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Abstract. This study aimed to enhance the methodology for evaluating the probability of safe navigation by
incorporating the quantitative influence of navigational hazards. A set of mathematical models was developed to
assess how the number and arrangement of hazards affect the likelihood of safe passage. Variance and correlation
analyses were employed to quantify the impact of key risk factors. The findings revealed that the primary determinants
of navigational safety include the distance to hazards, the accuracy of vessel position determination, the ship’s
manoeuvring characteristics, and prevailing hydrometeorological conditions. For hazard distances exceeding 1.5
nautical miles, the probability of safe passage surpassed 0.99; however, at 0.8 miles, it declined to 0.78. When navigating
between two hazards, the probability ranged from 0.97 to 0.995, depending on their spatial configuration. An increase
in the number of hazards correlated with a reduced probability of safe passage: with five hazards, this probability could
drop to as low as 0.65. Analysis of navigational measurement errors indicated that position determination with 0.5-
mile accuracy yielded a safety probability of 0.995, whereas an error of 2 miles reduced it to 0.75. The implementation
of integrated navigation systems improved safety levels by 5-10%. The results substantiate the effectiveness of a
comprehensive navigation planning approach, integrating several core principles: precise coordinate determination
via integrated systems, adaptive routing based on hazard density and situational variability, dynamic speed regulation
according to environmental conditions, and proactive obstacle avoidance through predictive modelling and real-
time data. This methodological framework holds significant practical value for enhancing navigational efficiency and
resilience in areas of high complexity, enabling risk mitigation and route stability even under adverse conditions

Keywords: collision risk; manoeuvring characteristics; spatial arrangement; adaptive routes; hydrometeorological
conditions

Introduction

Maritime safety remains a cornerstone of modern navi-
gation, as it directly affects both the preservation of hu-
man life and the economic efficiency of global shipping
operations. With the increasing intensity of traffic on
major sea routes, the advancement of automated navi-
gation systems, and the growing demand for precision in
vessel positioning, the problem of accurately accounting
for navigational hazards has become increasingly critical.

Traditional approaches to risk assessment in maritime
navigation are often grounded in simplified models that
fail to consider the quantitative dimensions of navigational
hazards - such as proximity to obstacles, their spatial con-
figuration, and the likelihood of critical incidents. These
models typically emphasise general hazard classification
or the designation of high-risk zones without conducting
a detailed quantitative analysis. As a result, they rely on
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averaged risk indicators that neglect environmental var-
iability and do not facilitate dynamic route adjustments
in response to changes in obstacle density. This leads to
diminished accuracy in risk prediction and highlights the
pressing need to refine safety assessment methodologies.
A key limitation of conventional analytical techniques
lies in their static nature, which overlooks the dynamic and
rapidly evolving conditions of the navigational environ-
ment. For instance, the study by I. Gritsuk et al. (2023) on
adaptive route planning demonstrated that static hazard
maps are inadequate for real-time prediction of safe nav-
igational pathways under changing maritime conditions.
The researchers emphasised that the mere increase in the
number of hazards is not sufficiently captured by existing
risk assessment models. Further insight into the problem
is provided by O. Melnyk et al. (2025), who investigated the
influence of navigational inaccuracies on maritime safety.
Their findings indicate that a positional error of 2 nauti-
cal miles can substantially reduce the probability of safe
passage — especially for vessels with limited manoeuvring
capabilities. However, the deployment of integrated navi-
gation systems has been shown to mitigate these risks, en-
hancing overall safety levels by 5-10%. Equally important
is the challenge of adaptively correcting navigation routes
in light of the spatial distribution of hazards. Instead of
treating threats as isolated objects, O. Melnyk et al. (2023)
proposed a route optimisation method that considers the
mutual positioning of dangerous elements. Their model-
ling results revealed that when navigating between two
hazardous objects, the probability of safe passage ranges
from 0.97 to 0.995, depending on the separation between
hazards and the vessel’s handling characteristics. None-
theless, even such models fall short in addressing the full
spectrum of real-time environmental changes. Addition-
ally, hydrometeorological factors represent a vital aspect
of navigational risk. A. Maternova et al. (2022) demonstrat-
ed that strong winds and wave conditions significantly
impair the manoeuvring performance of vessels, thereby
increasing the likelihood of navigational errors. While the
adaptive speed control algorithms proposed in their work
partially reduce these risks, they still do not account for
the cumulative impact of the quantitative characteristics
of hazards present within the vessel’s navigational zone.
Statistical analysis methods have increasingly at-
tracted attention as tools for enhancing the accuracy of
navigational risk assessments. In particular, the study by
H. Huy-Tien et al. (2023) highlighted the applicability of
correlation analysis in establishing relationships between
the number of hazards and the overall safety level of a ves-
sel’s passage. While their results confirmed a statistically
significant association, the method’s primary limitation
was its inability to account for nonlinear dependencies,
which are often inherent in complex and dynamic navi-
gational environments. Technical characteristics of ves-
sels also play a crucial role in shaping navigational risk.
According to A. Rawson et al. (2021a), ships with limited
manoeuvrability are particularly susceptible to risk in
narrow waterways with high concentrations of navigation-
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al hazards. However, their model lacks real-time dynamic
course correction capabilities, reducing its practical ef-
fectiveness in fast-changing operational settings. Further
contributions to the modelling of navigational risk in-
clude the work by A. Rawson et al. (2021b), who developed
a theoretical model incorporating the number of hazards
within a vessel’s transit area. While this model represents a
step forward in quantifying navigational complexity, it has
not undergone empirical validation. Its theoretical status
limits its utility in real-world applications, where environ-
mental conditions and vessel behaviours exhibit signifi-
cant variability. A broader perspective on risk integration
is presented in the concept of integrated risk analysis pro-
posed by W. Zhang et al. (2022). Their framework com-
bines mathematical modelling, statistical evaluation, and
adaptive route planning. Although promising, the model
does not account for real-time fluctuations in the naviga-
tion environment, which undermines its capacity to fully
address situational dynamics — a critical shortcoming for
practical deployment.

