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PARAMETRIC GEOMETRY CONTROL OF AN AERO-ENGINE FAN BLADE USING
A BEZIER-BASED MEAN CAMBER LINE
Samadov A.S., Ramazanova F.N.
National Aviation Academy

The aerodynamic efficiency of advanced fan stages of aircraft engines in transonic mode is
determined by geometric profiling factors. Specifically, it depends on the distribution of profile
curvature. Camber-line distribution has a direct effect on flow acceleration, shock position, pressure
recovery, and loading distribution along the chord. This paper presents a parametric geometry-
control method for fan blade profiles. The mean camber line is described by a fifth-order Bezier
curve, while the thickness law is generated using monotonic cubic Hermite interpolation (PCHIP).
This combination provides smooth profile construction and avoids non-physical oscillations in the
thickness distribution. This allows the chordwise aerodynamic loading to be redistributed in a
controlled manner. The thickness is applied in the normal direction to the camber line, which
preserves geometric consistency of the upper and lower blade surfaces. The method was tested
through numerical simulation of a transonic fan stage. The results show a stable flow pattern,
controlled acceleration on the suction side, and gradual pressure recovery downstream of the peak-
velocity region. The computed total pressure ratio is 1.36, while the isentropic efficiency reaches
0.88. These results confirm that the proposed parameterization can be used as a reliable basis for
further aerodynamic optimization of fan blade geometries. The method also makes it possible to
evaluate the practical effect of local curvature changes on the flow structure.

Keywords: Fan blade, Bezier curve, PCHIP, profile parametrization, aerodynamic efficiency.

PCHIP - Piecewise Cubic Hermite Interpolating Polynomial
MDO - Multidisciplinary Design Optimization

SBLI - Shock Boundary Layer Interaction

CAD - Computer-Aided Design

CFD - Computational Fluid Dynamics

1. Introduction

The aerodynamic performance of high-bypass ratio fan stages is fundamentally governed by
the structure of transonic flow within the blade passage [1]. In such regimes, the interaction between
the shock wave and the boundary layer (shock—boundary layer interaction, SBLI) represents a major
source of both wave and profile losses, directly affecting overall efficiency. The position and strength
of the shock system are highly sensitive to the local camber distribution of the blade profile [2, 3].
Accurate prediction of these effects requires advanced design approaches based on high-fidelity
Navier—Stokes solvers, particularly at the initial profiling stage [4].

The aerodynamic loading of a cascade is commonly characterized by the diffusion factor [5],
which reflects the degree of flow deceleration and the tendency toward boundary layer separation.

1



Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

The curvature of the mean camber line governs the streamwise pressure gradient and circulation,
thereby controlling local diffusion levels. As a result, modifying the camber line provides a direct
means of redistributing aerodynamic loading along the chord. This capability is particularly important
in modern multidisciplinary design optimization (MDQ) frameworks, where geometric parameters
must be both compact and physically interpretable [6-8]. Traditional analytical airfoil definitions,
such as the NACA family [9], offer limited flexibility for localized control of camber under transonic
conditions. In response, more flexible representations based on Bezier curves and NURBS have been
developed [10-12]. However, despite their geometric versatility, the relationship between control
point manipulation and the underlying physics of SBLI and diffusion remains insufficiently
formalized.

Recent research in transonic fan design has focused on three-dimensional features, such as
blade sweep and lean, to mitigate shock-related losses [13,14]. Optimization strategies based on
adaptive Gaussian processes and multi-zone parametrization have demonstrated improved efficiency
through detailed control of thickness and curvature distributions [15,16]. Nevertheless, many of these
approaches rely on data-driven optimization procedures, which limits physical interpretability and
direct control of aerodynamic loading.

In this study, a parametric method for fan blade geometry control is proposed and validated
against classical transonic benchmarks [17]. The method employs a fifth-order Bezier representation
of the mean camber line combined with an independently defined thickness distribution. This
formulation establishes a direct link between control point positions, metal angles, and the streamwise
loading distribution. The approach is designed to support physically interpretable, high-efficiency
designs and can be integrated into multi-point optimization frameworks [18].

2. Methodology

2.1. Parametric representation of the mean camber line

The airfoil geometry is constructed based on a parametric description of the mean camber line,
defined by a fifth-order Bezier curve. The choice of a fifth-order polynomial is motivated by the need
to ensure sufficient flexibility in the curvature distribution while maintaining a compact set of design
variables [12,19].

The mean camber line is represented in parametric form as:

C(t) = Zii:o Pk B]E(t), t € [011]1 (1)

Where, P, = (Px,k,Py_k)- control points, B (t) - represents the fifth-order Bernstein basis
polynomials, defined as:

Bi(t) = (3)(1 — )5 7*¢k @)

This representation ensures analytical continuity of the first and second derivatives throughout
the parametric segment. Such continuity is of fundamental importance in preventing artificial
curvature discontinuities and localized flow disturbances, which are particularly critical in transonic
flow regimes.

Figure 1 illustrates the parametric mean camber line constructed using a fifth-order Bezier
curve. The geometry is defined by six control points that form the control polygon, which uniquely
determines the curve’s shape and its differential characteristics.
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The inlet and outlet metal angles are directly established by the first and last segments of the
control polygon. These segments correspond to the tangent directions of the fifth-order Bezier curve.

The positions of the initial and final control points (PO and P5) fix the coordinates of the
leading edge (LE) and trailing edge (TE), respectively. The adjacent control points (P1 and P4) define
the inlet and outlet metal angles via the tangents to the mean camber line:

__dy/dt
tanf = T dt 3)

The inlet and outlet angles are directly established by the orientation of the first and last
segments of the control polygon, requiring no additional geometric constraints. This representation
ensures rigorous control over the metal angle boundary conditions.

Consequently, varying the positions of the internal control points (P1 through P4) allows for
precise management of the curvature distribution and the subsequent redistribution of the
aerodynamic loading along the chord.

02 T r T . —]
0.15 .
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Figure 1. Bezier Mean Camber Line with Inlet and Outlet Angles

2.2. Thickness distribution and surface generation

The airfoil thickness is defined independently of the mean camber line as a function h(x),
specified at discrete nodes along the chord. To ensure smoothness and eliminate unstable oscillations,
Piecewise Cubic Hermite Interpolating Polynomials (PCHIP) are employed, as they preserve the
shape and monotonicity of the original data.

The complete geometry of the suction (upper) and pressure (lower) surfaces is constructed by
offsetting the half-thickness along the unit normal to the mean camber line. The tangent vector is
defined as:

ot =(£,2), @)

dt’ dt

The tangent vector ¢'(t) is utilized to define the local orientation of the profile. The unit
normal vector n(t) is then calculated by a 90° rotation of the tangent:
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n(®) = oo (-5 %) )

I’ ()] dt’ dt
The upper and lower surfaces of the airfoil are formulated as follows, [14]:

Supper () = ¢(©) + "D (1) (6)

Stower(®) = €(®) = " p(t) (7)

This approach ensures the geometric consistency of the surfaces and prevents smoothness
violations the variations of design parameters.

2.3. Control of aerodynamic loading

The curvature distribution of the mean camber line exerts a direct influence on the streamwise
circulation distribution and local velocity within the blade passage. Within the framework of classical
turbomachinery theory, aerodynamic loading is characterized by the diffusion factor, which reflects
the degree of flow deceleration and is closely associated with the risk of boundary layer separation.

Parametrization of the mean camber line via Bezier control points enables targeted loading
redistribution along the chord. Varying the positions of the internal control points modifies the
curvature distribution, leading to changes in the streamwise pressure gradient and the shock wave
position in transonic flow regimes.

Consequently, the geometric parameters of the model acquire a physically interpretable
character, allowing them to be effectively utilized as design variables in aerodynamic optimization
procedures.

2.4. Numerical implementation

The geometric model is implemented within the MATLAB environment. The parameter t is
discretized using a uniform grid, ensuring sufficient profile resolution for subsequent export into
CADI/CFD systems. To maintain high numerical precision, the derivatives of the Bezier curve are
calculated analytically based on the properties of the control point differences [19]:

¢'(t) = 5Xk=0(Pr+1 — PR)Bi (1) (8)

This analytical approach ensures numerical stability and completely eliminates truncation
errors associated with finite-differences approximations. This is particularly vital for the accurate
calculation of surface normal and curvature-dependent aerodynamic parameters.

The generated coordinates for the suction and pressure surfaces are used for subsequent 3D
blade construction.

1. Results and Discussion

The resulting blade section geometry is presented in Figure 2. The profile is generated based
on a mean camber line defined by a fifth-order Bezier curve (indicated by the cyan line). The suction
side (black line) and pressure side (green line) are constructed by offsetting the local half-thickness
along the normal direction to the mean camber line.
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Figure 2. Bezier-based mean camber line parameterization and resulting blade section geometry (chord =
0.458 m)

The thickness distribution was interpolated from a set of predetermined discrete nodes using
the PCHIP method, which was subsequently utilized to formulate the final suction and pressure
surfaces relative to the central camber definition.

The generated geometry is characterized by a smooth curvature distribution and continuous
first-derivatives, ensuring reliable subsequent CFD analysis. The point of maximum profile thickness
is strategically positioned within the forward half of the chord, and the thickness monotonically
decreases towards the trailing edge, forming a properly closed trailing edge geometry.

Decoupling curvature and thickness allow direct control of the streamwise loading. This is not
possible with classical NACA definitions (Ladson et al., 1996), which impose fixed geometric
relations. In contrast, the Bezier-based formulation provides a clear link between control point
positions and flow characteristics. This includes the peak Mach number and sensitivity to SBLI.
Similar advantages of spline-based parametrization have been reported in unified geometry
approaches and optimization studies [10-12].

Figure 3 illustrates the velocity magnitude distribution and the flow vector field within the
blade passage for the generated profile. The color scale indicates velocity variations ranging from 20
m/s to 600 m/s. In the leading-edge region, an intense flow acceleration is observed on the suction
side, driven by the localized increase in the mean camber line curvature. Peak velocity values are
concentrated within the first half of the chord, corresponding to the zone of maximum pressure
differential.

The numerical results show that the fifth-order Bezier parametrization provides effective
control of aerodynamic loading. The acceleration peak shifts toward the front part of the chord. This
is followed by a stable pressure recovery. Such behavior indicates controlled diffusion levels within
the blade passage. The resulting flow structure remains within the empirical limits reported by
Lieblein et al [5]. It is also consistent with controlled diffusion concepts discussed by [2,3]. These
features are essential for reducing losses in transonic stages [1,8].
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Figure 3. Velocity magnitude contours and vector flow structure within the blade passage

Crucially, the vector field confirms the absence of large-scale boundary layer separation or
significant recirculation zones, even under high-load conditions. The flow remains well-attached
along the entire blade surface, demonstrating a stable direction and moderate diffusion in the rear
portion of the passage. The velocity distribution confirms the validity of the selected Bézier-based
camber parametrization and the PCHIP-defined thickness distribution.

At the design point, the resulting geometry achieves a pressure ratio of 1.36 with a high
isentropic efficiency of 0.88. These obtained performance values indicate a stable flow field with
limited losses, which is consistent with the reported performance levels of modern transonic fan
designs [13, 15]. In addition, the ability to fine-tune the thickness location and curvature distribution
aligns with current multi-zone optimization strategies [16].

In conclusion, the combination of Bezier curves for the mean line and PCHIP interpolation
for thickness allows for independent control over curvature and thickness distribution. By linking
control point coordinates directly to transonic flow features, the proposed method provides a
physically interpretable design framework. This significantly reduces the reliance on purely data-
driven "black-box™ optimization approaches [6, 18], as the geometric parameters retain a clear
aerodynamic meaning and can be used as direct design variables. However, a quantitative comparison
with baseline NACA-based geometries would further highlight the specific advantages of the
proposed method.

2. Conclusion. A parametric method for fan blade geometry design is proposed. The mean
camber line is represented by a fifth-order Bezier curve, with thickness defined independently using
PCHIP. The approach links control point positions with inlet and outlet metal angles and the
streamwise loading. Decoupling curvature and thickness allow stable and accurate profile generation.

Numerical results show that variations in the mean camber line curvature provide effective
control of the peak acceleration region within the blade passage. The location and extent of this region
can be adjusted through local curvature modifications, which directly influences the pressure recovery
process and the distribution of diffusion along the chord. As a result, the aerodynamic loading can be
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controlled in a predictable manner. The computed flow field corresponds to a stable transonic
operating regime, with no signs of critical profile overloading. The solution remains free of large-
scale separation and excessive shock-induced losses. A total pressure ratio of approximately 1.36 is
achieved, while the corresponding isentropic efficiency reaches 0.88. These findings indicate that the
Bezier-based parametrization captures the key features of high-speed flow behavior. In particular, it
allows control of the shock wave position and limits its upstream migration. The method also reduces
the effect of adverse pressure gradients, contributing to improved flow stability and aerodynamic
performance.

Consequently, this method serves as an efficient tool for the profiling and optimization of fan
stages in modern aircraft engines. The ability to link geometric variables directly to aerodynamic flow
angles is particularly critical for transonic blade design, where performance is highly sensitive to
localized curvature. By providing a transparent and physically interpretable design space, the
proposed Bezier-PCHIP scheme offers a robust alternative to conventional optimization frameworks,
facilitating the development of high-efficiency fan components with improved aerodynamic margins.

Future work will focus on extending the method to three-dimensional blade geometries and
multi-operating conditions.
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AVIASIYA MUHORRIKI VENTILYATOR PORININ BEZIER OSASLI ORTA OYRILIK

XOTTI VASITOSILO PARAMETRIK HONDOSI IDARD EDILMOSI
Samadov O.S., Ramazanova F.N.
Milli Aviasiya Akademiyast

Transonik rejiminda isloyan aviasiya muharriklarinin tokmillasdirilmis ventilyator pillalarinin

aerodinamik samaraliliyi profillamanin handasi faktorlar: ilo miayyan edilir. Xisusila, bu somaralilik
profilin ayriliyinin paylanmasindan asilidir. Profil ayriliyinin paylanmast aximin stiratlanmasing,
zorba dalgasimin movgeyina, tozyigqin barpasina va yiikiin xorda boyu paylanmasina birbasa taSir
gOstorir. Bu igda ventilyator parlarinin profillarinin handasasini idara etmok Giglin parametrik metod
toqdim olunur. Profilin orta ayriliyi besinci doracali Bezier ayrisi ila tasvir edilir, galinliq ganunu isa
monoton kubik Ermit interpolyasiyasi (PCHIP) vasitasilo formalasdirilir. Belo kombinasiya profilin
ravan qurulmaswmi tomin edir Vo galinlig paylanmasinda qeyri-fiziki dalgalanmalarin qarsisin alur.
Bu, xorda boyu aerodinamik yiki idaraolunan sokilda yenidon paylamaga imkan verir. Qalinliq
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Elmi Macmuo
Scientific Journal

profilin ayriliyina normal istigamatda tatbiq edilir ki, bu da parlarin st va alt sathlarinin handasi
uygunlugunu qoruyur. Metod transonik ventilyator pillasinin adadi modellasdirilmasi vasitosilo
simaqdan kegirilmigdir. Naticalar sabit axin manzarasini, sovurma tarafinda idaraolunan stiratlonmani
Vo pik slirat zonasindan asagida tazyiqin tadricon barpasini géstorir. Hesablanmuis tam tazyiq nisbati
1,36, izoentropik faydali is amsali (FIB) isa 0,88 taskil edir. Bu naticalar tasdiq edir ki, toklif olunan
parametrlagdirma ventilyator parlarinin handasasinin galacok aerodinamik optimallagdirilmast iigiin
etibarli 2sas ola bilar. Metod local ayrilik dayisikliklorinin axin strukturuna praktiki tosirini

giymatlandirmaya da imkan verir.

Acar sozlar:

aerodinamik samaralilik.

Information about the authors

Cild 28, Ne2, 2026
Vol. 28, Ne2, 2026

. Ventilyator pori, Bezier ayrisi, PCHIP, profilin parametrlosdirilmasi,

Name, Workplace Position, scientific Contact
surname, degree, scientific
fathers name name
Adalat National Aviation Flight Equipment and samedov@naa.edu.az
Samadov Academy Aviation Engines
Soltan Department, Doctor of
Technical Sciences,
professor
Fatima National Aviation Flight Equipment and framazanova@naa.edu.az
Ramazanova Academy Aviation Engines phone: (+994) 51 709-04-16
Namik Department, teacher



mailto:samedov@naa.edu.az
mailto:framazanova@naa.edu.az

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

UDC: 621.45:536.46:519.6 DOI:10.30546/EMNAA.2026.02.28.105

REFINED CHEMICAL-EQUILIBRIUM COMBUSTION MODELING FOR
PROPULSION APPLICATIONS: NUMERICAL STABILIZATION, PHASE-BOUNDARY
TREATMENT, AND NOZZLE-DESIGN CONSEQUENCES
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This article presents the principal results of a refined chemical-equilibrium combustion-
modeling framework developed for jet and rocket propulsion applications. The work focuses on the
numerical and thermodynamic reliability of a from-scratch equilibrium solver that follows the
classical Gibbs-free-energy minimization philosophy of NASA CEA while introducing additional
treatment for condensed phases, phase-boundary crossings, triple-point neighborhoods, and
polymorphic phase selection. The most important results are grouped into four technical outcomes.
First, gas-only verification against NASA CEA confirms that the PT, PH, and PS formulations
reproduce reference equilibrium states with average relative errors of order 10~*% for
representative H2/O2 and CH4/O2 combustion systems. Second, heterogeneous calculations show
stable condensed-phase activation and agreement with NASA CEA at the sub-percent level, with the
remaining discrepancies mainly associated with different conventions for heterogeneous internal-
energy post-processing. Third, a phase-boundary module using composition-identical phase
matching, inferred transition temperatures, coexistence tolerance, deterministic temperature
snapping, and active-set augmentation resolves numerical oscillation near water solid-liquid
coexistence and supports stable polymorph selection in metal-oxide systems. Fourth, coupling the
refined equilibrium solver with a method-of-characteristics nozzle calculation changes the resulting
RD-107 and RD-108 nozzle geometries in a physically interpretable way: both refined nozzles
achieve the prescribed exit condition with larger initial turning, unchanged exit angle, shorter length,
and smaller area ratio than the conventional fixed-property baseline. These results show that refined
equilibrium modeling is not merely a post-processing improvement; it can directly alter propulsion-
system geometry when thermochemical response is embedded into design calculations.

Keywords: Chemical Equilibrium Analysis, Gibbs Minimization, NASA CEA, Combustion
Modeling, Condensed Phases, Triple Point, Polymorphism, Method of Characteristics, Rocket
Nozzle.

1. Introduction

Chemical-equilibrium analysis remains one of the most widely used thermochemical tools in
propulsion design because it converts a specified reactant state into the equilibrium composition,
temperature, molecular weight, specific heat, isentropic exponent, and other mixture properties
required by chamber, turbine, and nozzle calculations [7, 8]. In rocket propulsion, these outputs define
characteristic velocity, throat state, nozzle expansion behavior, and the thermodynamic response of
the exhaust products [5, 6, 9, 10, 18]. In air-breathing propulsion, they influence combustor-exit
temperature, turbine inlet conditions, dissociation levels, pollutant precursors, and the thermal load
environment [12]. Classical tools, especially NASA CEA, have therefore become reference points
for both research and preliminary design [11, 16, 22, 23].

