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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 I3 form the momentum of the
stable regime L, and the external environmental pressure Hi, Gi, 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, Hy, Gy, S, 0, 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.
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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;
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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



m CynHOBOOIHHS Ta €HEpPreTHkKa CyieH

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 8, w3 and I3, respectively, while the
external pressure of norms and risks is mapped to the disturbance torque t and the indices H:, 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, 13, 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 (w3, I3, 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 w3,
I3, He, Gt, St, 6, 7 that correspond to baseline, stressed and crisis regimes. Fourth, for each scenario

the control problem X —Xx° = 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)

Vprtpal axis (upward Mission and strategic objectives

direction)

Angle 0 Deviation from the mission (strategic loss of project synchronization)

Spin w;3 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 | System maturity (standards, processes, competencies, IT infrastructure,

inertia |3 institutional memory)

Transverse moment of inertia

n

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

Angular momentum

Systemic execution inertia (resilience to turbulence)

L = Lo,

Gravitational moment | Aggregate external pressure (regulatory functions, market, risk events,
7 =mglsiné 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”

technical debt)

duplication, approvals,
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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 7 =mglsinf 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):

g\ (1)=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).

G(t)=Kk, [Zerr (t)+q€§(;quq (t)j. ()

reR

Here Ry 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).

£y (0.)] =|- 2

) =mG(t)lsing. (3)

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 = I, @, is preserved.

|r| =mglsin 6,

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

T
Qg ~ — (4)
I3,SyS ’ a)3,SyS

Equation (4) expresses the macro-level precession frequency Qsys as the ratio of the total
disturbance torque zsys to the axial momentum I3sys@3sys; in other words, the higher the maturity
I3sys and execution rhythm wssys, or the lower the disturbance torque tsys, 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 13sys and
maintain a stable execution cadence w3 sys, while simultaneously reducing the external and internal
torque sys (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:

Lsys :ZLi’ Tsys :Zri’ -

t z-sys

d SYys — ( 5)
d
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With well-aligned mission axes (6):

2.7

Lsys ~ [Z I3,ija)3,sys> sts ~ ( (6)

i
Z I3,ija)3,sys
i

> 2\/Imysmef gl,; cosd .

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; & 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 7i 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).

g

0=1(60,Q,.)+d(t); (7)

g
® =-aw,— Ploss+U,, I‘g‘:—5l3+u|, (8)

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

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

a, B, 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
w3 and maturity I3 as a balance between natural losses and managerial control actions Us and u.

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

T

0k+1:0k_Kp0k_Kd (ek_0k1)+g( : }+Vk; )
3,k .k

W5y = (l_a)a)3,k +U,x — ploss,, I3,k+1 = |3,k +U _5|3,k’ (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 I3k 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 €, () 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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g2
F, 255111}:1; 0,08 + 0, + o Ex+a, (uj),k+u,2,k) , (11)
subject to the dynamic constraints and the stability threshold Lk > Leritk. 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 7 and decreases as maturity I3 and operational
rthythm w3 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 < Lecrit), 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 |3 and w3, guaranteeing the threshold
Lerit, systematically removing losses, and aligning subsystems around a common mission (Fig. 1).
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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 6, and strengthening of inter-agency

o pyopuxu exknioueno cmammi 3a memamuunolo cnpamosanicmio « Tpancnopmui mexuonociiy



HaykoBuit BicHUK XepCOHCHKOI Aep3KaBHOI MOPCHKOI akaaeMii m

interface stiffness (growth of |.). In parallel, a maturity ramp-up plan for I3 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” w3 at the specified
level. Resource allocation is organized as a balance between long-term investments Ui (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, w3, 13}. 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” ®s and does not violate the stability condition. In this
formulation, the multi-project becomes both controllable (via the threshold Ler) 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 w3 (the rhythm of operational cycles),
the integral process maturity I3, and the generalized momentum of the stable regime L = |, ,.