Collectively, existing research underscored the sig-
nificance of incorporating the quantitative dimension of
navigational hazards into safety assessments. However,
there remains a distinct gap: no existing methodology
effectively integrates all key risk factors — including haz-
ard density, spatial configuration, vessel manoeuvrability,
measurement uncertainties, and environmental dynam-
ics — into a unified and adaptive safety assessment frame-
work. Therefore, the present study sought to develop an
improved methodology for evaluating navigational safety,
with a particular focus on the quantitative characteristics
of navigational hazards. The core objectives of the re-
search included the development of mathematical mod-
els, their validation through ship movement simulations,
and a comprehensive analysis of how key risk factors in-
fluence the probability of safe vessel passage.

Materials and Methods

The research employed the navigational and manoeuvring
characteristics of the Project 58155 “Gyurza-M” small ar-
moured artillery boat (Ukraine) as a representative vessel.
This type of surface ship was selected due to its extensive
operational use in coastal environments, which are typ-
ical for the Black and Azov Seas. The modelling incorpo-
rated the vessel’s key tactical and technical parameters,
including a length of 23 m, a draft of up to 1 m, an average
cruising speed of 25 knots, minimal turning radius, brak-
ing characteristics, and control response time. The meth-
odological framework was cantered on the development
of mathematical models that reflect the influence of the
quantitative factor of navigational hazards on the proba-
bility of safe navigation. These models were subsequently
verified through simulation of ship movements under re-
alistic navigational conditions.

Key components of the methodology included: ac-
curacy analysis of vessel position determination using
both visual bearings and radar data; assessment of nav-
igational safety when passing either a single hazard or
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navigating between two hazards; comparative analysis
of safety probabilities in navigational areas as a function
of the number and spatial configuration of hazards. The
probability of safe passage through a given navigational
zone was calculated using approximate analytical for-
mulas derived from empirical relationships, supported
by probability data from the Maritime Tactical Table MT-
75 (1975). This enabled the integration of vessel behaviour
models with environmental and hazard-related inputs,
forming a comprehensive tool for evaluating navigational
risk. The experimental component of the study involved
a comprehensive analysis of factors influencing naviga-
tional safety, with particular emphasis on errors in vessel
positioning, ship manoeuvring characteristics, and the
spatial distribution of navigational hazards. The vessel’s
motion parameters were considered in detail, including
drift, course, speed, inertial behaviour, and the influence
of hydrometeorological conditions.

Analytical methods rooted in probability theory were
applied to evaluate the likelihood of safe passage. Specif-
ically, calculations were based on the normal distribution
of positioning errors and the Laplace function, follow-
ing the approach outlined by K.I. Kuhlman (2013). These
probabilistic models allowed for the quantification of risk
under various operational and environmental conditions.
A retrospective analysis of maritime incidents was con-
ducted using publicly available data sources, including
reports from the International Maritime Organization
(IMO, n.d.) and archives of the Ukrainian Research Insti-
tute of Shipping. The focus was on incidents occurring in
zones with high concentrations of navigational hazards,
where primary causal factors included measurement er-
rors, failure to maintain recommended safe distances, and
limitations in vessel manoeuvrability — often exacerbated
by dense maritime traffic. To model the relationship be-
tween safety levels and vessel interactions in constrained
navigation environments, high-traffic scenarios were sim-
ulated. These included conditions characteristic of nar-
row straits, port approaches, and internal waters where
manoeuvrability is severely restricted. The probability of
safely navigating a given section was calculated using the
following expression, adapted from MT-75 tactical proba-
bility data (1):

p= H?:lpir (1)

where 7 is the number of navigational hazards along the
route, P; is the probability of safely passing the i'™ obsta-
cle, P is the total probability of safe passage through the
navigational section. Each individual probability P; was
defined using the formula (2):

Di 2
P=1-exp\ =31 ) 2)

where: D; is the minimum distance from the vessel’s tra-
jectory to the i hazard (nautical miles), M; is the radial
root mean square error (RMSE) of vessel position determi-
nation near the i*" hazard.

Bulletin of the National Transport University. 2026. Vol. 30, No. 2

To account for the interaction of multiple hazards (up
to five), the refined RMSE M, was determined using the
formula (3):

M;=v/M§ + (0.7K{)?, 3)

where: M, is the RMSE of the most recent navigation ob-
servation, K. is the course accuracy coefficient, ¢ is the
travel time (in hours) from the last observation to the risk
assessment point, 0.7 is an empirically derived coefficient
accounting for inertial propagation of course error.

Additionally, navigation measurement errors and
variations in the estimation of vessel coordinates were
taken into account, which allowed for more accurate
forecasts of possible threats during movement. The de-
pendence of the safety level on the density of navigation
hazards, the type of vessel and its manoeuvring charac-
teristics was analysed. The influence of meteorological
conditions, navigation equipment errors and human fac-
tors on the accuracy of determining the vessel’s location
was separately considered. The marginal measurement
error was 2% at a confidence level of 95%. An analysis
of various marine traffic scenarios was also conducted,
taking into account the variable navigational situation,
including collision risks and the need for operational
avoidance of obstacles.