However, the practical use of equilibrium analysis in modern propulsion has become more
demanding than the original gas-only formulation suggests [13]. High-pressure combustion,
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hydrocarbon or oxygen-rich mixtures, extended species databases, condensed products, phase
transitions, and near-degenerate polymorphic candidates can make the Gibbs-minimization problem
numerically stiff. A solver may be thermodynamically correct in principle and still fail operationally
if it oscillates at a phase boundary, incorrectly eliminates a condensed candidate, locks onto the wrong
polymorph, or produces discontinuous outputs during a coupled design loop [17]. This is especially
problematic when the equilibrium solver is no longer used as an isolated calculator but as a submodule
inside nozzle generation, cycle analysis, CFD preprocessing, or multidisciplinary design
optimization.

The research work on which this article is based addresses that problem by developing a
Python-based equilibrium framework from scratch, using NASA-style thermodynamic data and a
CEA-like constrained-minimization backbone, but with additional logic for robustness in
heterogeneous and phase-sensitive regimes [1, 2, 3, 4]. The central contribution is not a replacement
of classical chemical thermodynamics; it is the numerical refinement of how the equilibrium state is
reached and how phase-sensitive thermodynamic admissibility is enforced. The framework supports
PT, PH, and PS formulations, handles gaseous and condensed products through active sets, and
implements specific mechanisms for (i) solid-liquid coexistence, (ii) triple-point capture, and (iii)
polymorphic selection.

This article deliberately avoids repeating the full literature review of the research work.
Instead, it concentrates only on the crucial results: the mathematical structure of the solver, the
verification against NASA CEA, the treatment of condensed and phase-boundary cases, and the
propulsion-level consequence demonstrated through RD-107 and RD-108 nozzle contour
calculations. The purpose is to present the final scientific result in journal-article form: a refined
equilibrium solver can remain consistent with NASA CEA in conventional gas-only regimes, remain
stable in condensed and phase-transition regimes, and modify nozzle geometry when the resulting
state-dependent thermodynamic properties are coupled to the method of characteristics.

2. Equilibrium Formulation and Computational Framework
For a reacting mixture containing n, candidate species and ¢ conserved elements, the
equilibrium problem is formulated as a constrained minimization of the total Gibbs free energy,

Ns
G(T.p.N) = ) Nipy(T,p,N) &
j=1

subject to elemental conservation,

Ns
ZAUN] =B; (2)
=1

where 1 <i € Z < ¢, and non-negativity of all species amounts N; = 0, where 1 < j € Z <
ns. Here N; is the mole number of the j™ species, A;; is the number of atoms of element i in species
j, and By is the fixed elemental abundance of the mixture. For gaseous species, the chemical potential
includes the ideal-mixture contribution; for condensed species, the activity treatment follows the
standard equilibrium assumption used in CEA-type calculations, so condensed candidates are
activated through phase stability rather than through a gas-mixture mole-fraction term.

The computational backbone follows the Lagrange-multiplier structure of classical CEA-type
equilibrium analysis [16]. The stationarity condition can be written generically as
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¢
i=1

for active species, together with feasibility and non-negativity constraints, where A; represents
the Lagrange multipliers and u; stands for the chemical potentials. In practice, the solver advances
toward equilibrium by linearizing the nonlinear stationarity conditions, elemental conservation
equations, and thermodynamic closure relations about the current iterative state. At each iteration, the
nonlinear dependence of the chemical potentials on temperature, pressure, and species mole numbers
is approximated by a first-order correction system. This system is then solved for the unknown
increments in the species amounts, the elemental Lagrange multipliers, and, when the problem is
formulated under PH or PS constraints, the temperature correction required to satisfy the prescribed
enthalpy or entropy. In this way, the equilibrium problem is transformed locally into a coupled linear
algebraic system whose solution simultaneously improves chemical stationarity, restores elemental
balance, and drives the mixture toward the required thermodynamic state. The PT formulation treats
pressure and temperature as prescribed, while PH and PS introduce temperature as an unknown and
impose enthalpy or entropy closure, respectively, as

H(Tl b, N) = HO and S(Tl p, N) = SO (4)

This common KKT-type backbone allows the same code structure to solve fixed-temperature,
fixed-enthalpy, and fixed-entropy equilibrium problems.

Several implementation details are essential to the reported results. First, thermodynamic
properties are evaluated from NASA-style polynomial intervals, including specific heat, enthalpy,
entropy, and standard-state chemical potential. Second, species and phase data are parsed into
structured product sets, allowing gaseous, liquid, solid, and polymorphic candidates to be filtered and
activated consistently. Third, trace species are protected by logarithmic or multiplicative updates so
that positivity is maintained without destroying the convergence path. Fourth, when a linear solve
becomes singular or ill-conditioned, a pseudoinverse fallback is used to preserve progress. This
fallback is not intended as the main numerical method; it is a safeguard for degenerate active-set
configurations and phase-boundary events.

The most important refinement concerns condensed phases. A classical gas-only minimization
can be smooth, but a heterogeneous equilibrium calculation is inherently discontinuous in the set of
admissible products. A condensed species may be absent for most of the iteration and then become
thermodynamically stable when its reduced Gibbs residual crosses the activation threshold. The
solver therefore treats condensed products through an active-set strategy: candidates are admitted,
removed, or replaced depending on phase stability and thermodynamic admissibility. This is the
technical foundation for the phase-boundary and polymorphism results discussed later.

3. Gas-Only Verification Against NASA CEA

The first verification level avoids condensed-phase complications. The purpose is to isolate
the thermodynamic-property pipeline, elemental conservation, KKT iteration, and PT/PH/PS closure
behavior. Two propellant systems are used: H2/O2 at an oxidizer-to-fuel ratio of 5.50 and pressure of
200 bar, and CH4/O2 at an oxidizer-to-fuel ratio of 3.40 and pressure of 100 bar. PT cases prescribe
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temperature, PH cases solve for the equilibrium temperature at fixed pressure and enthalpy, and PS
cases solve for the equilibrium temperature at fixed pressure and entropy (Table 1).

Table 1
Gas-Only Verification Cases Used for NASA CEA Comparison

Case Propellant O/F Pressure Temperature Entropy
PT-1 H./O> 5.50 200 bar 3500 K -

PT-2 CH4/O: 3.40 100 bar 3200K -

PH-1 H./O; 5.50 200 bar - -

PH-2 CH4/O; 3.40 100 bar - -

PS-1 H./O> 5.50 200 bar - SpT-1

PS-2 CH4/O, 3.40 100 bar - Spr-2

The central result is that the developed solver reproduces NASA CEA gas-only results with
very low average relative error. The average relative errors reported for PT-1, PT-2, PH-1, PH-2, PS-
1, and PS-2 are given on Figure 1.

1073 |
f | ~7.76
L —8.01 -8
-8.19 -8.23

-8.79

Average relative error, %

1 0_4 T T T T T T
PT-1 PT-2 PH-1 PH-2 PS-1 PS-2

Verification case

Figure 1. Average Relative Error of Gas-Only Equilibrium Cases Relative to NASA CEA

The importance of this gas-only verification is primarily methodological. If the refined solver
had shown noticeable disagreement with NASA CEA in simple gas-only regimes, any later
improvement observed in condensed or phase-sensitive calculations would be difficult to interpret
and could not be attributed with confidence to the new phase-handling logic. Instead, the gas-only
tests establish a necessary baseline for the entire framework. They confirm that the thermodynamic-
property parser, species database treatment, elemental composition matrix, Gibbs free-energy
minimization procedure, and PH/PS temperature-coupling strategy are consistent with the established
reference implementation. This means that the solver first reproduces the standard equilibrium
problem before additional heterogeneous refinements are introduced. Consequently, the condensed-
phase, triple-point, and polymorphic extensions can be interpreted as genuine improvements built on
an already validated equilibrium core, rather than as compensatory numerical adjustments concealing
deficiencies in the base gas-phase calculation.
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4. Condensed-Phase Verification and Heterogeneous Equilibrium

The second verification level extends the comparison with NASA CEA to systems containing
condensed products. These cases are more demanding than gas-only calculations because the active
species set is no longer fixed throughout the iteration. A condensed phase may remain absent during
the early stages of the solution and become thermodynamically stable only after the gas-phase
composition, temperature, and chemical potentials approach equilibrium. Once activated, the
condensed species modifies the composition vector, changes the dimensionality of the active
equilibrium system, and influences the thermodynamic closure used in PT, PH, or PS calculations. In
addition, condensed products contribute to mixture enthalpy, entropy, heat capacity, and internal
energy in a manner that depends on how gaseous and condensed contributions are post-processed.
For this reason, heterogeneous verification is not only a test of equilibrium composition, but also a
test of active-set stability and thermodynamic-property consistency (Table 2).

Table 2
Heterogeneous Verification Cases Used for NASA CEA Comparison
Case Propellant O/F Pressure Temperature Entropy
CPT-1 H./O; 5.50 200 bar 500K -
CPT-2 CH4/O2 3.40 100 bar 500 K -
CPH-1 H,/O» 0.40 200 bar - -
CPH-2 CH4/O: 0.10 100 bar - -
CPS-1 H./O> 2.00 200 bar - ScpT-1
CPS-2 CH4/O, 0.10 100 bar - ScpT-2

The numerical solution reports condensed-phase verification across CPT, CPH, and CPS
formulations. The average relative errors for these heterogeneous cases remain low (see Figure 2).

-2.01 I I
10—] |
= i ~2.33 -2.27
§" |
o i ~2.74
2
=
S -3.16
5]
2
5
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CPT-1 CPT-2 CPH-1 CPH-2 CPS-1 CPS-2

Verification case

Figure 2. Average Relative Error of Heterogeneous Equilibrium Cases Relative to NASA CEA

Although these values are larger than the gas-only errors, they are still small for a
heterogeneous equilibrium comparison. More importantly, the research work identifies the source of
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much of the discrepancy: NASA CEA and the developed solver use different heterogeneous internal-
energy post-processing conventions. NASA CEA evaluates heterogeneous internal energy using an
ideal-gas relation of the form e = h — RT for the gas contribution, whereas the developed
implementation computes internal energy by summing gaseous and condensed contributions
directly. Thus, the remaining difference is not primarily a failure of equilibrium composition
prediction; it is largely a convention-dependent difference in derived thermodynamic-property
reporting.

The main conclusion from the condensed-phase verification is that the active-set treatment is
consistent. Condensed species appear without destroying elemental conservation, gas species
redistribute in a physically interpretable way, and the solver remains convergent under CPT, CPH,
and CPS constraints. This result is critical because the later triple-point and polymorphism tests
depend on a reliable condensed-phase mechanism. Without stable activation and deactivation of
condensed candidates, any attempt to handle solid-liquid coexistence would become an arbitrary
species-filtering procedure rather than a thermodynamic refinement.

5. Phase-Boundary Handling and Triple-Point Stabilization

The most original part of the research work is the treatment of phase boundaries and triple-
point neighborhoods. Classical equilibrium solvers can be highly sensitive when the iteration crosses
a temperature at which two composition-identical phases exchange thermodynamic stability [20]. A
naive implementation may alternate repeatedly between solid and liquid entries, lose data validity
because a selected phase is outside its polynomial temperature interval, or converge to a state that is
numerically stable but physically inconsistent [14].

The developed phase-boundary module begins by identifying composition-identical
candidates. Species are compared by elemental atom vectors so that, for example, liquid water and
crystalline water are recognized as different phase representations of the same chemical composition.
Once such a family is detected, the solver examines phase labels and NASA polynomial validity
ranges to infer the relevant transition temperature. For a solid-liquid pair, this temperature is
interpreted as the melting or coexistence boundary, denoted T,,,.

The key refinement is not merely recognizing the boundary. It is defining how the iteration
behaves near it. The algorithm introduces a coexistence tolerance € , implemented as
triplePointTolerance. Away from the tolerance band, a single-phase rule is enforced: the solid phase
is selected if T < T,,, — € and the liquid phase is selected if T > T,,, + €. Inside the tolerance band

IT —Tnl <€ (5)

the solver enters a coexistence regime. The coexisting phase is added to the condensed set, the
detector flag is activated, and the iterated temperature is snapped deterministically to the transition
temperature T < T,,,.

This procedure transforms a stiff numerical crossing into a controlled thermodynamic event.
Instead of repeatedly overshooting the boundary and switching phase identities, the solver recognizes
that both composition-identical phases are admissible at the coexistence point. Elemental feasibility
is preserved because replacing a phase by another phase of identical formula does not change the
stoichiometric matrix. Thermodynamic consistency is preserved because the active phase is always
evaluated within the correct polynomial interval (Table 3).

The water solid-liquid benchmark is the clearest demonstration. The state is forced toward
15
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T = 273.15 K, and the solver is tested for its ability to admit gaseous H20, liquid “H20, and
crystalline C®H20 consistently.

Table 3
Decision Logic for Solid-Liquid Coexistence Handling
Operation Computational Role
Composition Matching Identifies Species with Identical Elemental Atom
Vectors
Phase Differentiation Separates Gas, Liquid, Solid, and Polymorphic
Candidates
Boundary Inference Uses Temperature-Validity Intervals to Infer T, or
Analogous Phase-Transition Point
Single-Phase Selection Selects Stable Phase When |T — T,,,| > €
Coexistence Activation Admits Both Composition-ldentical Phases When
T — Tyl <€
Temperature Snapping Sets T = T, Inside Coexistence Band to Prevent
Repeated Boundary Crossing

SL-PH-1 SL-PH-2
103 r
: —a H20 —a HZO
% 101 | —— (L)HZO | —— (L)Hzo
g —a— (CR)H20 —a— (CR)H20
<
[aM —1
- 107" 4
8
=
-g 1073
=
& 10-5
2 10
L . . L
10° 10! 10° 10!

No. of Iterations No. of Iterations

Figure 3. Solid-Liquid Coexistence Cases: Water Inclusion

Figure 3 shows that near convergence, liquid water appears progressively, and the crystalline
phase is admitted when the final iteration reaches the coexistence neighborhood. The physically
important result is not that all phases are present in arbitrary amounts; it is that the solver reaches the
coexistence condition without nonphysical phase flip-flop and terminates at a thermodynamically
admissible phase-boundary state — chemical state of H20 is preserved [15, 19].

The tolerance € is therefore interpreted as a phase-boundary capture radius in temperature
space rather than as an arbitrary numerical relaxation factor. If € is too small, the iteration can
repeatedly cross the boundary without recognizing coexistence, causing oscillation and slow
convergence. If it is too large, coexistence may be activated far from the actual boundary, artificially
enlarging the multiphase region and biasing the equilibrium composition. The practical selection of
e must therefore be tied to the thermochemical-table segmentation, the local curvature of the
thermodynamic properties near the boundary, and the typical damped temperature correction
produced by the PH or PS update.

16



Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

6. Polymorphic Phase Selection

Polymorphism introduces a related but distinct problem. In this case, the candidate phases are
not simply solid and liquid forms of the same composition; they are different crystalline structures of
a chemically identical solid. Their free energies may be very close, and the stable polymorph may
change over a narrow temperature interval. A solver that does not explicitly recognize composition-
identical polymorphic families can lock onto an incorrect solid candidate or retain a metastable form
beyond its temperature range.

The research work evaluates this issue using a metal-bearing equilibrium system containing
multiple Cr203 polymorphs. A set of temperature-sweep cases, denoted as TP-MET-250, TP-MET-
308, TP-MET-312, and TP-MET-350, is used to examine how the active condensed phase changes
as the thermodynamic state approaches and crosses the polymorphic transition region. In these cases,
the competing condensed candidates possess the same elemental composition but correspond to
different solid-phase representations in the thermodynamic database. The refined solver therefore first
identifies composition-identical condensed species, then evaluates their phase admissibility,
temperature-validity intervals, and relative thermodynamic consistency at the current iterative state.
Based on this information, the algorithm selects the polymorph that is consistent with the local
temperature range and suppresses the continued use of an inadmissible phase entry. This procedure
prevents the so-called “polymorph locking” behavior, in which a solver may remain attached to an
initially selected condensed phase even after the temperature has moved into a region where another
polymorph should be active. As a result, the equilibrium solution remains both numerically stable
and physically consistent across the transition interval.

]00 -
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ﬁ == PPT-2
S mm PPT-3
PPT-4
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Figure 4. Polymorphic Transition Cases: Species Mass Fractions

Figure 4 summarizes the temperature-dependent polymorph selection for Cr203 across the
PPT sweep by reporting the equilibrium mass fraction associated with each solid form. The present
implementation exhibits consistent phase selection: each temperature point activates a single Cr203
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polymorph as the thermodynamically stable condensed form, with the same total Cr.O3 mass fraction
(0.01218) preserved while the identity of the stable polymorph changes across the sweep. In contrast,
the NASA CEA results in the same figure indicate that the reference solution may identify the ("Cr.0s
entry as the stable form for the PPT-1 condition, but then report )Cr.Os for the remaining
temperatures, effectively fixing the polymorph selection rather than transitioning consistently as the
stability ordering changes with T. The present solver, on the other hand, avoids this artifact by
enforcing explicit polymorph resolution during condensed-phase activation and by applying
temperature-interval validity checks for adjacent solid entries, ensuring that the active condensed
form corresponds to the stable Cr.Os polymorph at each temperature. Consequently, the observed
polymorph switching in the present results reflects controlled, stability-driven solid-solid transitions
rather than a hard-coded or database-order-dependent selection.

The scientific importance of this result lies in the relationship between discrete phase identity
and continuous equilibrium convergence. A Gibbs-minimization solver can converge mathematically
while still selecting an inadmissible phase representation if the thermodynamic database contains
multiple entries for the same formula. The developed logic addresses this by adding a layer of phase-
family reasoning above the numerical minimization. The optimization problem is not allowed to
choose freely among physically incompatible entries; it must respect the database-implied phase
boundary.

For propulsion applications, this matters whenever condensed metal oxides, carbon phases,
soot-like products, alumina, or other solids can appear. Even if their total mass fraction is small, their
presence can influence heat capacity, molecular weight of the gas phase, nozzle erosion assessment,
thermal radiation estimates, and downstream property reporting. Polymorphic consistency therefore
improves not only the numerical stability of the equilibrium solver but also the physical
interpretability of heterogeneous combustion products.

7. Numerical Stabilization: Damping, Active Sets, and Robust Linear Algebra

The reported results are also supported by general numerical-stabilization mechanisms. The
iteration applies damping to species and temperature updates, protecting the solver from excessive
Newton corrections when the Gibbs surface is flat or when active-set changes introduce
discontinuities. For gaseous species, logarithmic or multiplicative updates preserve positivity,
preventing the iteration from stepping into nonphysical negative mole numbers. For PH and PS cases,
temperature updates are similarly controlled so that enthalpy or entropy closure is approached without
destabilizing the phase-selection logic.

The active-set strategy is central. Condensed species are not permanently included with
arbitrary amounts, because doing so would inflate the dimensionality and increase degeneracy.
Instead, candidates are introduced when their reduced Gibbs residual indicates thermodynamic
stability and removed when they become inadmissible or inactive. This approach balances
completeness and efficiency: the solver can discover condensed products without solving a large,
permanently active heterogeneous system at every iteration.

The pseudoinverse fallback is another safeguard. Near phase coexistence, the coefficient
matrix can become singular or ill-conditioned because multiple phases of identical composition create
nearly dependent directions in composition space. A direct linear solve may fail even though a
physically meaningful equilibrium state exists. The fallback allows the iteration to continue through
such local degeneracy. Since it is invoked only when the standard solve fails, it does not dominate
normal performance, but it is important for robustness in boundary-dominated cases.
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These stabilization mechanisms are not independent additions. Their interaction is what makes
the refined solver reliable. Damping prevents violent crossing of boundaries; the active set controls
candidate admission; the phase-boundary module defines admissibility; and the pseudoinverse
handles occasional algebraic degeneracy. The combined effect is a solver that retains CEA-like
behavior in smooth gas-only regimes while becoming more reliable in the discontinuous regimes
where classical equilibrium calculations are most fragile.