In this context, the execution cadence @3 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 H:i normative “gravity” Gt socio-
geopolitical risk index S, and the aggregated disturbance moment 7. 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 Sge,) € {0, 1, 2,3} ,

where  denotes a model parameter (e.g., w3, I3, H, Gt, St, 6, 7), 1 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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= z e §i
Su=— .5, a ==, (12)

1
Qi = . , n _
m 4 z _
e=1 j:lsq’l

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

scores {S‘ge')},n:l were transformed into ranks I’q(j) (higher score implies higher priority). In the

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

k+(k+t-1)
r=——m—m . (13)
2
Next, aggregated ranks and their dispersion were computed as (14):
2
_ o ) 5 _ n+1 _ 4 =
Rai _Z_:‘r‘“)’ Ry=m-—~ ,Sq—;(Rq,i—Rq) . (14)
Kendall’s coefficient with tie correction is (15):
12S m S
W = 2 9 T = t: _te 2 15
‘ mz(nS—n)—mTq ‘ ;gl( N ’g) (>

where teg 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 w3, 13, L (0 — minimal; 3 — key)
Multi-project segment Contribution to ®3 Con'gribution to 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/AIS/VTS) 2 1
P4. Human factor and crew training 1 3
Ps. Security, protection and cybersecurity 1 1.2
Ps. Environmental safety 1 1
P7. Emergency preparedness and SAR 1 o)
Ps. Analytics, risk management and DSS o) 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 Ht, Gt, S, ©

Contribution | Contribution | Contribution | Contribution
Multi-project segment to H, to G to S (socio- fot
(operational | (normative geopolitical | (disturbance
threats) “gravity”) risks) moment)

Pi1. Regulatory and legal

; 1 3 1 2
compliance
P2. Safety of ship traffic control;
automation of collision 3 1 0 2
avoidance and manoeuvring
Ps. Navigational information 3 1 0 )
infrastructure (ECDIS/AIS/VTS)
P4.. Human factor and crew ) 1 0 )
training
Ps. Securlty, protection and ) 5 ) 3
cybersecurity
Ps. Environmental safety 2 2 | 3
P7. 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

Multi-project segment

Influence on 0
(deviation
from mission)

Brief description of impact on mission alignment

Pi. Regulatory and legal
compliance

Systematic non-compliance with IMO/ISM/
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/AIS/VTS) the target “safety corridors”.
P4. Human factor and crew Competence gaps, fatigue and typical navigator
training 5 errors systematically shift operational practice

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 1 episodic, though sometimes sharp, deviations,
without necessarily changing the long-term
strategic vector.

Ps. Environmental safety Ignoring environmental requirements contradicts

2 the mission of sustainable maritime transport,

creating a structural deviation from strategic goals.

P7. Emergency The level of emergency preparedness affects

preparedness and SAR 1 mainly the severity of consequences rather than
the occurrence of deviations; therefore, its
contribution to 4 is indirect.

Ps. Analytics, risk This segment provides measurement, visualisation

management and DSS 3 and controlled reduction of 6, 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, € [0,3], i=1,...,8, where: 0 corresponds to a segment that is practically undeveloped /
1nactive;

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, = % e[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 = [w3, I3, Hy, Gy, Si, 6, 7] € R’, a L =1, 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 | o3| H | Gt | St |6° 7 Lt Q Qualitative state
I Baseline stable | 5011 091 030 0.40( 0.20| 15| 0.32] 0.70 | 0.46| Stable, 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 Unstable regime with

0.60| 0.80| 0.80] 0.70| 0.30| 40| 0.66| 0.48 | 1.38

crisis “nutations”

4. Geopolitical 1, 561 601 0.60( 0.60( 0.90| 45| 0.66| 0.42 | 1.57| Unstable regime driven
shock by external shock

3. Improvement | 751 90| 0. 40| 0.60| 0.40| 25| 0.48| 0.675| 0.71 | Lransition 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 aki, obtained for example
by dividing each raw weight by the sum of weights in the corresponding row (17).

"L
L ke{a),I,H,G,S,H,r}. (17)

Yw

aQ; =

j=1
In this way we obtain the influence matrix, which links the segment levels Pi...Ps to the
macro-parameters of the “spinning top”” model (18).

a, .. A,
a, ... Ay
Ay .- Ay

A=lag .. ag |eV". (18)
ag, ... Agg
Ay ... Ay
L7l . arS _

Modelling over a time horizon with respect to the segment levels Pi. Can, in a static
approximation, be written as Xx=X__+D-Ap, where p = [p1,...,ps]" — is the vector of segment
levels (normalized to [0,1]), Xmin 1S the vector of minimal admissible parameter values, and
D= diag(dw, d,,d,.dg,ds.d,, dr) 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-

(s) _ U . . . .
parameters X'’ = [co3, I,,H,.G,, St,ﬁ,r] 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, 8, 7) it is reasonable to introduce a negative
sign (19):
X =% —d. > a;p, ke{H,G,S,0,7}, (19)
I

ref

where X, is the “worse” baseline level (without control), and strengthening the segments

decreases the value of the parameter.
Equation (17) converts the expert scores W‘j( 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 Eq. (18) collects these coefficients and links the development levels of segments Pi—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 Ht, Gt,
St, € 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 w3, I3 and negative ones for H, Gt, St, 6, .