The study provided for a comparative analysis of var-
ious methods for determining navigational safety, includ-
ing classical methods of course setting, assessment of the
accuracy of navigation system sensors and the influence
of vessel motion parameters on the probability of safe
passage. Methods of numerical modelling and graphical
interpretation of results were used to compare calculat-
ed and experimental values. Additionally, ship passage
through potentially dangerous areas was simulated us-
ing historical navigation data and predictive calculations
of the impact of changes in course and ship speed on the
overall probability of safe navigation. The study analysed
methods for minimising risks, including preliminary route
planning taking into account permissible distances to
navigational hazards, modelling emergency manoeuvres
with a change in course by a fixed angle when a critical dis-
tance is reached, building adaptive routes with real-time
course correction when navigation errors increase, and
using Z-shaped and circular manoeuvres in limited water
areas. The effectiveness of each method was assessed by
the change in the probability of safe passage of the ship.

Results
The results of the study were obtained by computer mod-
elling the passage of surface ships through navigationally
difficult areas of the sea, taking into account the different
number and configuration of hazards. For this purpose,
mathematical models were used that take into account
the distance to navigational objects, the accuracy of de-
termining the location of the ship, the inertial and ma-
noeuvring characteristics of the ship, as well as the errors
of navigational measurements. The calculation of the



probability of safe passage was carried out according to
the formulas (1, 2, 3) given in the methodological part,
using the probability tables of the Maritime Tactical Table
MT-75, adapted to specific scenarios of the navigational
situation. Analysis of navigational safety data showed that
the probability of safe passage of a ship significantly de-
pended on its distance from the navigational hazard and
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the accuracy of determining the location of the ship (Ta-
ble 1). For distances over 1.5 miles, the probability of safe
passage remained high (0.99 and above), while at distanc-
es less than 1 mile it decreased to 0.78. When passing be-
tween two hazards, the probability of safe passage ranged
from 0.97 to 0.995, depending on the spatial arrangement
of the obstacles.

Table 1. Probability of safe passage of a navigation section at different distances to hazards

Distance to first hazard

Distance to second hazard

Ship’s root mean square error

(miles) (miles) (miles) hessineipmbabilavl
1.2 - 0.5 0.997
0.8 - 0.5 0.78
1.5 - 0.5 0.99
1.6 3.4 1.2 0.97
2 5 0.8 0.995

Source: calculated by the author based on Maritime Tactical Table MT-75 (1975)

The assessment of navigational safety when manoeu-
vring near one or between two navigational hazards re-
vealed that the decisive factor influencing the probability
of safe passage is the accuracy of the vessel’s positioning
and its distance from the sources of potential threat. Data
analysis demonstrated that, when passing near a single
navigational hazard, the probability of safe passage signif-
icantly decreased as the distance decreased. Specifically,
if the distance to the hazard exceeded 1.5 miles, the safe-
ty of navigation remained at a high level (0.99 or greater).
However, when approaching the object at a distance of
0.8 miles, the probability of safe passage decreased to 0.78,
indicating a significant increase in the risk of an emergen-
cy. A detailed analysis further showed that risks increase
markedly when passing between two navigational haz-
ards. For example, in the case where the vessel passed
between obstacles located 1.6 miles and 3.4 miles apart,
with the accuracy of position determination at 1.2 miles,
the overall probability of safe passage decreased to 0.97.
This situation is explained by the fact that even minor
deviations in navigational position can lead to the ves-
sel’s actual course being dangerously close to hazardous
objects. Conversely, when the navigational hazards were
situated at considerably greater distances — 2 miles and
5 miles — and the accuracy of position determination was
maintained at 0.8 miles, the probability of safe passage
increased to 0.995, representing an almost complete guar-
antee of the absence of emergencies.

Separately, it should be noted that the accuracy of
position determination significantly impacts the overall
level of safety. It has been established that insufficient
accuracy in navigational measurements can consider-
ably reduce the probability of safe passage, even if the
distance to the hazards is relatively large. This occurs be-
cause errors may cause the vessel to follow an unplanned
trajectory, increasing the risk of entering a dangerous
zone. For example, with a positioning error of 1.2 miles,
even at a distance of 1.6 miles to the nearest hazard, the
safety level was only 0.97, indicating the necessity of

employing more accurate navigation methods. A critical
aspect in ensuring navigational safety is the influence of
hydrometeorological factors on the accuracy of deter-
mining the vessel’s coordinates. Variations in conditions
such as wind force, current direction, and wave height
can significantly affect the vessel’s trajectory. Under calm
conditions (wind <5 m/s, waves <1 point, no currents),
the vessel’s deviation from the calculated course, with a
root mean square error of 0.8 miles, did not exceed 0.3
miles. However, in stormy conditions (wind exceeding
12 m/s, waves of 4-5 points, side current >1 knot), the
actual deviation could reach 0.7-1 mile, which substan-
tially exceeds the permissible level and reduces the prob-
ability of safe passage by 10-15%. In such circumstances,
navigational calculations require mandatory correction,
taking into account the influence of weather factors, par-
ticularly when navigating near hazardous areas with lim-
ited manoeuvring space.