8. Coupling Equilibrium Results to Nozzle Design

The final engineering demonstration is the coupling of equilibrium-computed thermodynamic
properties to method-of-characteristics nozzle contour generation. In a conventional nozzle design,
properties such as y, molecular weight, and sound speed may be treated as fixed or simplified. In a
reacting hydrocarbon/oxygen expansion, however, dissociation and recombination alter the local
thermodynamic response from the chamber through the throat to the exit. Since the MOC
compatibility relations depend on local Mach angle, sound speed, flow turning, and isentropic
response, a fixed-property approximation can bias the characteristic net.

The refined workflow supplies station-dependent equilibrium properties to the MOC

calculation. The nozzle wall is then generated using thermodynamic response that varies consistently
with the reacting mixture. This is not a minor numerical substitution. It changes the turning
distribution and the area development required to reach the same exit pressure.
The RD-107 and RD-108 are used as engine-level cases to couple the present chemical equilibrium
solver with the MOC nozzle design framework. For RD-107, the analysis is performed for RP-
1/02(L) at 58.5 bar chamber pressure, 0.39 bar exit pressure, and mixture ratio 2.4726; for RD-108,
the corresponding conditions are 51.0 bar, 0.33 bar, and 2.3914 [21]. The equilibrium solution
provides the state-dependent mixture properties required for contour refinement, and the resulting
nozzles are shorter and less over-expanded than the conventional fixed-property designs.

RD-107 RD-108
04 -

Nozzle Height, m

-0.2

\\

—04 - | | | | | - 1 1 1 | |
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Nozzle Length, m Nozzle Length, m
—— Refined Contour ——  Conventional Contour

Figure 5. RD-107/108: Nozzle Contour Comparison

Figure 5 shows that for RD-107, the refined contour follows a more front-loaded turning
schedule and reaches the target exit condition with reduced axial development. In geometric terms,
the refined nozzle increases the initial expansion angle from 20.0000° to 28.6180°, shortens the
contour from 1.056 m to 0.8112 m, and reduces the area ratio from 18.8580to 17.6710. For RD-
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108, the refined contour departs from the conventional profile mainly in the downstream turning
region and achieves the required expansion with a shorter geometry. Quantitatively, the initial
expansion angle increases from 20.0000° to 28.5661°, the nozzle length decreases from 1.056 m to
0.8123 m, and the area ratio decreases from 18.8580 to 17.6420. These results indicate that
coupling the MOC formulation with equilibrium consistent thermochemistry produces more compact
and physically consistent nozzle shapes for both RD-107 and RD-108.

9. Discussion

The results show three levels of contribution. The first is verification: the developed solver
agrees with NASA CEA in standard gas-only equilibrium calculations. This is essential because
NASA CEA remains the practical reference for equilibrium combustion analysis in many aerospace
workflows [16, 22]. Agreement at the 107*% level in average relative error indicates that the
framework correctly implements the core equilibrium machinery.

The second contribution is robustness in regimes where classical equilibrium solvers can
become fragile. The treatment of condensed species, solid-liquid coexistence, triple-point
neighborhoods, and polymorph selection directly addresses numerical pathologies that occur because
phase identity is discrete while temperature, pressure, and composition are continuous iteration
variables. The use of composition matching, boundary inference, coexistence tolerance, and
temperature snapping gives the solver a deterministic response to phase-boundary crossing. This is
particularly valuable for PH and PS problems because temperature is not prescribed; it is found
iteratively and may naturally approach a phase boundary during convergence.

The third contribution is engineering consequence. The nozzle-design examples show that
equilibrium modeling affects geometry when coupled to a design method. A fixed-property or
simplified thermodynamic model may still produce a smooth nozzle contour, but it can require extra
length or area growth to satisfy the same exit target. In both RD-107 and RD-108 cases, the refined
contour is shorter by about 23% and uses an area ratio about 6 — 6.5% lower than the conventional
baseline. These values are large enough to matter in practical propulsion design, especially where
nozzle length, mass, packaging, cooling, and manufacturing constraints are important.

The results also clarify what the framework does not claim. It does not replace finite-rate
Kinetics where reaction-rate history is important. It does not eliminate the need for CFD in resolving
mixing, boundary layers, shock structures, or multidimensional heat transfer. It also does not imply
that all deviations from NASA CEA are errors in NASA CEA or in the developed solver. Some
deviations arise from different property-reporting conventions, especially for heterogeneous internal
energy. The correct interpretation is narrower and stronger: for equilibrium-dominated design
calculations, a solver that is both CEA-consistent and phase-boundary-aware can produce more stable
and physically interpretable thermochemical inputs for propulsion design.

Conclusions. A refined chemical-equilibrium combustion-modeling framework has been
developed and evaluated for propulsion applications. The most important conclusions are as follows.

First, the solver reproduces NASA CEA gas-only equilibrium benchmarks for H2/O2 and
CHa/O2 systems across PT, PH, and PS formulations, with average relative errors of order 10~%%.
This confirms the correctness of the thermodynamic-property parser, elemental conservation
structure, Gibbs-minimization backbone, and temperature-coupled closure equations. Second, the
solver remains accurate in heterogeneous equilibrium calculations. Condensed-phase verification
errors remain low, and the larger discrepancies relative to gas-only cases are explained mainly by
differences in heterogeneous internal-energy post - processing rather than by incorrect equilibrium
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composition. Third, the phase-boundary module provides a physically consistent mechanism for
solid-liquid coexistence and triple-point stabilization. Composition-identical phase recognition,
inferred transition temperatures, coexistence tolerance, active-set augmentation, and deterministic
temperature snapping prevent nonphysical phase flip-flop and preserve admissibility near T,,,. Fourth,
the polymorph-selection logic prevents the solver from retaining a temperature-inconsistent
condensed form when multiple solid entries share the same composition. This is essential for metal-
oxide and other condensed combustion products where polymorphic transitions can occur over
narrow temperature intervals. Fifth, coupling the refined equilibrium solver to MOC nozzle
generation demonstrates a direct propulsion-design effect. The results demonstrate that equilibrium-
consistent thermochemistry can materially change nozzle geometry when it is embedded into the
characteristic-net calculation.

Overall, the research work demonstrates that the refinement of combustion modeling should
be understood not only as improved agreement in thermochemical tables, but as increased reliability
of the entire propulsion-design workflow. A robust equilibrium solver must reproduce reference gas-
phase results, handle condensed and phase-sensitive states without numerical ambiguity, and provide
state-dependent properties that can be used directly in geometry-generating calculations. The
developed framework satisfies these requirements and establishes a practical basis for future
integration with cycle analysis, CFD preprocessing, nozzle optimization, and multidisciplinary
propulsion-system design.
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HOROKOT SISTEMLORINO TOTBIQLOR UCUN TOKMILLOSDIRILMIS KIMYOVI

TARAZLIQ OSASLI YANMA MODELLOSDIRILMOSI: ODODI SABITLOSDIRMO, FAZA
SORHODININ NOZORO ALINMASI VO SOPLO LAYIHOLONDIRILMOSI NOTICOLORI

Abdulla N.P.
Milli Aviasiya Akademiyasi

Bu moaqalada hava-reaktiv va raket miharrik sistemlaring totbiq iiciin islonib hazirlanmig

tokmillogdirilmis kimyavi tarazhq asasli yanmamin modellagdirilmasinin asas naticalori toqdim
olunur. Is NASA CEA programimin klassik Gibbs sarbast enerjisinin minimallagdirilmas: falsafasini
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izlayan, lakin kondensasiya olunmus mohsullar, aqreqat hali sarhadlorinin kecilmasi, G¢li nogta
atraft oblastlar va polimorf agreqat hali se¢imi iti¢iin alavo yanasmalar daxil edan sifirdan
hazirlanmis tarazliq holledicisinin adadi va termodinamik etibarliligina yonalmisdir. Osas naticalar
dord texniki istigamat Uzra gruplasdirilmisdir. Birincisi, NASA CEA ilo aparilmis yalniz qaz fazali
yoxlama gostarir ki, PT, PH va PS formulalasdirmalar: xarakterik H2/02 va CHa/O2 yanma sistemlori
liciin istinad tarazliq hallarini orta nisbi xata baximindan 10~*% tortibinda tokrarlayiwr. Ikincisi,
heterogen hesablamalar kondensasiya olunmus mohsullarin stabil aktivlagsmasini va NASA CEA ila
subfaiz saviyyasinda uyguniugu gostorir; qalan farqlor asasan heterogen daxili enerjinin sonraki
emalt iigtin tatbigq olunan miixtalif konvensiyalarla alagalondirilir. Uglinciisi, tarkibca eyni agregat
hallarimin  uygunlagdiriimasi, kegid temperaturlarmmin ¢ixarilmasi, koeksistensiya tolerantlig,
deterministik temperatur uygunlasdirilmasi va aktiv ¢oxlugun geniglondirilmasina asaslanan aqgregat
hali sarhadi modulu suyun bark-maye koeksistensiyasi yaxinliginda 2dadi osillyasiyalart aradan
qaldirir  va metal-oksid sistemlarinda sabit polimorf secimini tomin edir. Doérduncisa,
tokmillasdirilmis tarazlig halledicisinin xarakteristikalar metoduna asaslanan soplo hesablamast ilo
birlasdirilmasi RD-107 va RD-108 soplolarinin alinan handaSasini fiziki baximdan izah oluna bilon
sakilda dayisir: har iki tokmillasdirilmis soplo ananavi sabit-xassali baza variant: ilo miiqayisada daha
bayiik baslangic donmoa bucagi, doyismaz ¢ixis bucagi, daha qisa uzunlug vo daha kigik saha nisbati
il verilmis ¢ixig sortini tomin edir. Bu noaticalor gostorir ki, tokmillasdirilmis tarazlhq
modellasdirilmasi yalniz sonraki emal marhalasinda aparilan diizalis deyil; termokimyavi reaksiya
dizayn hesablamalarina daxil edildikda, 0, muharrik sisteminin handasasini birbasa dayisdira bilar.

Acar sozlar: Kimyavi Tarazlig Analizi, Gibbs Minimallagdirilmas,, NASA CEA, Yanma
Modellosdirilmasi, Kondensa Olunmus Mbohsullar, Uclii Noqta, Polimorfizm, Xarakteristikalar
Metodu, Raket Soplosu.
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A REAL-TIME AI-DRIVEN AGRICULTURAL ROVER INTEGRATING PLANT
DISEASE DETECTION AND GEO-REFERENCED SOIL MOISTURE ANALYSIS
Gasimov V.A., Dadashov F.H., Hasanov H.B., Huseynov N.E.
National Aviation Academy

This paper presents an autonomous agricultural ground robot for real-time monitoring of
plant health and soil moisture in large-scale crop fields. The proposed system integrates a deep
learning-based perception subsystem with autonomous navigation and a custom ground control
station (GCS) to enable continuous and geo-referenced field analysis. Visual data are acquired using
an onboard camera and processed in real time on a Raspberry Pi using an object detection model
(ODM) to identify disease-related visual symptoms such as discoloration, deformation and leaf
degradation. Each detected instance is associated with a confidence score and accurately geo-tagged
using GPS data.

In parallel, a contact-based soil moisture sensor performs localized measurements at fixed
spatial intervals along a grid-based coverage trajectory. All perception outputs are synchronized
with navigation data and transmitted via a telemetry link to the GCS where live video with detection
overlays, rover trajectory, mission status and sensor telemetry are visualized and logged for post-
mission analysis.

Field experiments conducted under real operating conditions demonstrate stable autonomous
operation and achieve an overall plant disease detection accuracy of 85-90%, confirming the
effectiveness of the proposed system for precision agriculture applications.

Keywords: agriculture, mobile robotic system, YOLO algorithm, image analysis, soil moisture
sensing, autonomous field monitoring.

1. Introduction
The increasing demand for agricultural productivity under climate variability has intensified

the need for intelligent and automated monitoring solutions [1]. In large scale farming environments,
manual inspection of crop health and soil conditions remains time-consuming, labor intensive and
insufficient for early detection of plant diseases and spatial soil variability, leading to inefficient
resource utilization and yield losses.

Early identification of plant diseases and accurate assessment of soil moisture distribution are
among the key challenges in precision agriculture [2]. Visual symptoms such as discoloration or
wilting often remain unnoticed during conventional inspections while heterogeneous soil moisture
conditions directly affect crop growth and irrigation efficiency [3]. These challenges highlight the
need for autonomous, real-time, and location-aware monitoring systems.

Recent advances in mobile robotics and artificial intelligence have enabled ground-based
platforms to perform real-time agricultural monitoring. In particular, deep learning-based object
detection algorithms such as the You Only Look Once framework have demonstrated high efficiency
in real-time visual analysis under outdoor conditions [4]. However, many existing agricultural
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monitoring systems either rely on offline image processing or lack an integrated GCS interface for
real-time mission supervision and data visualization [5].

The rover type platform employs a onboard computer (OC) executing Python-based vision
algorithms, achieving real-time detection of diseased plants with an average accuracy of 85-90%. Soil
moisture conditions are assessed through an onboard sensor at selected field locations. Autonomous
navigation is performed using ArduPilot rover firmware while mission planning, monitoring and data
visualization are managed through the custom GCS interface.

Experimental results confirm that the proposed system reliably detects plant health anomalies
and low moisture soil regions while providing real-time visual feedback and precise geographic
coordinates. By combining autonomous ground mobility, real-time deep learning-based image
analysis and integrated soil sensing within a unified framework, this work contributes to efficient and
scalable solutions for precision agriculture.

Purpose of the study. The aim of this study is to develop and experimentally evaluate an
autonomous agricultural ground robot for real-time monitoring of plant health and soil moisture in
large-scale crop fields. The proposed system integrates ODM-based visual disease detection with
geo-referenced soil moisture sensing and autonomous navigation. A GCS employed to support
mission execution, real-time visualization and data logging. The overall objective is to provide a
practical and scalable solution for precision agriculture applications.

2. Related work

Deep learning approaches based on convolutional neural networks are widely used for plant
disease identification from visual data [2, 4, 6, 7]. These methods demonstrate high accuracy under
controlled and semi-controlled conditions and are capable of distinguishing between healthy and
diseased plants based on leaf texture, color variation and structural deformation.

Recent studies have focused on object detection models such as the ODM family to enable
real-time detection in field environments [8, 9]. Lightweight architectures have been proposed to
allow deployment on embedded platforms, balancing inference speed and detection accuracy [10].
However, performance is often affected by changing illumination, occlusions, background clutter,
and plant growth stages [11].

Mobile robotic systems have been increasingly adopted for agricultural monitoring, scouting
and harvesting tasks [12, 13]. Rover offer advantages over aerial platforms in terms of payload
capacity, energy efficiency and proximity-based sensing. Autonomous navigation in agricultural
fields has been implemented using waypoints tracking, grid coverage strategies, and terrain aware
control systems [14, 15]. However, GPS precision, uneven terrain and dynamic obstacles such as
vegetation or humans often limit navigation accuracy.

Soil moisture and environmental parameter sensing play a critical role in precision irrigation
and crop management [16]. Both static sensor networks and mobile sensing approaches have been
explored for capturing spatial variability of soil conditions [17]. Mobile platforms equipped with soil
probes or contact sensors allow higher spatial resolution and targeted measurements compared to
fixed sensor deployments [18]. Nevertheless, challenges remain in terms of sensor calibration, soil
heterogeneity and integration with navigation and mapping subsystems.

Several integrated systems combining robotics, sensing and artificial intelligence have been
proposed [5, 19]. These systems aim to automate crop scouting, detect stres indicators and support
decision-making processes. Despite these advancements many existing solutions rely on offline data
processing, lack real-time supervision interfaces, or do not provide tight integration between
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perception, navigation and data visualization layers [20]. This limits their applicability in time critical
and large scale agricultural operations.

In contrast, the proposed system integrates real-time ODM-based image analysis, onboard soil
moisture sensing, autonomous rover navigation and a custom GCS into a unified and scalable
monitoring framework.

3. System overview

The proposed system is a ground-based autonomous agricultural rover for real-time plant
health monitoring and soil moisture analysis using Al and onboard sensors. It integrates autonomous
navigation, visual perception and a custom Python-based GCS for efficient field monitoring.

The wheeled rover measures 80 x 70 x 50 cm and weighs 8 kg, powered by battery, providing
up to 60 minutes of operation. It reaches speeds up to 8.5 m/s, enabling rapid coverage of large areas.
The mechanical design modeled in SolidWorks, ensures stability on uneven terrain.

Computation is handled by a OC running Python-based image processing. Motion control
uses ArduPilot with bidirectional communication via telemetry module. Operation modes include
autonomous, manual and return to launch (RTL). ODM processes visual data in real time to detect
diseased plants. Video is also stored locally for offline analysis.

Soil moisture is measured via an onboard analog sensor and transmitted to the GCS for
location-specific analysis. The GCS visualizes video streams, coordinates, telemetry, rover status,
real-time position on a digital map, mission trajectories, and operational modes, enabling
comprehensive supervision of field operations. Figure 1 illustrates the functional architecture of the
proposed system showing the interaction between the perception, navigation and ground control
subsystems.
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Operator Interface 1—|
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Figure 1. Functional architecture of the proposed Al-based autonomous agricultural rover system

Ground control and navigation
The ground control and navigation subsystem is designed to support both manual and
autonomous operation of the intelligent agricultural rover. A custom developed GCS, implemented
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in Python using the Tkinter framework, provides real-time monitoring, mission planning, and
bidirectional communication with the robot via communication protocol (CP).

The system supports a maximum communication range of up to 40 km under line of sight
conditions, with a transmission rate of 276 kbps. CP heartbeat messages are continuously exchanged
to ensure link integrity and enable failsafe triggering in case of communication loss. Telemetry data
are received and parsed using the pymavlink library. The GCS displays comprehensive real-time
system information, including coordinates, distance from the home position, heading, ground speed,
battery voltage and current, active operating modes (Auto, Manual, RTL), satellite count, and soil
moisture sensor readings. Compass and gyroscope states are visualized through intuitive graphical
indicators, enabling rapid assessment of system stability. All telemetry data are logged throughout
operation and stored in text format for post-mission analysis [21].

Navigation and localization are performed using a GNSS receiver integrated with the
ArduPilot. Sensor fusion is handled by the default ArduPilot extended kalman filter, combining GPS
and IMU measurements. Positioning accuracy reaches approximately 2.5 m under standard 3D FIX
conditions and improves to approximately 0.025 m with Real-time kinematic corrections. Wheel
encoders are not employed in the current system configuration. Autonomous navigation is executed
in Auto mode based on pre-defined waypoint missions generated within the GCS map interface. The
rover follows a grid-based trajectory optimized for systematic agricultural field coverage. RTL
failsafe is automatically triggered by the ArduPilot in the event of telemetry link loss or when battery
capacity drops below 20% ensuring safe return to the home location.

Process algorithm and software scalability

Realtime perception and decision making are handled OC, which executes both image
processing and data fusion tasks. Visual data are acquired through a camera and streamed to the GCS
via the RTSP protocol, while simultaneously being processed locally. ODM-based deep learning
model is deployed for real-time plant disease detection. The model identifies visual symptoms such
as leaf yellowing, deformation and leaf drop. Detection results are rendered as bounding boxes
overlaid on the live video stream, with infected plants highlighted using red frames and associated
confidence scores displayed in real time.