In such an approach, if we take, for example, six scenarios with different multiproject
parameters:
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— 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 .
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):
min

i ’W (B Ap® - Ax(s))
p

Thus we have the priority matrix of parameters: W = diag(We, Wi, WH, WG, Ws, Wa, Wr).

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

—pP<ap® <1-p® i=1,..8.  (20)

9

2 , A =" —x0)
2

end, we introduce the normalized magnitude of change for each segment: r'® = ‘Api(s)

Further, we set threshold levels for different scenarios:
0< ri(s) < 0.1 — “maintain the current level”, AP, =0;

0.1< ri(s) < 0.2 — “moderately strengthen/weaken”, AP, =*1level ;
ri(s) > 0.2 — “significantly strengthen/weaken”, AP =+2level .
The sign Api(s) 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,,, L« — the specified threshold.

After determining Ap®, through the formulas for w3 and I3 we obtain (22):
o™ = ol + Ao, 11 =10 + ALY L™ = 11 o (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

crit »
either to increase the target values of w3, I3, or to add the constraint L™ > L, to the optimization
problem.

Thus, we further proceed to the software implementation of the expert system for analyzing
the state of the multiproject of maritime safety management.
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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", "1",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["1"] / 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 Pi...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, -11). The influence matrix B is formed by the
compact command (signs[:, None] * d vec[:, None])* A and then 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([(1, 1, 1, 1, 1, 1,
1]).

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 @ Band rhs = 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 L, Omega, Ht, St, and 6, 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 Leit = 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 Q=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)

1 ) 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 P3, 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

2] 1. Baseline stable 8.7ee ©.700 9.46 ©.457143
1 2. Norms tightening 8.7ee 8.708 9.63 0.628571
2 3. Operational crisis 0.480 0.480 1.38 1.375000
3 4. Geopolitical shock 0.420 0.420 1.57 1.571429
4 5. Improvement programme 08.675 0.675 9.71 0.711111
5 6. New balanced 8.935 8.935 9.40 ©.363636

Normalised influence matrix A (row sums = 1):

Pl P2 P3 P4 P5 P& P7 P8
w3 ©.e91 ©.182 ©.182 ©.091 ©.091 ©6.891 ©.091 ©.182
I3 ©.194 ©.129 ©.e65 ©.194 ©.997 ©.e65 ©0.065 0.194
Ht ©.e61 ©.182 .182 ©.121 ©.121 ©.121 ©6.121 ©.e%91
Gt ©.240 ©.e3¢ 0©0.080 ©.080 ©.160 ©.160 ©.986 ©.120
St ©.133 ©.eee ©.eee 0.eee 0.267 ©.267 ©.133 0.208
6 ©.133 ©.133 ©.133 ©.133 @.e67 ©.133 ©.e67 ©6.260
T 9.114 ©.114 0.114 ©.114 ©.171 ©.171 o0.e8c 0.114

Row-sum check: {'w3": 1.8, 'I3': 1.8, 'Ht': 1.8, 'Gt': 1.8,

Matrix B (with amplitudes and signs):

P1 P2 P3 P4 P5 P& P7 P8
w3 ©.845 ©.691 ©.891 ©.045 0.045 ©.945 ©.845 ©.091
I3 ©.858 ©.839 ©.819 ©.858 ©.829 ©.019 ©6.819 ©.858
Ht -8.836 -©.189 -0.189 -8.873 -08.873 -0.873 -08.873 -8.855
Gt -©.896 -0.832 -0.832 -08.832 -0.664 -6.864 -8.832 -8.8438
S5t -8.893 -0.0680 -0.060 -0.860 -08.187 -0.187 -6.893 -8.148
& -5.333 -5.333 -5.333 -5.333 -2.667 -5.333 -2.667 -8.000
T -0.946 -0.046 -0.046 -0.046 -0.069 -0.969 -0.834 -©.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": @.3, 'Gt': @.4, "5t': 0.2, '8': 15.0, "t': .32}
Desired state x*: {'w3': 1.1, "I3": @.85, 'Ht': 8.2, 'Gt': .5, 'St': 8.3, "6': 18.8, 't": @8.34}