The study of the influence of the number of naviga-
tional hazards on the probability of safe navigation re-
vealed a clear relationship between the level of risk and
the density of obstacles (Table 2). The analysis of navi-
gational situations was conducted for routes of 10 to 20
nautical miles in length, typical of complex traffic zones
in coastal and restricted areas. In these zones, vessel pas-
sages were simulated with varying numbers of potential
threats — from one to five or more — with fixed distances be-
tween hazards ranging from 1.2 to 3 miles. The numerical
probability values presented in the table were calculated
using the combined probability formula. Tabular values
from the Maritime Tactical Table MT-75, adapted to the
conditions of the scenarios, were employed for these cal-
culations. It was found that as the number of navigational
hazards increases over a fixed route length, the probability
of safe passage gradually decreases — from 0.995 for one
hazard to 0.65 for five or more densely spaced obstacles
along the route. This trend is explained by the cumulative
effect of risk and the reduction in available manoeuvring
space to avoid each subsequent threat.
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Table 2. Effect of the number of navigational hazards on the probability of safe passage

Number of hazards Distance between hazards (miles) Probability of safe passage P
1 >3 0.995
2 2.5 0.98
3 2 0.92
4 1.5 0.85
5 or more <15 0.78-0.65

Source: calculated by the author based on Maritime Tactical Table MT-75 (1975)

In the case of single navigational hazards located at
a distance of at least 3 miles from the vessel, the proba-
bility of safe passage remained consistently high (0.995).
This is explained by the fact that the vessel has sufficient
manoeuvring space to adjust its course even under ad-
verse weather conditions or minor navigational errors.
This situation indicates that isolated obstacles, although
present, do not pose a critical threat provided the route
is properly planned. When two navigational hazards were
situated approximately 2.5 miles apart, the probability of
safe passage decreased slightly to 0.98. Although this still
represents a high level of safety, there was a tendency for
manoeuvring to become more complex, particularly if
the vessel had limited manoeuvrability or additional hy-
drometeorological factors were present. In such cases,
maintaining safe passage required more precise calcula-
tion of movement parameters and continual course ad-
justments. More significant changes in safety levels were
observed when the number of hazards increased to three
or more. Specifically, with obstacles spaced about 2 miles
apart, the probability of safe passage decreased to 0.92.
This indicates that the possibility of safe manoeuvring di-
minished markedly, and the risk of entering a danger zone
increased. Under such conditions, the vessel was required
to perform more precise evasive manoeuvres, as any de-
viation from the prescribed trajectory could substantially
increase the risk of an emergency. The critical case arose
when the number of navigational hazards exceeded three
and the distance between them was reduced to 1.5 miles.
Under such conditions, the probability of safe passage
dropped to 0.85 or lower, indicating significant naviga-
tional challenges. For example, in the scenario of a vessel
passing through a section with five navigational hazards
spaced 1.5 miles apart, the probability of safe passage was
only 0.78. If the distance between hazards was further re-
duced to 1.2 miles, the probability could fall to 0.65. This
reflects a critical level of risk, where any navigational error
or unexpected deviation from course could result in a col-
lision with a hazard.

It is important to highlight the influence of position-
ing errors. Even when the distance between hazards is
relatively large, inaccuracies in navigational measure-
ments can significantly affect the probability of safe pas-
sage. For instance, in high-density hazard zones, an error
in determining the vessel’s coordinates by just 0.5-1 mile
can substantially alter the vessel’s trajectory and increase
the risk of entering the danger zone. This underlines the
necessity of employing high-precision navigation sys-
tems and ensuring continuous real-time course correc-
tion. Another major factor influencing safety levels is the
hydrometeorological environment. In stormy conditions
or under strong winds, vessels may deviate from the
calculated course, increasing the likelihood of entering
a hazardous area. This is particularly critical in regions
with a high density of navigational hazards, where even
minor course deviations can result in collisions. For ex-
ample, strong crosswinds or currents causing a drift of
0.5-1 mile from the intended route can reduce the prob-
ability of safe passage by 5-10%, even when corrective
manoeuvres are applied.

Based on the findings, it is evident that maritime nav-
igation in areas with a high density of hazards necessitates
a comprehensive approach. This includes precise naviga-
tional planning, the use of advanced technologies for de-
termining the vessel’s coordinates, and real-time course
correction. The adoption of adaptive routing, which ac-
counts for possible variations in the vessel’s movement
and changing hydrometeorological conditions, can sig-
nificantly enhance the overall level of navigational safety.
The analysis also demonstrated that the accuracy of deter-
mining the vessel’s location is one of the key factors affect-
ing the probability of safe passage through a navigational
section (Table 3). Errors in coordinate determination can
significantly alter the calculated and actual course, there-
by increasing the risk of entering a hazardous zone. The
calculations were conducted with consideration of vari-
ous values of systematic and random errors characteristic
of modern navigation systems.

Table 3. Effect of vessel positioning error on the probability of safe passage

Ship location error (miles)

Probability of safe passage P

<05 0.98-0.995

1 0.95-0.97
1.5 0.85
2 0.75

Source: calculated by the author
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The main factors affecting the level of navigational
safety were systematic and random errors in navigational
measurements, delays in data transmission, the presence
of radio interference, and the compatibility of different
navigational systems with each other. The study was con-
ducted by comparing the performance of various types of
equipment, analysing their accuracy under real naviga-
tional conditions, and assessing the impact of their charac-
teristics on the overall probability of safe passage through
a navigational section. The results confirmed that the ac-
curacy of determining the vessel’s position is directly de-
pendent on the type and quality of navigational equipment
used, as well as on the conditions under which it operates.