The average end to end processing latency, including image acquisition, inference and
visualization, is approximately 120-150 ms, which is sufficient for real-time agricultural monitoring
applications. In parallel with live processing, all video data are stored locally on the OC to enable
offline analysis and model retraining. Geospatial data visualization within the GCS is implemented
using OpenStreetMap. The rover’s real-time position, planned waypoints, and executed trajectory are
dynamically updated during operation. All telemetry, sensor, and navigation data are continuously
logged while trajectory information is stored in formats suitable for both 2D replay within the GCS
and 3D visualization during post-processing. The modular software architecture enables scalability
in both perception and control layers. This design ensures adaptability of the proposed system to
larger agricultural fields and more complex monitoring tasks. The mission execution and decision-
making algorithm illustrated in Figure 2.

The mission starts with system initialization, where the operation area, movement speed,
trajectory and minimum battery capacity are defined. The rover continuously monitors its battery
level and proceeds with autonomous navigation only if the battery capacity is above the safety
threshold. During motion along the planned trajectory, real-time image data are processed using a
ODM-based detection algorithm to identify diseased plants. If no disease is detected, the rover
continues its trajectory while transmitting telemetry data to the GCS.
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Figure 2. Mission execution algorithm of an autonomous agricultural rover

When a diseased plant is detected, the system saves the corresponding image, transmits the
geographic coordinates to the GCS and performs local soil moisture analysis. After completing data
acquisition and transmission, the rover resumes its predefined path.

The mission continues iteratively until the survey is completed or the battery level drops below
the safe threshold at which point the system finalizes data transmission and terminates the mission.

3D Mechanical design and structural analysis of the mobile robot

The rover platform was designed and assembled in SolidWorks using a hybrid material
structure combining an aluminum chassis with 3D printed PLA components. Aluminum was selected
for the main load bearing elements to ensure structural strength and durability while PLA parts were
used for sensor mounts and auxiliary components to support modular integration and rapid
prototyping. The mechanical design supports a maximum payload of 10 kg and incorporates 20 cm
diameter wheels with a high ground clearance of 70 cm, enabling reliable operation over uneven and
rough agricultural terrain. The overall platform dimensions and geometric configuration are
illustrated in Figure 3 (a). The real model of rover demonstrated in Figure 3 (b).

Structural validation was performed through simulation-based stres analysis within the
SolidWorks environment under maximum payload and dynamic motion conditions. The analysis
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indicates a maximum equivalent stres below 85 MPa remaining well within the allowable limits of
the selected aluminum alloy. Although suspension is not included in the current prototype, the wheel
configuration and elevated clearance provide sufficient stability for field operation. The resulting
mechanical architecture ensures both rough-terrain capability and modular sensor integration,
forming a robust foundation for autonomous navigation, real-time perception, and scalable system
upgrades.

@ 80cm

@ 70cm
® socm

@ (b)

Figure 3. 3D model of the agricultural rover platform with overall dimensions

Mission software architecture and sensor visualization interface
The mission control software developed for the autonomous agricultural ground rover
provides a comprehensive graphical user interface (GUI) that integrates navigation control, mission
management, sensor visualization and operator interaction within a single environment. The software
runs on a OC and communicates with the flight controller (FC) operating under the CP over a UART
connection. The overall structure of the mission software interface is illustrated in Figure 4.
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Figure 4. Mission software architecture and real-time sensor visualization interface of the
autonomous agricultural rover
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The navigation and mission execution functions of the interface are centered around three
primary movement commands. The “Move to Here” function enables the operator to select a
destination point directly on the OpenStreetMap-based map interface allowing the rover to
autonomously navigate to the chosen location. The “Move to Coordinate” command provides precise
navigation by directing the rover to user defined geographic coordinates entered manually by the
operator. The “Set Speed” function allows the operator to define the rover’s traversal speed, ensuring
adaptability to different mission objectives, terrain conditions and soil interaction requirements.

In addition to point-to-point navigation, the interface includes several mission and control
mode buttons that govern the operational state of the rover. The Auto mode initiates fully autonomous
mission execution-based on predefined waypoints and mission parameters. The Manual mode allows
direct operator control using a remote controller which is particularly useful for testing, calibration,
and safety override scenarios. The RTL command instructs the rover to autonomously return to its
initial starting position, providing a failsafe mechanism in case of mission interruption or low battery
conditions. The “Arm-Disarm” button is used to activate or deactivate the rover’s propulsion and
control systems placing the platform into a ready or safe shutdown state. The “Mission Start” button
triggers the execution of the currently loaded mission plan.

The “Mission Planning” function opens a dedicated planning window in which the operator
can design complex missions. Within this window, the operator specifies waypoints directly on the
map assigns traversal speeds for individual path segments and defines mission logic parameters. Once
configured, the mission plan is stored in memory and can be executed autonomously without further
operator intervention [22].

The interface also provides real-time visualization of orientation and motion data through
graphical representations of the onboard gyroscope and compass sensors. These visual indicators
display the rover’s roll, pitch and yaw angles as well as its heading direction, enabling the operator
to continuously assess vehicle attitude and orientation during operation.

Comprehensive telemetry data are displayed in real time to support situational awareness and
system monitoring. Position-related telemetry includes GPS latitude, longitude and ground speed
while system health parameters include battery voltage, current consumption and power module
status. Communication status, mission state and sensor feedback such as soil moisture readings are
also presented within the interface. In parallel a live video stream from the OC camera is transmitted
via RTSP and processed using the ODM object detection algorithm, enabling visual perception and
intelligent scene analysis during autonomous missions.

Electrical and control hardware

The ground vehicle’s electrical and control architecture is designed to enable precise
navigation, robust mobility and smart sensing for field operations. It integrates a autopilot a OC,
multiple sensors, motor controllers and communication modules. The FC serves as the primary
controller for navigation and basic actuator management. It connects to peripheral devices over PWM,
UART, I2C and CAN interfaces. An integrated GNSS module provides multiconstellation GNSS
positioning and an onboard digital compass for accurate localization and heading [22]. The FC also
controls the servo motor that drives the soil sampling manipulator arm as shown in Figure 5 which
illustrates the interconnections between all electrical and control hardware components.
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Figure 5. Electrical and control system architecture of the ground vehicle

It runs a Python-based interface implementing a ODM object detection algorithm on the video
feed from an OC camera. Deploying ODM on the OC enables real-time computer vision directly on
the vehicle, allowing detection of field features without external servers. The OC and FC
communicate over a UART serial link using the CP the FC’s telemetry port connects to the onboard
computer’s tx/rx pins so that the FC can send telemetry to the onboard computer and receive high
level commands and data in return. This split ensures that compute intensive vision tasks do not
overload the FC limited resources.

Communication with the operator is provided by two channels. Telemetry radio (operating in
the 902-928 MHz band) links the rover to the GCS. The telemetry supports a high data rate and
extremely long range, allowing bidirectional transmission of telemetry, commands and low-latency
video metadata. In addition, a 2.4 GHz RC receiver and handheld transmitter provide a manual
override control link. This receiver serves as a failsafe. An operator can take direct control of steering
or stop the vehicle in case of emergency.

The vehicle’s propulsion and actuation subsystem comprise four brushed wheel motors where
each capable of 30 kg cm torque. These motors are arranged in two dual-motor driver units in that
each driver controlling two motors, and each motor is driven through a 70 A electronic speed
controller (ESC) from the FC via PWM signals. This drive configuration delivers strong traction for
rough terrain. The servo for the soil probe arm is likewise driven by the FC’s PWM output. Power is
supplied by a 6S LiPo battery pack rated at 12000 mAh. A FC power management module is used
inline with the battery, it regulates the voltage and reports current and voltage back to the FC so that
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the software can monitor power usage. This ensures all subsystems receive a stable supply throughout

typical field operation.

Finally, the onboard camera streams video over RTSP to the GCS for real-time monitoring.
The visual feed, combined with the object detection output from ODM, lets the operator verify
navigation and surveying results. Altogether, this hardware suite provides a scalable platform though
the current prototype uses a single camera and probe the FC’s ample I/O and the OC’s compute
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headroom mean additional sensors or actuators can be integrated with software adjustments.

This agricultural robot system can be equipped with various sensors. Figure 6 illustrates the

logical structure of the avionics system.

PlatForm Unit

] Power Supply and

‘ 1 Distribution Module (PSDM)

Onboard battery

servo motors

Flight Controller

(Pixhawk 2.4.8)

Soil moisture

RC receiver

Sensors

GPS

|Barometer| IMU | '

Telemetry
module

RC receiver

Onboard computer

Video
Camera .
transmitter
Ground Control
Station (GCS)
: Video receiver
Telemetry
module PETTII I I I I I IIITI I T
RC transmitter
............................ GCS Software

Figure 6. The logical structure of the avionics system

The key components of this architecture are summarized in Table 1 below.

Electrical and control system architecture of the ground vehicle

Component Model Technical parameters Function
FC Pixhawk 2.4.8 IMU, PWM/UART/I2C Central control unit
GPSmodule |  Here 3+ GPS L1 C/A, GLONASS L10F Positioning and
directional heading
Telemetry CUAV P9 915 MHz, up to 30 km Communication with
module GCS
Soil moisture Fc 28 Humidity, water measures the
sensor moisture level
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. . M I I
RC receiver | Skydroid H12 2.4 GHz, 12 channels anua cgntro and
testing
Power CUAV PMU 7-62 V input, 100 A, 5.2V Power reg_ula_tlon and
module regulated output monitoring
Motors DC motors 30 kg cm torque Propulsion
ESCs 70A ESCs Throttle management Motor speed control
. |
Servo motors Gear servos 10-15 kg cm torque, 1 unit Sensor re: ease
mechanisms

Perception system

The perception subsystem is intended for acquiring and interpreting data on plant and soil
conditions while the robot moves across the field. In the proposed system, it is implemented using a
camera with neural network-based image analysis and contact-based soil moisture measurements.
The outputs of this subsystem include detected disease symptoms with the predicted class, recognition
confidence, and geographic coordinates, as well as a map of local moisture values transmitted to the
operator in real time via the GCS.

Visual data are captured by an onboard camera mounted on the platform. The video stream
used in two modes for online processing on the OC and for saving frames for subsequent offline
analysis and model retraining. To improve robustness under field conditions, basic preprocessing
applied before feeding frames into the model, including resizing to a fixed resolution, suppression of
high frequency noise and brightness normalization. Conceptually, this processing pipeline follows
the scheme shown in Figure 7.

CNN Powdery mildew
Late blight
Leaf rust
1
Plant image I
Filtering and ., Apple scab
for disease | = |Normalization| PP
detection l{| Pooling
. Anthracnose
Convultion
Early blight
Bacterial leaf spot
Tobacco mosaic virus

Figure 7. Image processing scheme in the perception subsystem: filtering, normalization, feature
extraction and disease classification

ODM is used as the primary real-time recognition algorithm because it integrates localization
and classification within a single forward pass and is well suited for deployment on embedded
computing platforms. For each frame the model produces a set of detection hypotheses {(b;, ci, si)}
where b is the bounding box, c: is the disease class, and s: € [0,1] is the confidence score. To suppress
weak and redundant predictions a confidence threshold and non-maximum suppression are applied.
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The final detections are then visualized as overlays on the live video stream and simultaneously
recorded in the observation log. The decision threshold can be expressed as:

4. = {1,si =T, (1)
t O,Si > T,

where t-is the selected confidence threshold.

To reduce the impact of illumination and contrast variations, normalization is applied during
preprocessing. In this study, linear min-max normalization used for each frame or channel:

I(x: y) - Imin (2)

Imax - Imin + g

Inorm(xr Y) =

where I(x, y) is the original pixel intensity, I,,;,, Inqa, are the minimum and maximum values
and ¢ is a small constant used to avoid division by zero.

A key feature of the perception subsystem is geo-referencing the detections. When a diseased
plant identified the system saves the corresponding image, records the disease class and confidence
score and appends GPS coordinates, timestamp and heading. As a result, a set of events is formed
which can be used to generate disease hotspot maps and to support subsequent planning of agronomic
interventions. On the GCS side, these events are presented as a notification stream and can be
visualized on a map together with the robot’s trajectory.

In addition to the visual channel, a soil moisture sensor used to provide localized
measurements at selected points along the route. The sensor value acquired onboard calibrated if
necessary and transmitted to the GCS as a telemetry parameter. Thus, the system simultaneously
forms an image-based data layer describing plant health and a sensor-based data layer describing soil
conditions, which makes it possible to identify low moisture zones and correlate them with visual
stress indicators in plants. Integrating these two perception sources increases the practical value of
the proposed solution for precision agriculture as the operator receives not only the detection result
but also the environmental context at the same geographic location.

4. Experiment and results

4.1 Experimental setup and test design

To validate the proposed Al-based agricultural rover a single end-to-end field trial conducted
under real operating conditions. The objective of the test was to assess continuous plant disease
monitoring using the onboard perception pipeline and systematic soil moisture sampling with a fixed
spatial resolution of 3 m.

The experimental platform consisted of a wheeled rover equipped with an OC a camera and
an analog soil moisture sensor integrated into the rover structure. FC running while bidirectional
communication with the operator station was established via a telemetry link handled autonomous
navigation and telemetry. During the trial, the custom GCS displayed the rover state, GPS
coordinates, mission progress, live video stream with detection overlays and sensor telemetry. The
trial conditions and mission summarized in Table 2.

Table 2
Experimental conditions and mission parameters

Parameter Value
Test area size 100 m x 100 m (10000 m?)
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Parameter Value
Navigation pattern Grid
Rover average speed 5m/s
Mission duration 60 min
Total path length 20000 m
Soil moisture sampling interval 3m
Weather Sunny

The sensing and processing configuration of the system summarized in Table 3.
Table 3

Overview of the rover’s sensing and processing configuration

Parameter Value
Camera CSl, 1080p, 30 fps
oC Raspberry Pi 4B (4 GB RAM)
CP MAVLink
ODM YOLOVS (real-time)
Logging Time stamped, GPS events
Output visualization GCS (video, map, telemetry)

4.2 Results and conclusions

The ODM perception module ran continuously during the mission, providing real-time
detection overlays in the GCS. Detected disease candidates corresponded to visual symptoms and
each instance assigned a model confidence score. During the trial, the vision subsystem achieved an
estimated overall detection performance of 85-90%, which used as the primary performance
indicator. Indicating stable operation during rover motion. To suppress low confidence and duplicate
detections results were filtered using a predefined confidence threshold, then visualized in the live
video stream and stored in the observation log.

The rover followed a grid-based trajectory while processing frames onboard with the ODM
model. For each detection, the class label, confidence score, timestamp and GPS coordinates
recorded. In parallel, soil moisture measurements were taken at 3 m intervals and stored in the same
mission log. The synchronization workflow illustrated in Figure 8.

Integrated geo-referenced outputs. A central outcome of the experiment is that both perception
streams were integrated into a unified geo-referenced mission log. Disease detections were stored as
events containing the predicted class, confidence score, GPS coordinates, and timestamp while soil
moisture samples provided a periodic soil profile with a 3 m spatial step.

Soil moisture values formed a spatially regular sequence along the route. Each measurement
was time stamped and geo-tagged, enabling real-time display in the GCS and offline reconstruction
of a moisture distribution map. Raw sensor readings were stored together with their positions,
supporting identification of low moisture segments and comparison across surveyed zones. An
example visualization of logged moisture points and rover trajectory provided in Figure 8. Trajectory
and spatial distribution of logged soil moisture measurements.
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Figure 8. Trajectory and spatial distribution of Figure 9. Mission workflow and sensor data

logged soil moisture measurements synchronization

Overall, the single field trial confirms that the proposed rover system can perform continuous

real-time ODM-based plant health monitoring while simultaneously collecting structured soil
moisture measurements at fixed intervals with all outputs transmitted and visualized through the
integrated GCS.
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BITKI XOSTOLIKLORININ ASKARLANMASI VO TORPAQ NOMLIYIi TOHLILI
UCUN SUNI INTELLEKT OSASLI KOND TOSORRUFATI ROBOTU
Qasimov V.9., Dadasov F.H., Hasonov H.B., Hiiseynov N.E.
Milli Aviasiya Akademiyasi

Bu maqalada genismiqyash akin sahalorinds bitki saglamliginin va torpaq riitubatinin real
vaxt rejiminda monitoringi iigtin avtonom kand tasarriifatt yeriistii robotu taqdim olunur. Taklif
olunan sistem davamli va cografi istinadli saha analizini tomin etmoak ii¢iin dorin Gyranmaya
asaslanan qavrama altsistemini, avtonom navigasiyani va xiisusi yeriistii idaraetma stansiyasini (YIS)
inteqrasiya edir. Vizual malumatlar bort kamerasi vasitasilo alda olunur va Raspberry Pi iizarinda
obyekt askarlama modeli (OAM) istifads edilmakls real vaxt rejiminda emal edilorak rong dayismasi,
deformasiya va yarpaq deqradasiyast kimi xastaliklo alaqgali vizual simptomlar miiayyan olunur.
Askar edilmis har bir obyekt etibarliliq gostaricisi ila alagalondirilir vo GPS malumatlarindan istifads
edilmakla daqiq sakilda cografi etiketlonir.

Paralel olaraq, kontakt asash torpaq riitubati sensoru sabaka asasli ortma trayektoriyast
boyunca sabit makan intervallarinda lokal ol¢malor aparir. Biitiin qavrama naticalori navigasiya
malumatlart ilo sinxronlasdirilir va telemetriya baglantisi vasitasilo GCS-2 otiiriiliir; burada
askarlama nisanlart ilo canli video, rover trayektoriyasi, missiya statusu va sensor telemetriyasi
vizuallasdirilir va missiyadan sonraki analiz ti¢iin geydiyyata alinir.

Real is saraitinds aparilmis saha tacriibalaori stabil avtonom islomani niimayis etdirmis va
timumi bitki xastaliyi askarlama daqiqliyinin 85-90% taskil etdiyini géstarmisdir. Bu natico toklif
olunan sistemin daqiq kand tasarriifati totbiglori iiciin effektivliyini tosdigloyir.

Acgar sozlar:  kond tasarriifati, mobil robot sistemi, YOLO alqoritmi, tasvir tahlili, torpaq
namliyinin sensoru, muxtar saha monitoringi.
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IONIC LIQUID PURIFICATION OF PETROLEUM DISTILLATES
Nasirov F.A.
Academician Y.H. Mammadaliyev Institute of Petrochemical Processes of the Ministry of
Science and Education of the Republic of Azerbaijan

The solvents, traditionally employed in the industrially applied methods for the selective
purification of oil fractions (furfural, N-methyl pyrrolidone - NMP, morpholine, sulfolane, etc.) are
volatile, toxic, has corrosive nature and relatively low selectivity. These limitations highlight the
urgent need for new approaches to the purification of petroleum distillates to ensure the production
of high-quality fuels and oils while minimizing environmental impact.

The use of ionic-liquid compounds as selective solvents for the extraction purification of
petroleum distillates has garnered significant scientific and practical interest. Owing to their unique
combination of properties—including negligible volatility, low vapor pressure, high chemical and
thermal stability, strong solvating ability across various compound classes, and superior selectivity—
ionic liquids have emerged as promising “green solvents.” They now play an increasingly important
role in the development of environmentally sustainable synthesis and refining processes.

The objective of this study is to produce high-quality oils and fuels for diverse applications by
employing ionic liquids synthesized from formic and acetic acids as selective solvents. Through
systematic experimentation, optimal conditions for the extraction-based purification of different types
of petroleum feedstocks—such as diesel distillates, transformer oil, medicinal Naftalan oil,
lubricating distillates, and kerosene— have been identified. The study demonstrates the effectiveness
and potential of ionic-liquid extraction as an environmentally friendly and economically viable
method for the deep purification of petroleum fractions.

Keywords: petroleum distillates, diesel fuel, kerosene, gasoline, lubricating distillates,
Naftalan oil, extraction, raffinate, ionic liquid, green solvents, selective purification,
dearomatization.