Recommended changes of segment levels P1-P3:

Segment delta_p continuous intensity r = |delta p| deltaP_discrete Recommendation Scenario

P1. Regulatory compliance (IMO/ISM/ISPS/STCW) -1.467 1.4867 -2 significantly decrease segment 1. Baseline stable
P2. Traffic safety & manoeuvring automztion 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 8.727 2 significantly increase segment 1. Baseline stable

P5. Security, protection & cybersecurity -8.374 8.874 -2 significantly decrease segment 1. Baseline stable

P6. Environmental safety (MARPOL) -8.77@ a.778 -2 significantly decrease segment 1. Baseline stable

P7. Emergency readiness & SAR 1.9@5 1.9@5 2 significantly increase segment 1. Baseline stable

P8. Analytics, risk management & D55 1.185 1.185 2 significantly increase segment 1. Baseline stable

SCENARTO: 3. Operational crisis
Current state x*(s): {'w3': @.8, "I3': @.6, "Ht': 8.8, 'Gt": @.7, 'St': 0.3, '@': 40.8, "t": 0.66}
Desired state x*: {'w3": 1.1, 'I3': @.85, 'Ht': @.2, 'Gt': @.5, 'St': @.3, '6': 10.8, 't': 6.34}

Recommended changes of segment levels P1-P3:

Segment delta_p_continuous intensity r = |delta_p| deltaP_discrete Recommendation Scenario

P1. Regulatory compliance (IMO/TSM/TISPS/STCW) -8.185 8.185 -1  moderately decrease segment 3. Operational crisis
P2. Traffic safety & manoeuvring automation 14.734 14.734 2 significantly increase segment 3. Operational crisis
P3. Navigational information (ECDIS/AIS/VTS) -9.326 9.328 -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 -3.3e38 3.308 -2 significantly decrease segment 3. Operational crisis

P6. Environmental safety (MARPOL) 7.832 7.832 2 significantly increase segment 3. Operational crisis

P7. Emergency readiness & SAR -2.143 2.148 -2 significantly decrease segment 3. Operational crisis

P3. Analytics, risk management & D55 -3.429 3.489 -2 significantly decrease segment 3. Operational crisis

SCENARIO: 5. Improvement programme
Current state x~(s): {'w3’: .9, "I3': ©.75, 'Ht": 8.4, 'Gt": 0.6, "St"': ©.4, "9': 25.8, "T': 0.43}
Desired state x*: {'w3’: 1.1, "I3': 8.85, 'Ht': 8.2, 'Gt’: 8.5, 'St': 8.3, "6': 18.8, 'tr': @.34}

Recommended changes of segment levels P1-P3:

Segment delta_p_continuous intensity_r = |delta_p| deltaP_discrete Recommendation Scenario

P1. Regulatory compliance (IMO/ISM/ISPS/STCW) -8.227 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. Navigaticnal 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

P5. Security, protection & cybersecurity 2.536 2.536 2 significantly increase segment 5. Improvement programme

P&. Environmental safety (MARPOL) -2.90@ 2.500 -2 significantly decrease segment 5. Improvement programme

P7. Emergency readiness & SAR -8.277 8.277 -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 (w3, I3, Ht, G, 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 w3, process maturity
I3, threat indices H: normative “gravity” Gt, socio-geopolitical risks S, strategic deviation 6,
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disturbance torque 7z and the impulse of the stable regime L), as well as multiproject segments
P1—Psg 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 €, thus ensuring proactive
corrective actions at the maritime safety level.
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Hocop II. C. [IPOEKTHO-OPIEHTOBAHMI TIIAXIJ V 3ABJAHHSIX YIIPABJIIHHS BE3IIEKOIO
MOPCBKOI'O TPAHCITOPTY 3A ITPUHLIMIIOM T'PABITALIIMHO-IHEPLIITHOT MOJIEJII