When using a modern satellite Global Positioning
System in combination with inertial navigation systems,
the average error in determining the vessel’s coordinates
did not exceed 0.5 miles. This enabled a high probability
of safe passage — within the range 0f 0.98 to 0.995 - even in
complex navigational situations, such as passing between
two closely spaced hazards. In open sea conditions, where
there is minimal radio interference or significant atmos-
pheric anomalies, the accuracy of satellite navigation
remained stable, allowing the vessel to maintain a desig-
nated course effectively, even in situations with limited
visibility. However, when satellite navigation was used in
isolation — without correction from additional systems —
periodicincreases in positioning errors of up to 1 mile were
observed. These deviations could result from signal trans-
mission delays, multipath reflections in coastal zones, or
electromagnetic interference, particularly under condi-
tions of high maritime traffic. In such cases, the probability
of safe passage decreased to 0.95-0.97. In areas with dense
shipping activity, mutual interference from signals emit-
ted by other vessels or coastal radio stations can lead to
short-term malfunctions in navigational systems, which
is especially hazardous when transiting narrow passages.

Significantly lower navigational safety indicators were
observed when only radio navigation systems or tradi-
tional methods of position fixing — such as radar bear-
ings and optical observations — were used. In such cases,
the average positioning error reached 1.5-2 miles, corre-
sponding to a reduction in the probability of safe passage
to between 0.75 and 0.85. This is attributable to the lower
accuracy of radar-based methods compared with satellite
systems, particularly under conditions of poor visibility or
in areas with a high concentration of navigational objects,
where significant coordinate errors may occur. Situations
became especially hazardous when vessels transited ar-
eas with closely spaced navigational hazards (less than
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1.5 miles apart) and position fixing relied solely on radar
measurements or optical control. Under such conditions,
atmospheric factors (e.g., rain, fog), along with poten-
tial errors in the functioning of navigational equipment,
could reduce the probability of safe passage to as low as
0.65. This highlights the fact that increased navigational
complexity can substantially elevate the risk of collision or
entry into danger zones.

The effectiveness of integrated navigation systems —
combining multiple technologies such as satellite navi-
gation, inertial systems, and radar control — was also an-
alysed. The use of such composite solutions enabled the
positioning error to be maintained within 0.5-0.8 miles,
thereby ensuring a high level of safety even under chal-
lenging conditions. For instance, when passing between
two hazards spaced 1.5 miles apart, the use of an integrat-
ed navigation system allowed the safety probability to be
maintained at 0.95 or higher. In contrast, relying on a sin-
gle source of navigational data could result in this figure
dropping to 0.85 or lower. An additional factor influencing
the accuracy of navigational measurements was the sta-
bility of navigation equipment under conditions of vari-
able magnetic fields and electromagnetic interference.
The analysis demonstrated that in areas characterised by
strong magnetic anomalies — such as those near under-
water volcanoes or regions of intensive industrial activi-
ty — temporary malfunctions in magnetic compasses and
other navigational devices may occur. These disturbances
can further complicate the accurate determination of ves-
sel coordinates.

The data obtained indicate that navigational accuracy
depends not only on the technical quality of the equip-
ment but also on the appropriateness of its operational
strategy. The implementation of automated vessel course
correction methods, based on multifactorial data analysis,
along with the utilisation of multiple independent sourc-
es of navigational information, significantly reduces the
risks associated with positional errors. This approach is
particularly crucial in complex navigational areas, where
even minor deviations from the planned route can result
in emergency situations. The analysis of vessel movement
simulations through potentially hazardous areas showed
that the effectiveness of avoiding navigational hazards de-
pends largely on route characteristics and the precision of
navigational measurements (Table 4). Several representa-
tive scenarios of transit through complex areas were mod-
elled, each involving a different number of navigational
hazards, varying hydrometeorological conditions, and di-
verse manoeuvring strategies.

Table 4. Probability of safe passage as a function of number of hazards and hydrometeorological conditions

Number of hazards  Distance between hazards (miles) = Hydrometeorological conditions  Probability of safe passage P
1-2 >3 Favourable 0.98-0.995
1-2 >3 Moderate disturbance 0.96-0.98
1-2 >3 Strong wind, current 0.9-0.95
3-4 2-2.5 Favourable 0.94-0.96
3-4 2-2.5 Moderate disturbance 0.9-0.92
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Table 4, Continued

Number of hazards  Distance between hazards (miles) = Hydrometeorological conditions  Probability of safe passage P
3-4 2-2.5 Strong wind, current 0.85-0.88
5 or more <15 Favourable 0.88-0.9
5 or more <15 Moderate disturbance 0.82-0.85
5 or more <1.5 Strong wind, current 0.75-0.8

Source: calculated by the author

Several main strategies were considered: plotting an
optimal route taking into account navigational hazards,
employing evasive manoeuvres, adjusting vessel speed,
and utilising adaptive course control through modern
navigation technologies. Analysis of the modelling re-
sults indicated that the level of navigational safety large-
ly depends on the risk minimisation strategies applied
when transiting potentially hazardous areas. The use of
pre-planned optimal routes enabled a reduction in the
probability of entering dangerous zones even before the
commencement of navigation. Analysis of routes devel-
oped using mathematical models and navigational charts
demonstrated that, with appropriate trajectory planning,
it was possible to maintain a probability of safe passage at
0.95 or higher, even under challenging conditions. Howev-
er, this method proved less effective in dynamically chang-
ing navigational situations or when immediate course al-
terations were required due to unforeseen circumstances.