In recent decades, the rapid growth of the global energy sector and the continuous increase
in fuel consumption have intensified the demand for cleaner and more efficient petroleum products.
Simultaneously, environmental regulations introduced in many countries have imposed stricter
limits on sulfur compounds, polycyclic aromatic hydrocarbons, and resinous substances contained
in fuels and lubricants. These trends have stimulated the search for innovative purification
technologies capable of ensuring both high product quality and reduced environmental impact.
Among the most promising approaches, extraction purification using ionic liquids has attracted
considerable attention due to its combination of technological efficiency, ecological safety, and
economic feasibility.

At present, environmental protection remains a critical global concern. One of the strategies
to address this issue is the development of environmentally friendly and economically efficient
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technologies in the petrochemical and oil refining industries. In light of this, there is an increasing
need to improve the quality of fuels and oils for various applications.

Conventional industrial methods, particularly the hydrotreating of petroleum distillates to
remove undesirable carcinogenic components, require the use of costly catalysts, large volumes of
hydrogen, and operation under high temperatures and pressures. Moreover, adsorption purification
methods are only effective for treating low-sulfur fractions of diesel distillates [1,2]. In addition,
hydrotreating technologies are associated with high energy consumption and significant operational
costs related to catalyst regeneration and hydrogen production. The increasing complexity of crude
oil composition, especially the higher content of sulfur- and aromatic-containing compounds in
heavy crude oils, further complicates the operation of conventional refining units. Consequently,
alternative purification approaches capable of operating under milder conditions have become
highly desirable.

Among the industrially applied methods for the selective purification of oil fractions,
extraction-based purification techniques are distinguished by their ability to operate under mild
temperature and pressure conditions. These methods typically use extractants such as furfural, N-
methylpyrrolidone (NMP), morpholine, sulfolane, and others. However, the solvents traditionally
employed in these processes are often limited by their volatility, toxicity, corrosive nature, and
relatively low selectivity. Furthermore, many conventional solvents exhibit partial losses during
operation due to evaporation, thereby increasing process costs and causing environmental concerns.
These limitations highlight the urgent need for new approaches to the purification of petroleum
distillates to ensure the production of high-quality fuels and oils while minimizing environmental
impact.

In this context, the use of ionic-liquid compounds as selective solvents for the extraction
purification of petroleum distillates has garnered significant scientific and practical interest [3,4].
Owing to their unique combination of properties—including negligible volatility, low vapor
pressure, high chemical and thermal stability, strong solvating ability across various compound
classes, and superior selectivity—ionic liquids have emerged as promising “green solvents.” They
now play an increasingly important role in the development of environmentally sustainable
synthesis and refining processes [5-16]. Another important advantage of ionic liquids is the
possibility of tailoring their physicochemical properties through variation of cationic and anionic
structures. This tunability enables the design of ionic liquids with optimized extraction selectivity
toward sulfur-containing, nitrogen-containing, or aromatic compounds present in petroleum
fractions. In addition, their nonflammable nature contributes to improved operational safety
compared with traditional organic solvents.

At the Institute of Petrochemical Processes named after acad. Yu.H. Mamedaliyev,
systematic studies have been carried out to produce high-quality diesel fuel, kerosene, gasoline, and
base oils via extraction purification using ionic-liquid compounds synthesized from formic and
acetic acids as selective solvents [17-23]. The performed investigations included laboratory-scale
extraction experiments, physicochemical characterization of raffinates and extracts, spectroscopic
analyses, and molecular modeling studies aimed at understanding intermolecular interactions
between ionic liquids and petroleum components.

Diesel fuel holds a prominent position among motor fuels, primarily due to the steady
expansion of vehicle fleets. However, increasing diesel fuel consumption is accompanied by more
stringent regulatory requirements concerning the permissible levels of aromatic and sulfur-
containing hydrocarbons, as well as resinous compounds. Sulfur compounds contained in diesel
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fuels contribute significantly to atmospheric pollution through sulfur oxide emissions, while
aromatic hydrocarbons adversely affect combustion quality and increase the formation of soot and
carcinogenic particulate matter. Therefore, the reduction of sulfur and aromatic contents is essential
not only for compliance with international standards but also for improving engine performance and
reducing harmful emissions.

As a result of the conducted research, optimal conditions were developed for obtaining diesel
fuel that complies with European standards through ionic-liquid extraction purification of diesel
distillates of various compositions. In particular, the purification process was applied to hydrotreated
diesel distillate (HDD) and straight-run diesel distillate (SRD) produced at the Baku Oil Refinery
named after H. Aliyev, as well as to narrow fractions derived from SRD and mixtures of SRD with
secondary processing products, including catalytic cracking light gas oil and coking products, in
mass ratios of 70:30% or 70:15:15%, respectively.

The HDD feedstock, characterized by a boiling point range of 185-364°C, contained 16 wt
% of aromatic hydrocarbons and 311 ppm of sulfur compounds. A systematic series of experiments
confirmed that both the yield and quality indicators of the purified diesel fuel depend on the
composition of the ionic-liquid extractant and the extraction conditions [24,25]. Parameters such as
extraction temperature, phase contact time, extractant-to-feed ratio, and the number of extraction
stages were found to strongly influence the efficiency of dearomatization and desulfurization. Lower
temperatures generally promoted higher selectivity, while multi-stage extraction enabled deeper
removal of undesirable compounds.

Under the optimized conditions, nearly complete dearomatization of the feedstock was
achieved. The degrees of desulfurization reached 58.2 wt % and 63.57 wt %, respectively. After
ionic-liquid purification, the resulting diesel fuel exhibited a clear appearance, indicating the
effective removal of resinous compounds from the distillate. Improved color and transparency of
the raffinate additionally confirmed the extraction of heavy condensed aromatic structures
responsible for instability during storage.

It was demonstrated that diesel fuel purified by selective ionic-liquid extraction using N-
methylpyrrolidonium acetate complies with Euro-5 standards in terms of cetane number (52) and
density (831 kg/m3 at 20°C), while also significantly exceeding Euro-3 limits for residual sulfur
content (130 ppm versus the allowed 350 ppm). The increase in cetane number after purification
can be explained by the reduction of aromatic hydrocarbons and the enrichment of paraffinic and
naphthenic components in the raffinate phase.

Based on these findings, the authors carried out the extraction purification of SRD with a
boiling point range of 191-350°C, containing 12 wt% aromatic hydrocarbons and 983 ppm sulfur
compounds, as well as isolated fractions with aromatic contents ranging from 8 to 16 wt % and
sulfur contents from 596 to 1533 ppm. The extraction process was conducted at temperatures
between 20-25°C in both single-stage and multi-stage modes, using different ratios of ionic-liquid
extractant to raw material [26,27].

A series of experiments revealed that multi-stage ionic-liquid extraction of SRD under
identical conditions led to the production of distillates with enhanced characteristics. In particular,
during two-stage purification, the raffinate obtained with a yield of 84.08 wt % contained 4 wt %
residual aromatic hydrocarbons and 470 ppm sulfur compounds, corresponding to degrees of
dearomatization and desulfurization of 66.67 wt % and 52.19 wt %, respectively.

Under the same purification conditions, for the diesel fraction with a boiling point above
300°C, the degrees of dearomatization and desulfurization were 59.7 wt % and 75.4 wt %,
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respectively. The raffinate obtained in this case exhibited a residual aromatic content of 4 wt % and
379 ppm sulfur content, with a yield of 80 wt %. These results demonstrate that ionic liquids are
especially effective in treating heavier fractions enriched with polycyclic aromatic and sulfur-
containing compounds.

The authors also investigated the feasibility of producing high-quality diesel fuel through
ionic-liquid extraction purification of a mixture of straight-run diesel distillate (SDD) with
secondary oil refining products - specifically, light coking gas oil (LCG) and catalytic cracking gas
oil (LCCG). These compositions were obtained by blending SDD with 30 wt % of secondary
refining components [28,29]. The incorporation of secondary processing products into diesel fuel
production is economically attractive because it expands the raw material base and increases
refinery profitability. However, such fractions usually contain elevated concentrations of sulfur
compounds, olefins, and aromatic hydrocarbons, which complicates their direct utilization.

The process was carried out in both single-stage and multi-stage modes, with an assessment
of the effects of extractant quantity and contact time between phases. It was found that stage-wise
extraction purification of these SDD-based mixtures using morpholinium formate, N-
methylpyrrolidonium acetate (NMPA), or dibutylammonium acetate as selective solvents resulted
in high levels of purification. In particular, when treating blends with high aromatic hydrocarbon
contents (25-29 wt %) and sulfur compound concentrations ranging from 1629 to 1768 ppm using
NMPA, the degrees of dearomatization and desulfurization reached 76.0-87.5 wt % and 64.4-67.04
wt %, respectively. The findings also revealed that under constant extraction conditions, an increase
in the initial aromatic content led to a corresponding increase in removal efficiency. This
phenomenon can be attributed to stronger intermolecular interactions between aromatic molecules
and ionic-liquid structures.

These results were supported by IR and UV spectroscopic analyses of both the untreated
distillates and their corresponding raffinate products. Spectroscopic investigations confirmed a
substantial reduction in absorption bands characteristic of aromatic rings and sulfur-containing
functional groups after purification. Comparative GC-MS analysis of the hydrocarbon group
composition of blended diesel fuel (SDD + LCG), purified using NMPA and the industrial extractant
N-methylpyrrolidone (NMP), showed that the aromatic content in the raffinate obtained with NMPA
(3.57 wt %) was 1.6 times lower than that in the raffinate treated with NMP (5.69 wt %), thereby
underscoring the effectiveness of ionic-liquid extraction.

To expand the feedstock base for diesel fuel production, the authors [30] optimized the
conditions for ionic-liquid extraction purification of a ternary blend comprising SDD, LCG, and
LCCGina70:15:15 wt % ratio. When using NMPA and morpholinium formate (MF) as extractants,
the resulting raffinates, obtained with nearly identical yields (71.2 wt %), exhibited dearomatization
degrees of 86.2 wt % and 82.76 wt % and desulfurization degrees of 64.33 wt % and 61.05 wt %,
respectively.

Using NMPA as a selective solvent, the authors also studied the extraction purification of a
model diesel fuel consisting of hexane (aliphatic component), thiophene (sulfur compound), and m-
xylene (aromatic compound). Molecular dynamics simulations conducted using the AKMD
software demonstrated the efficacy of the ionic-liquid system, with a substantial reduction in
aromatic content and thiophene removal efficiency reaching up to 80 wt % [31]. Computational
modeling additionally revealed the formation of stable intermolecular complexes between the ionic
liquid and aromatic sulfur-containing molecules, explaining the high selectivity observed
experimentally.
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Furthermore, the potential of ionic liquids - specifically morpholinium formate and
anilinium formate - as extractants for the desulfurization of catalytic cracking gasoline and coking
gasoline was evaluated [32,33]. A detailed investigation into the effects of various parameters
revealed that the efficiency of sulfur removal depended on the nature of the sulfur-containing
compounds, the ionic-liquid-to-feedstock ratio, and the extraction duration. Notably, under a 1:1
mass ratio of morpholinium formate to catalytic cracking gasoline and a contact time of 30 minutes,
a desulfurization efficiency of 70.0 wt % was achieved. The obtained gasoline fractions also
exhibited improved oxidation stability and reduced gum formation tendencies.

In view of increasingly stringent environmental regulations, the implementation of greener
solvents in the production of high-quality base oils has become a critical challenge for the refining
industry.

Within the framework of research aimed at developing environmentally safe purification
methods aligned with the principles of green chemistry, the authors [34,35] established the optimal
conditions for selective purification of AMG-10 distillate. This distillate was obtained by
compounding 10-degree oil fractions from the Neft Dashlary oil field. The purification process
involved multi-stage ionic-liquid extraction at 60°C, with a contact time of 1 hour per stage, using
fresh portions of diethylammonium formate (DEAF) at each stage. Under these conditions, the
dearomatization degree of the feedstock reached 85.7 wt %. Moreover, complete dearomatization
was achieved when a threefold excess of NMPA was applied relative to the raw material. The
resulting base oil for AMG-10 hydraulic fluid met the specifications outlined in TU-0253-021-
46693103-2006 in terms of its physicochemical properties.

During the ongoing research cycle on ionic-liquid extraction purification, optimal conditions
were developed for the selective treatment of oil fractions with varying viscosities (3.85, 7.5, 8.5,
and 18.0 mm?/s at 100°C), as well as for their blended compositions, using ionic liquids synthesized
from formic and acetic acids as selective solvents [36]. The resulting base oils obtained through
ionic-liquid purification were characterized by improved physicochemical performance, notably
high thermal stability (sediment concentration ranging from 0.21 to 0.96 wt %), low total sulfur
content (0.1077-0.1412 wt %), and low mercaptan sulfur levels (0.01 wt %). In addition, the refined
oils displayed enhanced viscosity indices and improved resistance to oxidative degradation during
long-term operation.

In the extraction purification of transformer oil with a boiling range of 250-405°C, ionic
liquids of various compositions - namely morpholinium formate, anilinium formate, and N-
methylpyrrolidonium acetate - were employed as selective solvents. The study identified optimal
processing conditions for obtaining the target product with high yields (81.2-85.0 wt %) and
enhanced quality indicators. The obtained raffinate samples demonstrated favorable dielectric loss
tangent values of 0.31 and 0.41 [37].

Analysis of the structure-group composition of the raffinates purified via ionic-liquid
extraction revealed that, regardless of the solvent composition, the naphthene-paraffin hydrocarbon
content ranged from 90.0 to 93.8 wt%, while aromatic hydrocarbons accounted for 6.2—-10.0 wt %.
The refined transformer oil was found to meet the specifications of GOST 982-80. Moreover, the
effectiveness of ionic-liquid extraction was confirmed by both the higher raffinate yield (compared
to acid-contact purification, which yielded 76.7 wt %) and the superior removal of aromatic
hydrocarbons and resinous components.

Studies on the ionic-liquid extraction purification of kerosene fractions with different boiling
ranges (136-240°C, 145-250°C, and 185-250°C) and aromatic hydrocarbon contents (12.0, 16.5,
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and 17.0 wt %, respectively) using acetic acid—based ionic liquids confirmed the superiority of the
extraction process over traditional acid-contact methods. UV spectral analysis of raffinate samples
purified with NMPA indicated a significant reduction in residual aromatic content, further validating
the efficiency of the ionic-liquid approach. Importantly, the use of ionic liquids in kerosene
purification eliminates environmental concerns associated with acid-contact methods, including the
formation of non-recyclable acid tar and contaminated wastewater [38-40].

The study also demonstrated the feasibility of near-complete dearomatization of Naftalan
oil, a petroleum fraction widely used in medical applications. To optimize the purification process,
the effects of temperature, solvent-to-feed ratio, and contact time were investigated. It was found
that, under controlled conditions, the residual aromatic content could be reduced to 0.5-0.6 wt % (as
measured by the sulfonation method) when using NMPA and DEAF as extractants for Naftalan oil
with a boiling range of 200-450°C [41]. The purification of Naftalan oil is particularly important
because aromatic compounds may negatively influence the therapeutic and toxicological properties
of the final medicinal product.

In conclusion, the research confirms the high efficiency and industrial potential of ionic-
liquid extraction purification for a wide range of petroleum fractions. lonic liquids synthesized from
formic and acetic acids provide deep dearomatization and desulfurization, while allowing for
solvent regeneration and reuse without loss of selectivity. This makes the technology both
economically advantageous and environmentally sound. As such, ionic-liquid extraction represents
an effective alternative to conventional techniques such as acid-contact purification and
hydrotreating and can be recommended for the industrial production of high-quality fuels and
lubricating oils. Furthermore, the adaptability of ionic-liquid systems, combined with their low
environmental impact and high extraction efficiency, creates favorable prospects for scaling up
these technologies and integrating them into modern refining schemes focused on sustainable
industrial development.

ODOBIYYAT

1. MguniL.L., YaoY., LiuX., Yuan Z., Hildebrandt D. Ultra-deep desulphurization of both
model and commercial diesel fuels by adsorption method. Journal of Environmental Chemical
Engineering. -2019. -Vol. 7. -1ss.2. -Article 102957.

2. Tuktin B., Zhandarov E., Nurgaliyev N., Tenizbayeva A., Shapovalov A. Hydrotreating of
gasoline and diesel oil fractions over modified alumina/zeolite catalysts. Petroleum Science
and Technology. - 2019. -Vol. 37. -Iss. 15. P. 1770-1776.

3. Mahdieh S., Babak M., Hamid R. Oxidative Desulfurization of Diesel Fuel Using a Brgnsted
Acidic lonic Liquid Supported on Silica Gel. Energy & Fuels. - 2017. - 31(9). - P. 10196—
10205.

4. Mohumed H., Rahman S., Imtiaz S.A. Oxidative-extractive desulfurization of model fuels
using a pyridinium ionic liquid. ACS Omega, — 2020. -Vol. 5. -Iss. 14. — P. 8023-8031.

5. Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Azizov A.H. lonic liquids in catalytic
processes of transformation of olefins and dienes (Review). Petroleum chemistry. -2007. -
Vol.47. - No.5, - P.309-317.

6. Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Azizov A.H., Janibeyov N.F. lonic Liquids
as reaction media in propene dimerization with nickel containing catalytic dithiosystems.
Georgia Chemical Journal. -2007. -Vol. 7. - No.3. -P. 281-287.