YV Oaniit cmammi 3anpononosano nNpoeKmMHO-0piEHMOBAHUU NIOXIO W00 YNPAGNIHHSA OE3NeKO MOPCHbKO20
MPAHCNOpmMy wo CRUpAEmMbCsl Ha izuyni ananoeii epagimayiuno-iHepyitHoi moodeni. B oenadi nimepamypu,
NOKA3AHO, WO MPAOUYIUHI NIOX00U 30CEPEONCYIOMbC HA OKPeMUX NOKASHUKAX I Npoyecax MOpPCbKO20
MPAHCNOPMY: 3AMPUMKY, THYUOEHMU, He8ION0GIOHOCMI, OOHAK Ye He HAOA€ YLNiCHOI Keposanoi KoHyenyii
CYKYNHOCMI NPOEKMIG De3neKu ma ix cmitikocmi 00 308HIUHIX | BHYMPIWHIX 30YpeHb.

YV pamxax cmammi pospobneno opmanizoeany cucmemy y3acanvHeHUX napamempis, wjo 6KIOUAE 8 cebe
pUMM BUKOHAMHA @3, 3pinicmb I3, iHOexcu 3acpo3 Hy HopmamusHoi «epasimayiiy Gy, coyianvHo-
2eononimuunux pusukie Sy, cmpameziune giOXuieHHs 6, momenm 30ypens T, IMNYIbC CMIilKoeo pedxcumy L.
Oxkpemo 0ooano ceemenmu myaomunpoekmy P1-Pgs, wo oxonniorome nopmamusny eionogionicms, xepysamms
pyxom, Hasieayitiny ingpacmpykmypy, a00CbKuil (hakmop, oxXopouy U KibepOesnexy, eKonociuny 6esneky,
asapitiny eomostnicmo i CIIIIP. [le 0ano modxciugicmes Ha OCHOBI eKCHEPMHUX 8de Noby006aHo Mampuiyi
6nAUGI6 I COpMYNI08amMU  3AKOHU KePOBAHOCMI, NOPO2O8L YMOGU CMIUKOCMI ma Kpumepii O
MYIbMUNPOEKMHO20 KePYBAHHS.

OKpemolo  uacmunoro 00CriOdNCeHHA € pOo3poOKaA i 3aCMOCYBAHHA NPOSPAMHOZ0 MOOYIA Ha Mosi Python
(Anaconda JL), sxuil peanizye 3a0aui 36aniCeHUX HAUMEHUUX K8AOPAMIS, AGMOMAMUYHO OYIHIOE IMOGIDHI
cyenapii ma eenepye excnepmti pexomeHoayii wo0o cmabinizayii cmany 6e3neku MopcbKo20 MpAaHCnopmy.
Pezynemamu imimayilino2o MoOenio8anHa NOKA3aU, WO 3aNpONOHOB8AHUL NIOXI0 0A€ 3MO2Y 3MeHULY8aAmu
3a2pOo3U KPU30BUX PeAHCUMIB, HADIUMCAMU iX 00 CMIIKO20 30A1aHCO8AH020 CMAHY 3 NiO8UWeHUM imnyabcom L.
Ipaxmuune 3nauenns podbomu noasieae 8 MoMy, Wo MoOelb Moxce Oymu iHmezposand 6 yugposi niamegpopmu
MOHIMOpuHey, euxopucmogysamu Giokpumi oani EMSA, cnysch i Kommponiolouux 8i0omMcme y nopmax,
KOMNAHIAX ma cy2y8amu 0CHOB0I0 Olisi (POPMYSANHS CKIAOHUX MYTbMUNPOEKMIE De3NeKU 2any3i MOPCbKO20
MPAHCNOPMY, Y3200HCEHUX i3 MICIEIO CYOHONIAGHUX KOMNAHIU I MIDNCHAPOOHUX MOPCLKUX OP2AHIZAYIL.
Knrouosi cnosa: npoeckmuo-opicumosanuti nioxio; epagimayitiHo-iHepyitina Mooeib;, MyIbmunpoeKkm Oe3nexu
MOpPennascmed; eKkCnepmua CUCmema, CYeHApHUll auanis, Ypaeiints npoekmami, agmomamuszayis; Python;
iHmMeneKmyanbHi Cucmemu.
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