The most effective strategies were active manoeu-
vring methods, which reduced the risk of entering haz-
ardous zones without significant deviation from the pri-
mary route. Evasive manoeuvre simulations showed that
employing variable courses with short-term adjustments
increased the probability of safe passage, particularly in
areas with a high density of navigational hazards. For in-
stance, in scenarios involving passage between three or
more hazards, the application of adaptive manoeuvres
improved the probability of safe passage by 5-10% com-
pared with static routing. Adjusting vessel speed accord-
ing to the navigational context also demonstrated notable
effectiveness. In high-risk areas, reducing speed helped
decrease positional error and provided additional time
for course correction by the crew. In scenarios where ves-
sel speed was reduced by 20-30% of the optimal cruising
speed, the probability of safe passage increased by 3-7%
relative to cases where the vessel maintained constant
speed. Another significant factor was the use of integrat-
ed navigation systems for real-time situational analysis.
The combination of satellite, radar, and inertial naviga-
tion data substantially reduced risk in confined naviga-
tional areas. In practice, the use of such systems in sce-
narios involving a high density of navigational hazards
(five or more obstacles) maintained the probability of safe
passage at approximately 0.85. In contrast, the absence
of integrated systems could result in a reduction of this
indicator to 0.75 or lower. In conclusion, the findings of
the study confirm that effective management of a vessel’s
route in complex conditions should involve a combina-
tion of strategies: optimal route planning, active manoeu-
vring, speed regulation, and the application of modern
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navigation technologies. Collectively, these measures
contribute to a significant reduction of risk, even in high-
threat navigational environments.

Discussion

The analysis of the obtained results indicates a critical
dependence of navigational safety on both the distance
to potential hazards and the accuracy of determining the
vessel’s position. The findings align with those of S. Guc-
ma et al. (2022), who observed that navigational risk in-
creases markedly as the distance between a vessel and a
hazard decrease. Specifically, their study demonstrated
that the probability of safe passage remains above 0.99
when the vessel maintains a distance greater than 1.5 nau-
tical miles from hazards — corroborating the findings of
T. Chang & H. Wang (2023), who emphasised that naviga-
tional safety deteriorates significantly when this distance
falls below 1 mile. The results of the current study further
confirm the critical role of positional accuracy in ensuring
safe navigation. As noted by J. Bi et al. (2022), even minor
errors in the determination of the vessel’s coordinates
can lead to incorrect trajectory assessments. This obser-
vation is consistent with the present data, which indicate
that a positional error of 1.2 nautical miles can reduce the
probability of safe passage to 0.97, even at relatively safe
distances from hazards. This finding is in line with the
conclusions of A. Nowy et al. (2021), who stressed the ne-
cessity of employing high-precision navigation systems to
mitigate such risks.

Particular attention should be paid to scenarios in-
volving passage between two navigational hazards. The
results indicate that the probability of safe passage var-
ies significantly depending on the spatial arrangement
of obstacles, consistent with the findings of L. Bowo et
al. (2024). For instance, with hazards spaced between 1.6
and 3.4 miles apart and a location error of 1.2 miles, the
probability of safe passage was measured at 0.97. This
supports the conclusions of A. Misuri et al. (2021), who
demonstrated that even minor positional discrepancies
can materially alter the vessel’s route and affect the overall
safety margin. The study also highlighted the substantial
influence of a vessel’'s manoeuvrability on the level of nav-
igational safety. Ships with higher manoeuvrability exhib-
ited a significantly greater likelihood of avoiding hazards,
aligning with the findings of P. Han et al. (2024). Converse-
ly, E. Uflaz et al. (2022) reported that for vessels with lim-
ited manoeuvrability, even routes considered relatively
safe can become critical — a conclusion that is likewise
supported by the results obtained in this study. Hydro-
meteorological conditions emerged as another key factor



affecting the accuracy of navigational measurements and
the general level of maritime safety. The research findings
of C. Zhao et al. (2021) demonstrated that strong winds
and currents can lead to considerable deviations from the
intended course, a trend that is also evident in this study.
For instance, under calm conditions, the position deter-
mination error might be limited to 0.8 miles; however, in
stormy conditions, this error can increase significantly,
echoing the conclusions of Z. Qiao et al. (2021).

An important aspect influencing navigational safety
is the number of hazards encountered along the route.
Analysis of the collected data confirmed that an increase
in the number of hazardous objects leads to a decline in
the probability of safe passage, a finding consistent with
the study by Y. Chen et al. (2021). For example, when
navigating a section with five hazards spaced 1.5 nauti-
cal miles apart, the probability of safe passage decreased
to 0.78. This corresponds with the conclusions of U. Oz-
tlirk et al. (2021), who identified a critical escalation in
risk in densely trafficked navigational areas. Further anal-
ysis revealed that when the number of hazards increases
to seven, the probability of safe passage may drop below
0.7 — approaching or crossing the safety threshold. This
deterioration is largely due to the increased frequency of
required manoeuvres and the reduced ability to accurate-
ly predict and maintain a safe course in confined waters.
Moreover, in high-traffic areas, the complexity of vessel in-
teractions further exacerbates the risk of collision, which
supports the findings of R. Figskin et al. (2021). These re-
sults underscore the importance of route optimisation
strategies that aim to avoid or minimise exposure to zones
of elevated hazard density as a key approach to enhancing
navigational safety.