44


https://www.sciencedirect.com/author/7401477110/zhongyong-yong-yuan
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering/vol/7/issue/2
https://www.tandfonline.com/author/Tuktin%2C+Balga
https://www.tandfonline.com/author/Zhandarov%2C+Erbolat
https://www.tandfonline.com/author/Nurgaliyev%2C+Nurzhan
https://www.tandfonline.com/author/Tenizbayeva%2C+Aliya
https://www.tandfonline.com/author/Shapovalov%2C+Anatoli
https://www.tandfonline.com/journals/lpet20
https://www.tandfonline.com/journals/lpet20
https://www.tandfonline.com/toc/lpet20/37/15
https://pubs.acs.org/author/Safa%2C+Mahdieh
https://pubs.acs.org/author/Mokhtarani%2C+Babak
https://pubs.acs.org/author/Mortaheb%2C+Hamid+Reza

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hacupos @.A., HoBpy3zoBa ®@.M., Acnanbeiinmn A.M., A3uzoB A.I'. JIByxdasHbIii porecc
AUMEpU3anuu 6YT€HOB B HWOHHBIX JXHUAKOCTAX C MCIIOJIB30BAHUEM HHKCEIIBCOACPKAINUX
Karanutuaeckux auruocucreM. [Iponeccer HedTexummn u HedrenepepadoTku. - 2007. -Ne 4
(31). - C.72-80.
Hacupo @.A., Acnanbeiinu A.M. HospyszoBa ®.M., Azuzo A.I'., JIxanunbekop H.D.
CoBmecTHas auMepusauus W onuromepusanus ojnepuHoB ¢pakuun C3-Cs4 B HMOHHBIX
KUAKOCTAX C HCIIOJIb30BAHHUEM HHUKCIIb- H KO6aJ'ILTCOI[ep)KaH_II/IX KaTaJIUTHNUYCCKUX
mutrocucteMm. [Ipomeccel Heprexumun u HedTenepepadbotku. -2008. -Ne 3-4. -C.305-316.
Hacupo @®.A., HoepyzoBa ®.M., AcmanGeitiu A.M. [[xadapoB P.II., Asmzos A.l'.,
Jlxann6exoB H.®. MaTtemaTudeckas 00paboTka pe3yIbTaTOB IKCIIEPUMEHTA U HAXOXK/ICHUE
OIITUMAJIBHBIX yCJ'IOBl/If/'I MIponcCCOB AUMEpHU3ALIUN IIPOIMUIICHA H 6YTI/IJ'I€HOB B HOHHBIX
KHUOKOCTAX C HCIIOJIB30BAHHMEM HHUKCILBCOACPKAIMNUX KATAIUTHYCCKUX JHUTHOCHCTEM.
[Tpo6aembr xumuu. -2008. - Ne 3. -C.497-502.
Abdullayev Y., Mammadov A., Karimova N., Talybov A., Yolchuyeva U., Autschbach J.
Construction of New Azo-group Containing Polycyclic Imidazole Derivatives:
Computational Mechanistic, Structural, and Fluorescence Studies.Chemistry Select. - 2020. -
5. -P. 6224-6229.
Khamiyev M.J., Azizov A.H., Khanmetov A.A., Alieva R.V., Mammadov A.M. Synthesis
and investigation of zirconium complexes with "grafted"” ionic-liquid type containing amino-
and iminohydrochloride ligands. Azerbaijan Chemical Journal. -2016. No. 1. -P. 54-59.
Ibrahimova M.J., Abdullayeva F.M., Pashayeva Z.N., Ibrahimova T.A., Baghirova B.F.
Synthesis and study of ionic liquid quaternary ammonium salt. Processes of Petrochemistry
and Oil Refining, Special issue. - 2024. - No. 1. -P. 114-122.
Ibrahimova M.J., Amirli F.A., Bayramova S.T., Kuliyev A.D., Ibrahimova T.A., Abdullayeva
F. M., Pashayeva Z.N. Synthesis and investigation of composites based on phenol-
formaldehyde resin, Processes of Petrochemistry and Oil Refining, Special issue. - 2024. -No.
1.-P.165-174.
Ibragimova M.D., Pashayeva Z.N., Abdullayeva F.M. Possibilities for using ionic liquids in
the polymerization process. International Petroleum&Petrochemical Technology Conference
(IPPTC 2024). Journal of Physics Conference Series. -2024. 2834 012185.
Ibragimova M.D., Amirov F.A., Bairamova S.T., lbragimova T.A., Abdullaeva F.M.,
Pashaeva Z.N. Modification of Phenol-Formaldehyde Resin with Alkyl Aromatic
Hydrocarbons. Polymer Science, Series D. 2024. Vol. 17. P. 646-651.
Ibrahimova M.D., Abdullayeva F.M., Pasayeva Z.N., Ibrahimova T.A. Synthesis of ionic
liquid  monomer  N,N-diethyl-N-(2-methacryloxyethyl)ammonium  chloride  and
polymers(copolymers based on it). Processes of Petrochemistry and Qil Refining(PROR), -
2020. -Vol.21. -Ne2. -P.231-241.
Seidova S.A., Ibrahimova M.D., Abbasov V.M., Huseynov H.J, Yolchuyeva U.J.,
Akhmedbekova S.F.Ionic liquid extraction as an effective alternative in the process of
dearomatization of petroleum oils. SOCAR Proceedings. - 2024. - No.3. -P. 107-112.
Ibragimova M.J., Seidova S.A., Alieva S.G., Huseynov H.J., Abdullaeva Kh.A., Yusifzade
F.Yu. lonic liquids as extragents of compounds negatively affecting the environmental
properties of diesel fuel. Azerbaijan Chemical Journal. - 2024. - Ne 3. - P.20-28.
Ibragimova M.D., Seidova S.A., Aliyeva S.G., Dzhafarova R.A., Yolchueva U.J. Research of
the residual content of aromatic hydrocarbons in the composition of diesel fuel after extraction
45


https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf
https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

cleaning, SOCAR Proceedings. - 2022.-No. 3. -P.101-105.
Seyidova S.A. Justification of high efficiency of ionic liquid in the process of extraction
cleaning of diesel fraction. Processes of Petrochemistry and Oil-Refining. -2019.-No. 3. -P.
291-296.
Seidova S.A., Ibrahimova M.J., Ismailova A.E. Binary mixture of ionic liquids in purification
of transformer oil. PPOR. -2025. -Vol. 26. - No. 2. -P. 392-398.
CCI/I,Z[OBa C.A. 9KCTpaKLII/IOHHLIe METOAbl OYHUCTKH MOTOPHOTO TOILJIMBA. Xumusa "
xumudeckas texnosorus. - 2019. -Nel0. -C.30-39.
Abbasov V.M., Gaile A.A., Ibrahimova M.J., Seidova S.A., Muradov A.N. Extraction: A
promising method for selective purification of petroleum fractions. PPOR. -2025. - Vol. 26. -
No. 3. -P. 697-708.
Ibrahimova M.J., Seidova S.A., Babayev M.A. Extractive purification of diesel distillate with
a mixed solvent based on 1onic liquids. PPOR. - 2025. -Vol. 26. - No.1. -P. 208-216
Ibragimova M.D., Aliyeva S.G., Seyidova S.A., Guseinov G.J., Abbasov V.M., Nagiyev V.A.
Improvement of quality of the hydropurified diesel fuel by ion-liquid extraction. International
Journal of Scientific Engineering and Applied Science (IJSEAS). -2018. - 4 (5). -P. 91-94.
NoparumoBa M.J[., C.A.Cemmoa, C.I' AnmeBa. MOHHO-)XKHIKOCTHAs SKCTPAKIIMOHHAS
OYHNCTKA AU3CJIBHBIX (bpaKHI/II\/'I C pa3jInYHBIM COACPKAHUCM apOMATUUCCKHUX U CCPHUCTBIX
coenuuenuii. Bectauk BI'Y. Cepust: Xumust. buonorus. @apmanms. - 2019. -Ne4, -C.26-32.
Ibrahimova M.J., Seyidova S.A., Aliyeva S.G. Extraction ennoblement of diesel fuel and the
close- cut fractions on its basis. Azerbaijan Chemical Journal. -2018. - No. 4. -P. 60-68.
Ho6parumosa M.JI., Cennora C.A., I'yceiino I'./[x., A66acoB B.M., Harues B.A., Anuesa
C.A., IxadpapoBa P.A., Axmendexoa C.D. HccienoBaHue CTPYKTYPHO-TPYIIIOBOTO
cocTaBa pa(I)I/IHaTa U DOKCTpaKTa, IMOJTYYCHHBIX HeapOMaTH3aHHeﬁ cMecu HpHMOFOHHOﬁ
JM3eNbHON (PpakIuy ¢ MPOIyKTaMU BTOPUYHOM nepepaboTku HedTH. HedrenepepaboTka u
Heprexumus. -2018. -Ne 8, -.C.14-20.
Ibrahimova M.J., Abbasov V.M., Aliyeva S.G., Khalilov A.B., Guseinov G.Dzh., Nagiyev
V.A., Alizada A.E., Seidova S.A. Group hydrocarbon composition of the mixture of straight-
run diesel fraction with light gas oil coking before and after purification of ionic liquid
extraction. Processes of Petrochemistry and Oil-Refining. -2019. - No., — P. 433-4309.
Ibrahimova M.D., Seidova S.A., Gusejnov G.Dzh., Aliyeva S.G., Dzhafarova R.A. Extractive
purification of diesel distillate using selective «green» solvents. Processes of petrochemistry
and oil refining. - 2022. -VVol.23. - No 4. — P. 621-627.
Mammadhasanov K.K., Seyidova S.A., Ibrahimova M.D., Abbasov V.M., Huseynov H.J.,
Komolkin A.V. Simulation of ionic-liquid extractive purification process of thiophene and m-
xylene from their mixture with n-hexane by the molecular dynamics method. Modern Physics
Letters B. - 2023. -37. - 30. -Article ID 2350139.
N6parumosa M.JI., AsuzoB A.l'., I'yceitnoBa A.Jl. MccnenoBanue mpoiiecca CeIeKTUBHOM
OYUCTKH OeH3uHa pudopMuHra MOpPoIMHGOPMUATHON HMOHHON KUAKOCTHIO. IIporecch
HepTexumun u Herenepepadorku.— 2011, -T. 12. - Ne 3(47). — C.189-194.
Mup3soeBa JI.M., Ub6parumoBa M./I., Harues B.A., FOnycos C.I'., Auapromenko H.K.,
I'yceitnoB I'.Jl. TlpumeHeHuME HOHHBIX JKUIAKOCTEH i obeccepuBaHHUs OEH3MHOBBIX
¢bpakumii, XuMus 1 TexHosorus ToruB 1 Macel. -2018. -Ne 4(608). -P. 28-32.
A66acoB B.M., I6parumoBa M./I., Anuesa C.I'., XamunoB A.b., Harues B.A., Axmen0ekoBa
C.®. HccnenoBanue BO3MOKHOCTH TOJYYSHHSI OCHOBBI THApaBindeckoro macia AMI'-10
46


https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf
https://ppor.az/index.php/ppor/article/view/448
https://ppor.az/index.php/ppor/article/view/448
https://www.worldscientific.com/doi/full/10.1142/S0217984923501397
https://www.worldscientific.com/doi/full/10.1142/S0217984923501397
https://www.worldscientific.com/worldscinet/mplb
https://www.worldscientific.com/worldscinet/mplb

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

35.

36.

37.

38.

30.

40.

41.

MOHHO- JKUJKOCTHOM OYHMCTKOM JMCTHIIIATa ¢ MecTopoxaeHus «Hedt mamuiapbi.
Texnonorus nedtu u raza, — 2017. Ne6, — c. 27-33.

Ibragimova M.D., Abbasov V.A., Khalilov A.B., Aliyeva S.Q., Huseinov H.J., Nagiyev V.A.,
Alizadeh A.E., Seidova S.A. Selective purification of the oil fractions with use of ionic liquid
as extractant on the basis of N-methylpyrrolidone. Processes of petrochemistry and oil
rafining. — 2018. -Vol. 19. - Ne3. -P. 302-313.

Ibragimova M. D., Huseynov H. J., Hasanova R.Z. Diethylamine and formic acid-based ionic
liquid in selective purification process of oil distillates of various viscosities. Modern Physics
Letters B, World Scientific Publishing: — 2022. -Vol. 35. -Ne12. Article 1D 2150505.
HUo6parumoBa M.JI., HarmeB B.A., T'yceitno I'.J[kx., XamumoB A.b., I'acanoBa P.3.,
AOnynnaeBa X.A. HMonHas >XuakocTh N-METWINHPPOIUIOHMYM alleTaT B KayecTBE
OKCTparcHTa B IIponeccax H36I/IpaT€J'IBHOI7I OYHNCTKH AUCTUILIIATA TpaHC(bOpMaTOpHOFO macia.
Hedrenepepabotka u Heprexumus. -2019. -Ne 5, -C.45-48.

Ibrahimova M.J., Mamedova T.A., Aliyeva S.Q., Huseinov H.J., Seyidova S.A., Naghiyev
V.A., Dzhafarova R.A. Research into kerosene fraction dearomatization process by means of
ionic liquid extraction. Chemical problems,— 2019. -Ne 4 (17). — P. 576-583.

Huseynov H.J. Study dearomatization of kerosene by IR and UV spectral analysis. Modern
Physics Letters B, World Scientific Publishing: -2021. -Vol. 35. -Nel2. -P. Article ID
2150197.

N6parumosa M.JL., I'yceitnos I'.[Ix., CennoBa C.A., ﬁonqyeBa V.., Axmenoexkos C.D.,
KOcugzane @.10. HoHHO-XHIKOCTHAs JeapoMaTH3alis KEepOCHHOBOM ¢pakuun N-
METHJIHPPOIUIOHUYM (opmuaroM. bamkupckuit xumuueckuit xxypHan, -2023. -T .30, -
c.36-40.

Ho6parumosa M.JI., A66acoB B.M., Cennosa C.A., I'yceitnoB I'.J[x., Axmenbekoa C.®D.,
Momuyepa V.JIx. MOHHO-KHIKOCTHAS JKCTPAKIMOHHAs ouncTka Hadramanckoit Hedrh.
Bectauk BI'Y. Cepus: Xumus. buonorus. ®apmanms.-2021. -Ne 2, -C. 5-13.

REFERENCES

Mguni L.L., Yao Y., Liu X., Yuan Z., Hildebrandt D. Ultra-deep desulphurization of both
model and commercial diesel fuels by adsorption method. Journal of Environmental
Chemical Engineering. -2019. -Vol. 7. -Iss.2. -Article 102957.

Tuktin B., Zhandarov E., Nurgaliyev N., Tenizbayeva A., Shapovalov A. Hydrotreating of
gasoline and diesel oil fractions over modified alumina/zeolite catalysts. Petroleum Science
and Technology. - 2019. -Vol. 37. -Iss. 15. P. 1770-1776.

Mahdieh S., Babak M., Hamid R. Oxidative Desulfurization of Diesel Fuel Using a Bransted
Acidic lonic Liquid Supported on Silica Gel. Energy & Fuels. - 2017. - 31(9). - P. 10196-
10205.

Mohumed H., Rahman S., Imtiaz S.A. Oxidative-extractive desulfurization of model fuels
using a pyridinium ionic liquid. ACS Omega, — 2020. -Vol. 5. -iss. 14. — P. 8023-8031.
Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Azizov A.H. lonic liquids in catalytic
processes of transformation of olefins and dienes (Review). Petroleum chemistry. -2007. -
Vol.47. - No.5, - P.309-317.

47


https://www.sciencedirect.com/author/7401477110/zhongyong-yong-yuan
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering
https://www.sciencedirect.com/journal/journal-of-environmental-chemical-engineering/vol/7/issue/2
https://www.tandfonline.com/author/Tuktin%2C+Balga
https://www.tandfonline.com/author/Zhandarov%2C+Erbolat
https://www.tandfonline.com/author/Nurgaliyev%2C+Nurzhan
https://www.tandfonline.com/author/Tenizbayeva%2C+Aliya
https://www.tandfonline.com/author/Shapovalov%2C+Anatoli
https://www.tandfonline.com/journals/lpet20
https://www.tandfonline.com/journals/lpet20
https://www.tandfonline.com/toc/lpet20/37/15
https://pubs.acs.org/author/Safa%2C+Mahdieh
https://pubs.acs.org/author/Mokhtarani%2C+Babak
https://pubs.acs.org/author/Mortaheb%2C+Hamid+Reza

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

10.

11.

12.

13.

14.

15.

16.

17.

Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Azizov A.H., Janibeyov N.F. lonic Liquids
as reaction media in propene dimerization with nickel containing catalytic dithiosystems.
Georgia Chemical Journal. -2007. -Vol. 7. - No.3. -P. 281-287.

Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Azizov A.H. Dvukhfazniy protsess
dimerizatsii butenov v ionnikh zhidkostyakh s ispolzovaniem nikelsoderzhashikh
kataliticheskikh ditnosistem. Protsessi neftekhimii i neftepererabotki. - 2007. -Ne 4 (31). -
5.72-80.

Nasirov F.A., Aslanbeyli A.M., Novruzova F.M., Azizov A.H., Janibekov N.F. Sovmestnaya
dimerizatsiya i1 oliqomerizatsiya olefinov fraktsii Cs-Cs v ionnikh zhidkoctyakh s
ispolzovaniem nikel i kobaltsoderzhashikh kataliticheskikh ditiosistem. Protsessi neftekhimii
I neftepererabotki. -2008. -Ne 3-4. -5.305-316.

Nasirov F.A., Novruzova F.M., Aslanbeyli A.M., Dzhafarov R.P., Azizov A.H., Janibeyov
N.F. Matematicheskaya obrabotka rezul'tatov ehksperimenta i nakhozhdenie optimal'nykh
uslovij protsessov dimerizatsii propilena 1 butilenov v ionnykh zhidkostyakh s
ispol'zovaniem nikel'soderzhashchikh ditiosistem. Problemy khimii. -2008. - Ne 3. -5.497-
502.

Abdullayev Y., Mammadov A., Karimova N., Talybov A., Yolchuyeva U., Autschbach J.
Construction of New Azo-group Containing Polycyclic Imidazole Derivatives:
Computational Mechanistic, Structural, and Fluorescence Studies.Chemistry Select. - 2020.
- 5. -P. 6224-6229.

Khamiyev M.J., Azizov A.H., Khanmetov A.A., Alieva R.V., Mammadov A.M. Synthesis
and investigation of zirconium complexes with “grafted™ ionic-liquid type containing amino-
and iminohydrochloride ligands. Azerbaijan Chemical Journal. -2016. No. 1. -P. 54-59.
Ibrahimova M.J., Abdullayeva F.M., Pashayeva Z.N., Ibrahimova T.A., Baghirova B.F.
Synthesis and study of ionic liquid quaternary ammonium salt. Processes of Petrochemistry
and Oil Refining, Special issue. - 2024. - No. 1. -P. 114-122.

Ibrahimova M.J., Amirli F.A., Bayramova S.T., Kuliyev A.D., lbrahimova T.A.,
Abdullayeva F. M., Pashayeva Z.N. Synthesis and investigation of composites based on
phenol-formaldehyde resin, Processes of Petrochemistry and Oil Refining, Special issue. -
2024. -No. 1. - P.165-174.

Ibragimova M.D., Pashaeva Z.N., Abdullayeva F.M. Possibilities for using ionic liquids in
the polymerization process. International Petroleum&Petrochemical Technology Conference
(IPPTC 2024). Journal of Physics Conference Series. -2024. 2834 012185.

Ibragimova M.D., Amirov F.A., Bairamova S.T., Ibragimova T.A., Abdullaeva F.M.,
Pashayeva Z.N. Modification of Phenol-Formaldehyde Resin with Alkyl Aromatic
Hydrocarbons. Polymer Science, Series D. 2024. Vol. 17. P. 646-651.

Ibrahimova M.D., Abdullayeva F.M., Pasayeva Z.N., Ibrahimova T.A. Synthesis of ionic
liquid monomer N,N-diethyl-N-(2-methacryloxyethyl)ammonium chloride and polymers
(copolymers based on it). Processes of Petrochemistry and Oil Refining (PROR), -2020. -
Vol.21. -Ne2. -P.231-241.

Seidova S. A., Ibrahimova M.D., Abbasov V.M., Huseynov H.J, Yolchuyeva U.J.,
Akhmedbekova S.F. Ionic liquid extraction as an effective alternative in the process of
dearomatization of petroleum oils. SOCAR Proceedings. - 2024. - No.3. -P. 107-112.

48



Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ibragimova M.J., Seidova S.A., Alieva S.G., Huseynov H.J., Abdullaeva Kh.A., Yusifzade
F.Yu. lonic liquids as extragents of compounds negatively affecting the environmental
properties of diesel fuel. Azerbaijan Chemical Journal. - 2024. - Ne 3. - P.20-28.

Ibragimova M.D., Seidova S.A., Aliyeva S.G., Dzhafarova R.A., Yolchueva U.J. Research
of the residual content of aromatic hydrocarbons in the composition of diesel fuel after
extraction cleaning, SOCAR Proceedings. - 2022.-No. 3. -P.101-105.

Seyidova S.A. Justification of high efficiency of ionic liquid in the process of extraction
cleaning of diesel fraction. Processes of Petrochemistry and Oil-Refining. -2019.-No. 3. -P.
291-296.

Seyidova S.A., Ibrahimova M.J., Ismailova A.E. Binary mixture of ionic liquids in
purification of transformer oil. PPOR. -2025. -Vol. 26. - No. 2. -P. 392-398.

Seidova S.A. Ekstraktsionnie metodi ochistki motornogo topliva. Khimiya i khimicheskaya
tekhnologiya. - 2019. -Ne10. -s.30-39.

Abbasov V.M., Gaile A.A., Ibrahimova M.J., Seidova S.A., Muradov A.N. Extraction: A
promising method for selective purification of petroleum fractions. PPOR. -2025. - Vol. 26.
-No. 3. -P. 697-708.

