
Ministers of Ukraine dated 27.01.2010 “Concerning the regulation of Ukrainian alphabet
transliteration by Roman alphabet” (Ukrainian language transliteration can be done at http:
[lukrlit.org/transliteratsiia#source=0JzZQsNGAOY LQUNGIOLXQstGB0OYzQutC40Lk=[selectstandard:
Passport (CMU 2010)]).

It is not required to transliterate the sources written in Roman alphabet.

Structured abstracts in Ukrainian (150 to 250 words) and English (not less than 1800
words) languages are given as follows: an abstract is given before the introduction if it has been
executed in article source language, but if an abstract has been executed in a language different
from article source one, an abstract is given after the text of the article. Keywords list is given under
the abstract.

Basic requirements for abstracts:

e the abstract must be written in such a way as to be able to be presented and perceived
separately from the article;

e the abstract must be devoid of duplication of information given in the title of the article;

e the abstract should be informative, meaningful, contain brief information about the
research presented in the annotated paper - the field to which the work belongs, relevance, applied
methods, main results, their significance for theory and practice;

o the sentences used in the abstract should contain 10...20 words, be understandable to the
reader without excessive primitiveness;

o keywords from the text of the article should be used in the text of the abstract;

e the abstract in English should not be a blind duplication of the abstract in Ukrainian, but
should be an independent, complete text.

The documents to be submitted to the editorial office.

In order to be published, the author is required to submit electronic
(to journalnvksma@gmail.com) version of the following documents to the editorial office:
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« electronic article — a file, typed in Microsoft Word editor;

« aseparate file of each figure included in the article.

Along with the article text, the author (s) must submit:

e structured abstract with keywords list in both Ukrainian and English languages, including
article’s title and author (s) surname (s) in three languages — on a separate page;

« license contract;

« information about authors (surname, name, middle name, academic degree, academic
title, place of employment, occupation title, home or work address, contact telephone number, e-
mail address, scientific interests of authors, author (s) ORCID — on a separate page.

Avrticles submitted for consideration are checked for plagiarism and double-blind peer
review. For review, the editorial board can involve external experts in the relevant direction.

The editorial board reserves the right to make decisions regarding the compliance of the
presented works with the directions of the magazine. Materials that are not designed according to
the above rules, contain plagiarism, or do not correspond to the directions of the journal will be
rejected.

Privacy Statement

The names and email addresses provided by users on journal’s site, shall be used solely to
perform the internal technical tasks of this journal; they shall not be distributed or transmitted to
any outside parties.
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