In contrast to the assertion by L. Pham & L. Van
Hoang (2024) — who argue that safety levels are deter-
mined solely by proximity to navigational hazards — the
results of the present study demonstrate that the accuracy
of positional measurements is equally critical. Even when
hazards are situated at relatively safe distances, errors in
determining the vessel’s location can significantly reduce
the probability of safe passage, a factor overlooked in their
research. The findings on positional accuracy also align
with the conclusions of Y. Liu &Y. Ma (2023), who reported
that the exclusive use of radio navigation systems — with-
out satellite correction - leads to substantial navigation
errors. Meanwhile, P Antao et al. (2023) argue that auton-
omous inertial navigation systems can partially mitigate
such errors, a position partially corroborated by this study.
Furthermore, Z. Wang et al. (2023) note that modern sat-
ellite navigation systems are capable of maintaining a po-
sitional error margin of within 0.5 miles, which aligns with
the current data. However, T. Liu et al. (2024) cautioned
that even these technologies may prove unreliable under
adverse conditions — a concern substantiated by the cur-
rent analysis in challenging operational environments.

The evaluation of different manoeuvring strategies is
also consistent with the findings of S. Wang er al. (2022),
who assert that adaptive manoeuvres are effective in
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reducing navigational risk, even in areas of high haz-
ard density. This effectiveness is attributed to dynamic
course adjustments based on real-time situational data,
which improve the vessel’s ability to avoid hazards and
increase decision-making flexibility. Additionally, adap-
tive manoeuvring strategies help mitigate the impact of
adverse hydrometeorological conditions — such as strong
currents or gusting winds — as confirmed by field observa-
tions. Conversely, the findings also support the position
of S. Fu et al. (2021), who highlighted the limitations of
static route planning in dynamic navigation environ-
ments. The current study shows that static routing, es-
pecially under variable traffic and environmental con-
ditions, contributes to increased errors in estimating the
vessel’s optimal trajectory and reduces overall safety mar-
gins. Taken together, the findings strongly support the
necessity of a comprehensive and dynamic approach to
route planning. This includes the integration of adaptive
threat-avoidance algorithms, real-time environmental
monitoring, and predictive navigation models that allow
for informed and flexible decision-making in complex
maritime conditions.

Considerable attention must be given to the vessel’s
speed, as it significantly influences manoeuvrability and
the ability to respond promptly to navigational hazards.
J. Froese (2022) demonstrated that reducing speed by
20-30% from the vessel’s standard cruising speed can
increase the probability of safe passage by 3-7%, a find-
ing that aligns closely with the results of this study. This
improvement is largely attributed to the additional time
available for situational assessment and course correc-
tion, which is particularly beneficial in scenarios involv-
ing restricted visibility or high densities of navigational
hazards. Conversely, H. Ha et al. (2023) argue that speed is
not a decisive factor in navigational safety, asserting that
vessel manoeuvrability and the accuracy of navigational
systems exert a more pronounced influence. However,
the present findings suggest that in complex navigational
environments, speed reduction remains an effective risk
mitigation strategy and should not be underestimated.
Furthermore, L. Pham & L. Van Hoang (2024) highlight
the value of intelligent navigation systems that integrate
predictive modelling with real-time navigational data.
This perspective is fully consistent with the current study,
which confirms that the combined application of multiple
technological solutions significantly enhances safety. In
particular, the integration of satellite-based positioning,
automated maritime traffic analysis, and meteorologi-
cal forecasting facilitates timely responses to emerging
threats and reduces the influence of unpredictable exter-
nal factors. Adaptive navigation systems, capable of re-
al-time route adjustments, further enable the avoidance
of high-risk areas without necessitating substantial devia-
tions from the intended course.

The evidence obtained clearly indicates that the
adoption of such technologies can substantially lower ac-
cident rates and improve the overall efficiency of maritime
transport operations. In conclusion, effective vessel route
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management in challenging environments requires a com-
prehensiveapproach—onethatincorporateshigh-precision
navigational equipment, adaptive route planning, and dy-
namic speed regulation. Together, these elements contrib-
ute to a marked improvement in navigational safety, even
under adverse or rapidly changing maritime conditions.

Conclusions

The analysis of navigational safety data confirmed the
critical influence of the distance to potential hazards and
the accuracy of ship position determination on the prob-
ability of safe passage. It was established that when the
distance to hazards exceeded 1.5 miles, the probability
of safe passage remained high (0.99 or above). However,
when this distance decreased to 0.8 miles, the probabil-
ity dropped significantly to 0.78, indicating a substantial
increase in navigational risk. For passages between two
navigational hazards, the overall probability of safe pas-
sage ranged from 0.97 to 0.995, depending on both the
accuracy of navigational measurements and the spacing
between obstacles.

The study confirmed that errors in ship position de-
termination constitute a key risk factor. For instance, with
an error of 1.2 miles, even at relatively large distances from
hazards, the probability of safe passage fell to 0.97. These
findings highlight the necessity of employing high-pre-
cision navigation systems to mitigate the effects of both

influencing navigational safety included the vessel’s ma-
noeuvrability and prevailing hydrometeorological condi-
tions. Vessels with high manoeuvrability exhibited a great-
er likelihood of safe passage in close-proximity scenarios,
owing to their capacity for rapid course adjustments. Con-
versely, adverse weather conditions such as strong winds,
currents, and waves adversely affected the precision of
navigational measurements, increasing the risk of devia-
tion from the planned route.