Ibrahimova M.J., Seidova S.A., Babayev M.A. Extractive purification of diesel distillate with
a mixed solvent based on 10onic liquids. PPOR. - 2025. -Vol. 26. - No.1. -P. 208-216
Ibragimova M.D., Aliyeva S.G., Seyidova S.A., Gusejnov G.J., Abbasov V.M., Nagiyev
V.A. Improvement of quality of the hydropurified diesel fuel by ion-liquid extraction.
International Journal of Scientific Engineering and Applied Science (IJSEAS). -2018. - 4 (5).
-P. 91-94.

Ibragimova M.D., S.A.Seidova, S.G. Alieva lonno-zhidkostnaya ekstraktsionnaya ochistka
dizelnikh fraktsiy s razlichnim soderzhaniem aromaticheskikh i sernistikh soedineniy.
Vestnik VGU. Seriya: Khimiya. Biologiya. Farmatsiya.- 2019. -Ne4, -C.26-32.

Ibrahimova M.D., Seyidova S.A., Aliyeva S.G. Extraction ennoblement of diesel fuel and the
close- cut fractions on its basis. Azerbaijan Chemical Journal. -2018. - No. 4. -P. 60-68.

Ibragimova M.D., Seidova S.A., Guseynov G.Dzh., Abbasov V.M., Nagiyev V.A., Aliyeva
S.A., Dzhafarova R.A., Akhmedbekova S.F. Issledovanie strukturno-gruppovogo sostava
rafinata i ekstrakta, poluchennikh dearomatizatsiey smesi pryamogonnoy dizelnoy fraktsii s
produktami vtorichnoy pererabotki nefti. Neftepererabotka i neftekhimiya. -2018. -Ne 8§, -
s.14-20.
Ibrahimova M.D., Abbasov V.M., Aliyeva S.G., Khalilov A.B., Gusejnov G.Dzh., Nagiyev
V.A., Alizada A.E., Seidova S.A. Group hydrocarbon composition of the mixture of straight-
run diesel fraction with light gas oil coking before and after purification of ionic liquid
extraction. Processes of Petrochemistry and Oil-Refining. -2019. - No., — P. 433-4309.
Ibrahimova M.D., Seidova S.A., Gusejnov G.Dzh., Aliyeva S.G., Dzhafarova R.A.
Extractive purification of diesel distillate using selective «green» solvents. Processes of
petrochemistry and oil refining. - 2022. -VVol.23. - No 4. — P. 621-627.
Mammadhasanov K K., Seyidova S.A., Ibrahimova M.D., Abbasov V.M., Huseynov H.J.,
Komolkin A.V. Simulation of ionic-liquid extractive purification process of thiophene
and m-xylene from their mixture with n-hexane by the molecular dynamics method. Modern
Physics Letters B. - 2023. -37. - 30. -Article 1D 2350139.
Ibragimova M.D., Azizov A.G., Guseynova A.D. Issledovanie protsessa selektivnoy ochistki
49


https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf
https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf
https://proceedings.socar.az/uploads/pdf/87/10.5510_OGP20220300714.pdf
https://ppor.az/index.php/ppor/article/view/448
https://ppor.az/index.php/ppor/article/view/448
https://www.worldscientific.com/doi/full/10.1142/S0217984923501397
https://www.worldscientific.com/doi/full/10.1142/S0217984923501397
https://www.worldscientific.com/worldscinet/mplb
https://www.worldscientific.com/worldscinet/mplb

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, Ne2, 2026

33.

34.

35.

36.

37.

38.

39.

40.

41.

benzina riforminga morfolinformiatnoy ionnoy zhidkostyu. Protsessi neftekhimii i
neftepererabotki.— 2011. -T. 12. - Ne 3(47). — C.189-194.

Mirzoeva L.M., Ibragimova M.D., Nagiev V.A., Yunusov S.G., Andryushenko N.K.,
Guseynov G.D. Primenenie ionnykh zhidkostey dlya obesserivaniya benzinovikh fraktsiy.
Khimiya i tekhnologiya topliv i masel. -2018. -Ne 4(608). -P. 28-32.

Abbasov V.M., Ibragimova M.D., Alieva S.G., Khalilova A.B., Nagiev V.A,
Akhmedbekova S.F. Issledovanie vozmozhnosti polucheniya osnovi gidravlicheskogo masla
AMG-10 ionno-zhidkostnoy ochistkoy distillyata s mestorozhdeniya «Neft dashlari».
Tekhnologiya nefti i gaza, —2017. Ne6, —s. 27-33.

Ibragimova M.D., Abbasov V.A., Khalilov A.B., Aliyeva S.G., Huseinov H.J., Nagiyev
V.A., Alizadeh A.E., Seidova S.A. Selective purification of the oil fractions with use of ionic
liquid as extractant on the basis of N-methylpyrrolidone. Processes of petrochemistry and oil
rafining. — 2018. -Vol. 19. - Ne3. -P. 302-313.

Ibragimova M. D., Huseynov H. J., Hasanova R.Z. Diethylamine and formic acid-based ionic
liquid in selective purification process of oil distillates of various viscosities. Modern Physics
Letters B, World Scientific Publishing: — 2022. -Vol. 35. -Ne12. Article ID 2150505.
Ibragimova M. D., Nagiev V.A., Gusejnov G.Dzh., Khalilov A.B., Gasanova R.Z.,
Abdullaeva Kh.A. lonnaya zhidkost N-metilpirrolidonium atsetat v kachestve ekstragenta v
protsessakh izbiratelnoy ochistki distillyata transformatornogo masla. Neftepererabotka i
Neftekhimiya. -2019. -Ne 5, - S.45-48.

Ibrahimova M.D., Mamedova T.A., Aliyeva S.Q., Huseinov H.J., Seyidova S.A., Naghiyev
V.A., Dzhafarova R.A. Research into kerosene fraction dearomatization process by means of
ionic liquid extraction. Chemical problems,— 2019. -Ne 4 (17). — P. 576-583.

Huseynov H.J. Study dearomatization of kerosene by IR and UV spectral analysis. Modern
Physics Letters B, World Scientific Publishing: — 2021. -Vol. 35. - Nel12. — P. Article ID
2150197.

Ibrahimova M.D., Guseynov G.Dzh., Seidova S.A., Yolchueva U.D., Akhmedbekov S.F.,
Yusifzade F.Yu. lonno-zhidkostnaya dearomatizatsiya kerosinovoy fraktsii  N-
metilpirrolidonium formiatom. Bashkirskiy khimicheskiy zhurnal, -2023. -T .30, — 5.36-40.
Ibrahimova M.D., Abbasov V.M., Seidova S.A., Guseynov G.Dzh., Akhmedbekova S.F.,
Yolchueva U.Dzh. lonno-zhidkostnaya ekstraktsionnaya ochistka Naftalanskoy nefti.
Vestnik VGU. Seriya: Khimiya. Biologiya. Farmatsiya.— 2021. -Ne 2, -s. 5-13.

NEFT DISTILLATLARININ ION MAYE ILO TOMIZLONM®OSI
Nasirov F.O.
Azarbaycan Respublikast Elm va Tahsil Nazirliyi akademik Y. H. Mammadaliyev adina
Neft-Kimya Proseslari Institutu

Neft fraksiyalarimin segici tomizlonmasi iiciin sonayeds anonavi olaraq istifads olunan

halledicilor (furfurol, N-metilpirrolidon -NMP, morfolin, sulfolan va s.) ugucu, toksik va

korroziyaedici xiisusiyyata malik olub, nisbaton asagi selektivlik géstarir. Yiiksak keyfiyyatli yanacaq

va yaglarin istehsalint tamin etmakla yanasi, atraf miihita tasiri minimuma endiran neft distillatlarinin

tamizlonmasi ticiin yeni yanasmalara ehtiyac var.
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Ion mayelarinin neft distillatlarimn ekstraksiyva yolu ilo tamizlonmasi iiciin secici halledicilor
kimi istifadasi boyiik elmi va praktiki maraq dogurur. Cox asagi u¢uculuq, zaif buxar tazyiqi, yiiksok
kimyavi va istilik sabitliyi, miixtalif sinif birlagsmalori hall etma qabiliyyati va yiiksak selektiviik kimi
unikal xiisusiyyatlorina géra ion mayelori perspektivli “yvagsil halledicilor” hesab olunur. Onlar ekoloji
cahatdon dayaniqli sintez va neft emali proseslorinin inkigafinda getdikca daha miihiim rol oynayir.

Bu tadgiqat iginin magsadi qarisqa va sirka tursulari asasinda sintez edilmis ion mayelarindan
secici halledici kimi istifada etmaklo miixtalif sahalorda tatbiq oluna bilan yiiksak keyfiyyatli yag va
vanacagqlar almaqdir. Aparilmis sistemli eksperimentlor naticasinda dizel distillatlar, transformator
vagi, miialicavi Naftalan yagi, siirtkii distillatlart va kerosin kimi miixtalif neft xammallarinin
ekstraksiya yolu ilo tomizlonmasi tigiin optimal sarait miiayyan edilmisdir. Todqgiqat ion mayelori ilo
ekstraksiyanmin neft fraksiyalarinin darin tamizlonmasi iigiin ekoloji cahatdon tahliikasiz va iqtisadi
baximdan samarali bir metod oldugunu niimayiys etdirir.

Acar sozlar: neft distillatlari, dizel yanacagi, kerosin, benzin, stirtkii distillatlari, Naftalan
vagi, ekstraksiya, rafinat, ion mayesi, yasil halledicilor, selektiv tomizlonma, dearomatizasiya.
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SINTEZ EDILMIS YENI ARILSULFONILPIPERIDIN TOROMOLORININ in vitro BIOLOJI
SINAGI VO MurA FERMENTINO QARSI INHIBITOR POTENSIALININ in silico TODQIQI
"Mammadova S.1., *Zeynalova L.F., *Mammadova G.H., ‘Oskarova K.T.,
YAgazads A.9., *Ladoxina N.P.
'Azaorbaycan Respublikast Elm va Tahsil Nazirliyi “Kimya Institutu” PHS
2Azarbaycan Dovlat Pedaqoji Universiteti

Tadgigatin maqsadi yeni piperidinsulfamid t0ramoalorinin sintezi, onlarin struktur-foalliq
astiliginin (SAR) miiayyan edilmasi, hamginin in vitro va in silico tsullarla antimikrob faalliglarin
muqayisali todqiq edorok yiksak inhibitor potensialli yeni molekul strukturlarinin miiayyan
edilmoasidir.

Bu moaqgsadla, Xloramin-B-nin allilxloridlo garsiligl: tasirindon alinan yiiksok reaksiya
gabiliyyatli sintonun ditiokarbamat vo ksantogenat duzlari ilo nukleofil avazlanmasi, ardinca iso
benzalasetonla heterotsikllogmasi vasitasila yeni piperidinsulfamid téromalari sintez edilmisdir. In
vitro sinaqlar zamam birlagmalarin grammusbat (S. aureus, B. subtilis) vo grammonfi (P. vulgaris,
E. coli) bakteriyalara, hamginin patogen gobaloklora (A. fumigatus, C. albicans) gars: fargli bioloji
foalligi askar edilmigdir. Miiayyon edilmisdir ki, piperidin niivasino farmakofor xassali ksantogenat
va ditiokarbamat fragmentlorinin daxil edilmasi antimikrob tasir spektrini ahamiyyatli daracada
genislandirir.

Molekulyar doking analizi (PDB ID:1A2N) sintez olunmus ligandlarin bakterial hiiceyra
divarimin biosintezinda halledici rol oynayan MurA fermentinin aktiv markazindas -6.4 + -6.8 kcal/mol
diapazonunda alverisli baglanma enerjisi ilo stabil adduktlar yaratdigini géstormigdir. Xiisusilo,
butilksantogenat ~ t0ramasi  olan  2-metil-4-fenil-1-(fenilsulfonil)-5-  butilksantogenat-5-
(butilksantogenat-metil) piperidin (1e) ARG120, GLY164, VAL163 vo ASP305 amin tursular: ilo
stabil hidrogen rabitalari vo m-anion qarsiligh tasirlari yaradaraq hor iki sitnag metodunda an yiksak
naticani niimayis etdirmisdir. Qurulus-foallig asililigit (SAR) analizi tasdiq edir ki, alifatik yan
Zoncirin uzunlugunun artmast hidrofob "ciblorda" daha six baglanmani tamin edarak inhibitor
potensialini yiiksaldir. Aliman naticalor bu ndv sulfamid birlogmolarin yeni nasil antimikrob
vasitalorin hazirlanmasinda perspektivii sinton oldugunu stibut edir.

Acar sozlar: arilsulfamidlar, piperidin téramolori, ksantogenatlar, ditiokarbamatlar,
molekulyar doking, MurA inhibitorlari, antimikrob faalliq

Muasir farmakologiyada sulfamidlor tokca klassik antibakterial agentlor kimi deyil, hom do
viral infeksiyalar (SARS-CoV-2 daxil olmaqla), iltihabi proseslor vo badxassali sislorlo miibarizodo
yiiksok terapevtik potensiala malik ¢oxfunksiyali birlosmoalor kimi gobul edilir [1-5].

Sulfotursularin xloramidlori tokco dezinfeksiyaedici vo oksidlogdirici maddslor kimi deyil,
ham ds son zamanlar olgatanligi vo geyri-toksikliyi sayasinde miixtolif kimyovi xiisusiyyatlori ilo
olagoli miixtalif reaksiyalarda genis totbiq tapirlar [6]. Sulfofillorin N-halogenamidlarin olefinlora
birlosmasi ilk dofo Foldi torofindon hoyata kegirilmisdir [7]. Birlosmo mohsulunun alinmasi N-
brommetilsulfamidlorin fenilbutilenlo reaksiyasi sayosindo miimkiin olmusdur. Son illords
stilfofillorin N, N-dihalogenaminlorinin olefinlora birlogsma reaksiyalarinda miixtalif katalizator va
promotorlardan istifado olunur. Belo ki, karbon dioksidin promotor qismindos istiraki ilo olefinlorin
aminoxlorlasdirilmasinin yeni sintez metodu tosvir edilmisdir [8].
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Xloraminlarin diggetalayiq xiisusiyyatlorindon biri onlarin yiiksak reaksiya c¢evikliyidir ki, bu
da miihit soraitindon asili olaraq reaksiyanin istigamatini doyismoye imkan verir. Masalon, xloramin-
B-nin istiraki ilo arenkarbaldehid oksimlorin propargil-N-fenilkarbonatla regioselektiv reaksiyasi bag
verir ki, bu da tokco birlosmoyo deyil, hom do oksazolidinlorin omalo golmosi ilo naticolonon
tsikllosmoya gotirib ¢ixarir [9]. Bundan alave, halledicinin doyisdirilmasi (su vo ya efir) reaksiyani
miivafiq olaraq B-xlorgidrinlorin vo ya B-xlorefirlorin omoalo golmasine ydnealdo biler. Bu B-
funksionallagdirilmis birlogmolordoki xlor atomu yiiksok reaksiya qabiliyyatini qoruyub saxlayir ki,
bu da ndvbati ¢gevrilmolar {igiin imkanlar agir [ 10]. Todqgiqatlar, homginin gostormisdir ki, siilfofillorin
N-monoxloraminlari su, spirtlor va ya iizvi tursularin istiraki ils olefinlorlo qarsiligli tasirds olaraq 1-
xlor-2-hidroksi-, -alkoksi- vo ya -karboksialkillor amalo gatirir; bu zaman alkil radikalinin uzunlugu
reaksiyanin gedisine ohomiyyatli tosir gostormir [11]. Olefinlorin xlorlagdirilmasinin yeni metodu
islonib hazirlanmisdir [12]. Elektron-aktseptor sulfamid fragmentinin tosiri altinda N-2,3
voziyyatindoki halogenlor nukleofillorlo asanliqla ovoz olunur. N-2,2-dixloretil qruplar1 saxlayan
sulfamidlor fenildiaminlo xinoksalin eamalo gatirir [13], sulfonilaziridindoki halogen iso hatta j3-
vaziyyatinds belo asanligla avoz olunaraq benzotiazepinin amols golmasine sabob olur [14]. Bizim
todgigatlarimiz [15-17] gostormisdir ki, doymamis birlosmolorin xloramidlogdirilmasi {i¢iin on
olverigli reagentlor benzolsiilfofillorin N-monoxloramidloridir (xloramin-B, -T, -XB va s.). Miioyyan
edilmisdir ki, xloramin-B-nin akril tursusunun butil efiri (butilakrilat) ilo reaksiyasi hslledicinin
tobistindon vo temperatur rejimindon oshomiyyatli doracado asilidir [18].

Tadgiqgat isindo miixtolif molekulyar sistemlorin Xloramin-B vasitasilo sulfamid qrupu ilo
funksionallasdirilmasina hasr olunmusdur. Xloramin-B molekulunun hom elektrofil xlor, hom do
nukleofil azot monbayi olmasi, onu sulfonil torkibli birlogsmolorin sintezindo universal reagento
cevirir. Onun asas xiisusiyyati N—Cl rabitasinin olmasidir. Bu rabits reaksiya sortlorindon asili olaraq
ya polyarlagir(N6—Clo+ vo ya No+-Clo— kimi), ya da radikallar omolo gotirorak homolitik
parcalanmaya maruz qalir.

Xloramin-B-nin alkenlarlo reaksiyasi Markovnikov qaydasina zidd olaraq, radikal mexanizmi
tizra gedir vo N—B-xlor-sulfamidlorin sintezina sobab olur. Bu birlogsmalar avvallar ciit rabitoni amaloa
gatiron miixtalif karbon atomlarina birlogmis sulfamid qrupu (—SO2NH-) vo xlor atomunu ehtiva edir.

Owvalki illords apardigimiz tadqiqatlar [19,20] zamani xloramin-B-nin (1) allilxloridlo 35%
-li xlorid tursusunun istiraki ilo aprotik halledicids qarsiligh tasiri naticasinds 1-fenilsulfonilamido-
2,3-dixlorpropan (1) sintez edilmisdir. Miivafiq sintonun etil spirtinda, golovi katalizatorun istiraki
ilo ditiokarbamat va ksantogenat tipli 1,1-ditio-birlosmalarlo 1:2 mol nisbatinds nukleofil avazetmo
reaksiyalar1 hoyata kegirilmis vo naticodo N- (2,3-ovazli propil) benzolsulfamid téromolori sintez
edilmisdir. Birlosmo (I11) iss 0z novbasindo benzalasetonla qarsilighh tasirdo olaraq
heterosikllosmaya moruz qalir vo 1a—e birlasmalarini amals gatirir (sokil 1).

Tacriibi hissa

Sintez edilmis sulfamidlorin 1Q-spektrlori «Nicolet 1s-10» spektrometrindo, NMRH-
spektrlori isa is¢i tezliyi 500 mHz olan «Bruker Avance I11» spektrometrinds geydo alinmigdir.

1-fenilsulfonilamido-N-2,3-dixlorpropan (1)

0.25 mol (28 q) allilxlorid, 0.3 mol (80.5q) xloramin-B vo 100 ml benzol qarisig1
25-30 doqigo ilkin qarigdirildigdan sonra, lizorino 35 ml qati (35.5%) HCl mohlulu temperatur
40—45°C -don yuxar1 qalxmayacaq siirotlo damci-dameci olavo edilmisdir. Qarisiq daha sonra 50°C
temperaturda 3 saat miiddotinds qarigdirilmis, soyudulmus va iizorina 50 ml heksan alava edilmisdir.
Cokon kristallar siiziilmiis, heksanla yuyulmus vo qurudulmusdur. Daha sonra onlar etanoldan tokrar
kristallagdirilmigdir.
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Birlosmo (IT): Cixim 46.8 q (69.8%), orimo temperaturu 193—1950C. Tapilib, %: N 5.68,
S 12.16, C19H31N302S5 iigiin hesablanib, %: N 5.24, S 11.95.