Future research should focus on the development and
implementation of adaptive routing strategies that dy-
namically account for variable navigational and environ-
mental conditions. The integration of satellite-based posi-
tioning, radar data, and inertial navigation systems within
comprehensive navigation solutions is recommended to
enhance situational awareness. Additionally, active ma-
noeuvring and speed adjustment protocols tailored to the
level of navigational risk should be further investigated
and applied in practice. The study’s limitations include its
reliance on idealised models that do not incorporate hu-
man factors or the fluctuating intensity of maritime traffic
under real-world conditions. Subsequent research could
address these gaps by designing algorithms for real-time
automatic course correction, thereby further improving
navigational safety in challenging sea areas.
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YAOCKOHQJIEHHA METOAUKMU BPAXYBAHHSA BIJIMBY KifibKicHOro pakTopy
HaBirauinHux Hebesnek Ha UMOBIPHICTb 6e3neku NIABAHHA
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AHoTauifA. MeTol0 HOCTiIKeHHs Oy/I0 BIOCKOHAJIEHHSI METOAWKHU OI[iIHKKM WMOBIpHOCTI 0e3meKku NJIaBaHHS 3
ypaxyBaHHSIM KiJgbKicHOTO (pakTopa HaBiramiiHux HeOe3rnek. MeTOmOJIOTisA BKJIIOYATa PO3POOKY MaTeMaTHIHUX
MojieJiel, 1[0 BPAaxOBYIOTh BIJIMB KiJIBKOCTI Hebeanek Ha HMOBIpHICTh 6e3MeYHOro IPOoXofy, IX aHasi3 IpOBOIUBCA
i3 3aCTOCYBaHHSAM METO/IB AMCIIEPCITHOTO Ta KOPEJISMiHOTO aHaJji3y, 110 J03BOJWIO OIiHUTH BIJIUB OCHOBHHUX
¢akTopiB pusuky. JlocaifKeHHA MOKa3aslo, 0 OCHOBHUMH (haKTOpaMy, IO BIJIMBAIOTh Ha pPiBeHb Oe3lekH, €
BifiIcTaHb 70 HaBiranilHNX Hebe3mneK, TOYHICTh BUBHAUEHHS MiCIsI KOpadJisi, MaHEBPOBi XapaKTEepUCTUKH CyJTHA Ta
rinpomereopostoriuni ymoBu. i1 Bincrani monan 1,5 Musti IMOBipHicTh 6e3nie4HOro Ipoxoay epesuiysasia 0,99, Toxi
AK rpu 0,8 MuJTi BOHa 3HMSKyBastacs 1o 0,78. ITpu npoxomskeHH] Midk 1BoMa Hebe3nekaMy HMOBIpHICTb 3MiHIOBaJIacs
Bix 0,97 mo 0,995 3a/ieskKHO Bif X MPOCTOPOBOTO po3TallyBaHHs. 30UIbIIEHHS KiTbKOCTI Hebe3neK MPU3BOAUIO J0
3HIKeHHA HMOBIPHOCTi 6€311eYHOTr0 ITPOXOy: IIPH IT'ATU HeOe3IeKax BOHA MOIJIa 3MeHIIUTHCA 110 0,65. AHaTi3 BIVINBY
noxuboK HapiranilHUX BHMIipIOBaHb IIOKa3aB, [0 IIPU TOYHOCTI BU3HA4YEHHs Micid cygHa 0,5 mMuii #MOBipHICTE
6esmneku cranoBuita 0,995, a mpu moxuo1Ii 2 Musti—0,75. BUKOpUCTAaHHSA iHTErpOBAHUX HABIraliiHUX CUCTEM JI03BOJISTIO
MiIBUINUTH piBeHb Oe3neku Ha 5-10 %. OTpuMaHi pe3yJIbTaT! MigTBepPKYIOTh e()eKTUBHICTh KOMIIJIEKCHOTO ITiIX0Iy
JI0 HaBiramiifHOTO TJIAaHYBaHHs, SIKUM 0a3yeThCs HA MOETHAHHI KiMBKOX KJIOYOBUX MPUHIWITB: BUKOPUCTAaHHI
iHTerpOBaHUX CHUCTEM JJIA TOYHOIO BHU3HAUYEeHHS KOOPJAWHAT CyJgHA, 3aCTOCYBaHHI agalTUBHUX MapIIpPyTiB, IO
BPaxOBYIOTh IIIJIBHICTh HeOE3IeK i 3SMiHHICTh HaBiramiiHoi cuTyarii, TMHaAMIYHIl KOpeKIIii MIBUIKOCTI pyXy 3aIesKHO
BiJl 30BHIIIIHIX YMOB, a TAKO)X ONlEPaTUBHOMY YXWJIEHHI Bill IlepelIKkoj] Ha OCHOBi IIPOrHO3HOI'O MOJEJIOBAaHHA Ta
peanbHUX HaBiramitHux gaHux. TakKWH MiOXig Mae BUCOKY MPAKTUYHY IiHHICTH AJISI MiIBUIIEHHS e(EeKTUBHOCTI
VIpaBJIiHHS CyIHOILUIaBCTBOM Y paiioHaX 3 MiJABUIIEHOIO HABIramiitHOIO CKJIAAHICTIO, IO J03BOJIsIE MiHIMi3yBaTH
BILJIUB PU3UKIB i 3a6e3meynTy cTabiIbHICTh MapIIPYTiB HABIiTh Y HECIPUATINBUX YMOBaxX

KnioyoBi cnoBa: pu3mK 3iTKHEHHHA; MAaHEBPOBi XapaKTePHUCTHKH; IPOCTOPOBE PO3TAIllyBaHHS; aJalTHBHI
MapuIpyTH; TiIpOMETE0POJIOTiYHI YMOBHU
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