- HCI(35% Sol.)
o ! CH=CHCH,CI 2 Me-R
i N + T E——
§7Ngy -NaCl -2MeCl
3 0=8=0 Cl
0 NH cl
an
o}
ch o,
Qu 0=8=0 R
S—N
NH R
5 R K
(111
la-e

la: Me=Na; R=-S:CN(CH3)x.
1b: Me=Na; R=-S:CN(C2Hs)..
1c: Me=K; R=-S.COC:Hs
1d: Me=K; R=- S.COCsHy7
le: MCZK; R=-S>2COC4Ho

Sakil 1. 1a—e birlosmalarinin amalogalma sxemi

1-fenilsulfamido-N-2, 3-di-(R)-propan (I11)

Umumi metodika: 0.03 mol (7.9 q) birlosmo (I) vo 0.062 mol N, N-dimetil(-etil-) ditiokarbamat
natrium (vo ya 0.062 mol O-etil(-izopropil-; -izobutil-) ditiokarbonat kalium) 50 ml etanolda hall
edilmigdir. Qarisiq 9 saat miiddotindo gaynadilmigdir. Daha sonra etanol distillo edilmis vo reaksiya
kiitlosino 50 ml su olavo edilmisdir. Cokon kristallar siiziilmiis, qurudulmus vo etanoldan tokrar
kristallagdirilmigdir.

2-metil-4-fenil-1-(fenilsulfonil)-5-R-5-(R-metil)piperidin (1a—e)
Umumi metodika: 0.003 mol birlosma (I1T) vo 0.003 mol benzalasetonun 30 ml miitloq etanolda olan
mohluluna 0.003 mol NaOH olavo edilmisdir. Reaksiya garisig1 5—6 saat miiddstinds oks soyuducu
altinda gaynadilmig, daha sonra soyudulmusdur. Cokon kristallar siiziilmiis vo etanoldan tokrar
kristallagdirilmigdir. Alinmis birlosmalorin fiziki-kimyavi xassalori cadval 1-do verilmisdir.

2-metil-4-fenil-1-(fenilsulfonil)-5- dietilditiokarbamat -5-(dietilditiokarbamat -metil)
piperidin (1a)

'H NMR (500 MHz, DMSO-ds, 8, ppm): 1.12 (d, 3H, CHs), 1.64-1.89 (m, 2H, CH2), 2.92
(m, 1H, CH-N), 3.05 (s, 12H, N(CHs3)z2), 3.05 (m, 1H, CH-Ph), 3.35-3.59 (m, 4H, 2CH2-S), 3.43-3.67
(m, 2H, CH2-N), 7.28-7.39 (m, 5H, Ph), 7.63-7.87 (m, 5H, SO2Ph).

2-metil-4-fenil-1-(fenilsulfonil)-5- butilksantogenat -5-(butilksantogenat -metil)
piperidin (1e)

!H NMR (500 MHz, DMSO-ds, 8, ppm): 0.92 (t, 6H, CH3), 1.14 (d, 3H, CHz piperidine),
1.45-1.54 (m, 8H, 4CH: butyl), 1.64-1.88 (m, 2H, CHz ring), 2.92 (m, 1H, CH-N), 3.05 (m, 1H, CH-
Ph), 3.35-3.6 (m, 4H, 2CH3-S), 3.43-3.68 (m, 2H, CH2-N), 4.62 (t, 4H, 2CH2-0), 7.28-7.39 (m, 5H,
Ph), 7.66-7.89 (m, 5H, SO2Ph).
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Codval 1
Sintez edilmis birlogmolarin fiziki-kimyavi xassalori
9rima Element analizi,
Birl. Cixim,% | temperaturu Brutto formulu Tapilib,
isaralari Tar, °C Hesablamb, %
N S
1 2 3 4 5 6
la 54.60 302-305 CasH33N30,Ss 7.35 27.20
7.40 28.21
1b 60.40 296-300 C29H41N30,S5 6.75 25.70
6.73 25.68
1c 56.30 282-283 CasH3104N2 S 2.43 28.15
2.46 28.13
1d 66.50 285-287 Ca7H3sNO4Ss 231 26.75
2.34 26.81
le 62.70 296-298 Ca9H39NO4Ss 2.23 25.55
2.24 25.61

Antimikrob aktivlik

Yeni sintez edilmis birlosmalorin antimikrob aktivliyi in vitro soraitde todqiq edilmisdir
(cadval 2). Smaglar qrammiisbat bakteriyalarin niimayondslori kimi Staphylococcus aureus vo
Bacillus subtilis, gqrammanfi bakteriyalarin niimayandslori kimi isa Proteus vulgaris vo Escherichia
coli tizorindo aparilmisdir. Miiqayiso preparatlart kimi iki standart antibiotik - Ampisillin vo
Gentamisin istifado edilmisdir. Homginin, birlosmoalorin gébalok oleyhino potensiali da todqiq
edilmisdir. Bu mogsadlo gobolok stammlarindan: sapsokilli gobaloklordon (Aspergillus fumigatus)
ova mayalardan (Candida albicans) istifado olunmusdur. Miiqayisa preparati kimi standart antibiotik
- Amfoterisin B - totbiq edilmisdir.

Birlogsmolor 10 mg/ml (0.01 g/ml) konsentrasiyada, antimikrob aktivlik meyari kimi
inhibisiya zonasinin diametri (mm ilo) istifado edilmoklo sinaqdan kegirilmisdir.

Noticalor cadval 2-do toqdim edilmisdir. Bioloji skrining naticalorina asason, tadqig olunan
maddalor segilmis test-mikroorganizmlara garsi forgli antimikrob foalliq gostormisdir.

Cadval 2
Sintez edilmis birlogmalorin antimikrob aktivliyi
Birlasmalar Gobalok stammlari Qrammiuisbat Qrammanfi bakteriyalar
bakteriyalar
C. albicans | A. fumigatus | S. Aureus B. subtilis Proteus E. coli
ATCC RCMB RCMB NRRL B- vulgaris ATCC
10231 002568 010012 543 ATCC 25955
13315
la 16.3+1.5 17,8+0.6 20.1+0.4 17.2+0.8 20.6+1.4 21.1+0.3
1b 16.9+1.6 19.5+1.4 20.4+1.2 17.5+0.6 21.1+0.6 21.4+0.7
1c 17,8+0.6 17.1+1.0 20.6+0.4 17.6+0.2 21.2+0.5 22.1+0.3
1d 17.3+0.5 17.0£1.1 20.9+0.7 17.2+0.7 22.7+0.7 22.9+1.5
le 18,9+1.1 18.2+0.7 21.1+1.3 18,8+0.8 23.7+1.5 24.2+0.8
AmphotricinB | 25.7£1.3 24.8+1.4 - - - -
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Ampicillin - - 27.8+£0.6 26.4+0.7 - -
Gentamycin - - - - 25.7£0.9 29.6£1.3

Belo ki, bu birlosmalor ham sapsokilli gobaloklora (Aspergillus fumigatus), hom do
tokhiiceyrali mayalara (Candida albicans) qarsi shomiyyatli funqisid faalliq niimayis etdirmisdir. On
yiiksok antifungal aktivlik birlosmo le-do miiayyon edilmis, ondan sonra miivafiq olaraq 1d, 1c, 1b
vo 1a birlosmolorinds askar edilmisdir.

Birlosmo le standart antibiotik olan Ampisillinlo miiqayisods qrammiisbat bakteriyalardan
Staphylococcus aureus-a qarst nisban az foalliq gostormisdir. Bu siralamada ondan sonra miivafiq
olaraq digor birloagmalar bir-birins yaxin aktivliys malikdirlor.

Sinaqdan kegirilmis gqrammonfi bakteriyalardan Proteus vulgaris va E. coli qars1 1e birlogmosi
digor birlogsmoalordon daha yliksok hossasliq gostormis olsa da, standart antibiotik olan Gentamisinlo
miiqayisado daha az hassasliq gostormisdir. Bu birlosmolorin antimikrob xassslorino gors aktivlik
siralamasi 1so asagidaki kimi olmusdur: 1e>1d>1c>1b>3a

Sintez edilmis 2-metil-4-fenil-1-(fenilsulfonil)piperidinlor shomiyyatli in vitro antimikrob
aktivlik ntimayis etdirmisdir. Xiisusilo, 1c, 1d vo le birlosmoalori bakterial (o ciimlodon
Staphylococcus aureus, Proteus vulgaris, E. Coli vo s.) vo gobalok (o ciimlodon Aspergillus
fumigatus, Candida albicans) patogenlorine qarsi effektivliyi ilo forqlonmis olsa da standart
preparatlari iistolomomisdirlor. Bu noticalor, soziigedon birlogsmolorin yeni antimikrob vasitslorin
axtarisi istiqgamotindo bdyiik potensiala malik oldugunu stibut edir.

Molekulyar dokking analizi vo MurA fermenti ilo qarsihiqh tasir

Sintez edilmis piperidin-sulfonamid téromalorinin antibakterial potensialini molekulyar
soviyyado giymotlondirmak ii¢iin bakterial hiiceyra divarmin sintezindo holledici rol oynayan MurA
(UDP-N-asetilgliikozamin-1-karboksiviniltransferaza) fermenti ilo molekulyar dokking todqiqatlari
aparilmigdir (PDB kodu: 1A2N). Analiz zamani ii¢ asas toroma miiqayiso edilmisdir (codval 3):

Cadval 3
Molekulyar dokking analizi
Sira Ne Birlasma (Ligand) Struktur formulu MurA (AG,
kkal/mol)
1. Birl. 1a (Ligand 1) H;C -5.3+-6.4
N—CH;
S
%70 3 O
\ 0]
/NA/< /\\S
H;C S N \\O
CH,
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2. Birl. 1d (Ligand2) -4.5+-6.7

3. Birl. 1e (Ligand 3) -4.7 +-6.8
H;C

O\\S/N S
SAY e
el

Hesablamalar naticasinds alds edilon baglanma enerjilori (kkal/mol kkal/mol) gostarir ki, har
iic madds MurA fermentinin aktiv markozine stabil sokildo baglanma qabiliyystine malikdir. L1
(dietilditiokarbamat toromasi): Xlor atomlarinin dietilditiokarbamat fragmenti ilo avoz olundugu bu
madda ii¢iin baglanma enerjisi -6.4 kkal/mol soviyyasinds qeydo alinmisdir.

L2 (izopropil) vo L3 (butil) téromalori: Bu maddslor {igiin on yiiksok baglanma enerjisi
miuvafiq olaraq -6.7 kkal/mol va -6.8 kkal/mol taskil etmisdir. Butil radikalinin zoncir uzunlugunun
artmasi hidrofob ciblorlo daha genis tomasa sorait yaradaraq baglanma enerjisinin ciizi artmasina
sabab olmusdur.

Saokil 2. Sintez olunmus sulfamid téramasinin (birl. 1d) MurA fermentinin (PDB ID: 1A2N) aktiv
morkozinds yerlogsmasinin 3D vizuallagdirilmasi. Ziilalin ikincili strukturu lent, xarici sothi iso soffaf
molekulyar sath modeli ila tasvir edilmisdir.
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Sokil 3. 1d birlogmasinin MurA fermentinin (PDB ID: 1A2N) aktiv morkozindoki amin tursusu
qaliglart ila garsiligh tasirinin 2D diaqrami. Hidrogen rabitolari yasil, m-anion slagsleri narinci, alkil va -
alkil qarsiliqh tasirlori ise ¢ahrayi rongli qiriq xotlorlo gdstorilmisdir.

Molekulyar doking analizinin naticoalorine asason (sokil 2, 3), ligand MurA fermentinin aktiv
morkozindo ARG120, GLY164 VO VAL163 amin tursular ilo stabil hidrogen rabitolori yaradir.
Bundan olava, strukturun benzol halqasi ilo Glu188 qalig1 arasinda m-anion qarsiliqh tosiri miisahido
olunur ki, bu da kompleksin stabilliyini daha da artirir.

Doking tadgiqatlarina asason (sokil 4), torkibinda butilksantogenat fragmenti olan 1e téromosi
MurA fermentinin aktiv morkozindo stabil konformasiya yaradir. ASP305 vo VAL163 galiglar ilo
yaranan hidrogen rabitalori, hom¢inin PHE328 vo PRO298 ils hidrofob qarsiliql tesirlor kompleksin
yiiksok stabilliyini tomin edir. Molekulun kiikiird atomlarinin aktiv morkozdoki kation zonalari ilo
koordinasiyasi inhibitor foalliginin yiiksak olacagini prognozlasdirir.

Sintez olunmus yeni ksantogenat téromosinin MurA fermentinin (PDB ID: 1A2N) aktiv
morkozinds yerlosmosinin molekulyar doking analizi (sokil 5) gostorir ki, ligand ziilalin baglanma
sahasinda ¢oxsaxali geyri-kovalent rabitolar sistemi hesabina yiiksok stabillik niimayis etdirir. Mcule
platformasinda aparilan hesablamalar naticesinds ligandin baglanma enerjisi -6,8 kkal/mol olaraq
mioyyon edilmisdir ki, bu da kompleksin termodinamik cohatdon olverisli oldugunu gdstorir.
Maddaenin strukturundaki benzolsulfamid fragmenti ilo ASP305 amin tursusu qalig1 arasinda yaranan
narinci rongli w-anion garsiligh tosiri ligandin monfi yiiklii nahiyalora garst spesifik orientasiyasini
tomin edir, VAL163 ilo miisahido olunan bondvsoyi rongli n-c rabitosi iso aromatik sistemin ziilal
zonciri ilo olava stabilizasiyasina sobob olur. Hidrogen rabitolori analiz edildikdo aydin olur ki,
ligandin ksantogenat qruplar1 GLY 164, VAL163 vo ARG91 qaliglart ilo mohkom klassik hidrogen
rabitalori (yasil qiriq xotlor) yaradaraq kompleksin enerji gostoricilarini optimallagdirir.
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Sakil 4. Sintez olunmus ksantogenat téromasinin(birl.1e) M

124
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X, HRO121

urA fermentinin (PDB ID: 1A2N) aktiv

moarkazinda 3D yerlogsmasi va amin tursusu qaliglari ils qarsiligli tasiri. Ligand sar1 rangli gubugq (stick)
modeli ilo, amin tursulari iso ball-and-stick modeli ilo gostorilmisdir. Qiriq xatlor geyri-kovalent rabitalori
(hidrogen rabitalori, hidrofob va elektrostatik slagoalor) ifads edir.

A:232
ASP Ppre
A:305 \1&3
; e
Z 2 |
GLU
A:188Y
Ails4
o
A9 ] p
THR . & SR 7o
A:304 00— A:162A'120 a4 ’
) 7’
VAL ,
A’f’z‘g’s A:161 AspP
. VAL ’ A:123
A:327 ,
PHE
A:328 A\:/]_AZLZ
Interactions
[:] van der Waals
- Conventional Hydrogen Bond
—
B Fisigma

Sokil 5. le téromssinin MurA fermentinin (1A2N) aktiv
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91
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morkozindoki amin tursusu galiglart ilo

qarsiliglt tesirinin 2D diaqrami. Rangli kasik xatlor qeyri-kovalent alagalari gdstarir: yasil - hidrogen rabitaloari;

narinct - T-anion; bandvsayi - n-6; ¢ohrayi - alkil-n-alkil tasirlori.
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Bundan olave, strukturun hom aromatik halqalari, hom do alifatik yan zoncirlori PHE328,
VAL327, PRO298, LYS160 vo LEU124 kimi amin tursular ilo intensiv Alkil vo m-alkil (¢ohray1
xatlor) garsiligl tosirlorine girarak ligandin hidrofob "cibda" six sokilds fiksasiya olunmasini tomin
edir.

Miisahids olunan kompleks qarsiligli tasirlor, xususilo kilkiird torkibli funksional qruplarin
aktiv morkazin kation zonalar1 ilo yaxmlig1 vo stabil baglanma enerjisi, tadgiq olunan maddanin
MurA fermentino qarst yiiksok inhibitor foalligimi sortlondiron osas amillordir. Bu struktur
xususiyyatlori hamin birlagsmanin digar téromalorlo miigayisads bioloji sinaglarda daha yiiksak natico
goOstarmasini elmi cohatdon asaslandirir. Belslikls, sulfonil (-SO2) oksigenlorinin vo kikird
atomlarinin MurA-nin katalitik morkazindoki spesifik galiglarla hidrogen rabitasi vo Van-der-Vaals
quvvalari vasitasilo baglanmasi, bu maddalorin MurA inhibitorlart kimi perspektivliyini tosdiq edir.

Natica. Bitki xostoliklorinin agkarlanmasi vo torpaq nomliyi tohlili tigiin siini intellekt osasl
kond tasarriifatt robotu Xloramin-B molekulunun ham elektrofil xlor, ham do nukleofil azot monbayi
kimi universal reagent xiisusiyyatlorindon istifade edilorok, allilxloridls radikal birlosma reaksiyasi
vasitasile yiiksok reaksiya qabiliyyatli xlor atomlarina malik B-xlorsulfamid sintonu sintez edilmisdir.
Bu araliqg mohsulun ditiokarbamat vo ksantogenat tipli nukleofillorlo avozetms reaksiyalari, ardinca
isa benzalasetonla heterosikllogsmasi naticasinds yeni goxfunksiyali piperidinsulfamid téromalari olda
olunmusdur. Sintez edilmis biitiin birlosmalerin qurulusu element analizi, IQ vo H NMR
spektroskopiya tisullari ilo tosdiq edilmis, fiziki-kimyovi sabitlori miioyyon edilmisdir. Coxfunksiyali
piperidinsulfamid tdromalorinin antimikrob foalligin1 hom laboratoriya soraitinda (in vitro), hom do
kompiiter modellosdirilmasi (in silico) tisullar1 ilo miiqayisali sokilds tadqiq edilmisdir.

Bioloji sinagin naticalorino asason, piperidin niivasina kiikiird torkibli fragmentlorin daxil
edilmosi genis spektrli antimikrob foalligin yaranmasina sobab olmusdur. Aktivlik siralamasi butil >
izopropil > etil radikallar1 istiqgamotinds artaraq 1e > 1d > 1c > 1b > 1a soklindo miioyyan edilmisdir.
Xiisusilo 1e birlosmosi qrammonfi bakteriyalara (E. coli vo P. vulgaris) qarsi on yiiksok hossasliq
(miivafiq olaraq 24.2+0.8 mm vo 23.7£1.5 mm inhibisiya zonas1) gostormisgdir.

In silico tadqiqatlar vasitasilo sintez olunmus maddalorin MurA fermentina qarst inhibitor
foallig1 prognozlasdirilmisdir. 1le téromosinin -6.8 kcal/mol baglanma enerjisi ilo ASP305 vo
VALI163 qaliglar ils stabil hidrogen rabitalari, eloco do PHE328 vo PRO298 ilo hidrofob qarsiliglt
tosirlor yaratmasi onun yiiksok stabilliyini vo inhibitor potensialini siibut edir.

Tadqiq olunan birlogsmalorin effektivliyi standart antibiotiklordon (Ampisillin, Gentamisin,
Amfoterisin B) bir qodor asagi olsa da, aldo edilon baglanma enerjilori vo in vitro naticolor bu
strukturun optimallasdirilmasi vasitasilo golocokds daha giiclii vo spesifik antimikrob maddalorin
sintezi ii¢lin olverigli qurulusa malik oldugunu gostarir.
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field. In the proposed system, it is implemented using a camera with neural network-based
image analysis and contact-based soil moisture measurements. The outputs of this subsystem
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in vitro BIOLOGICAL TESTING OF NEWLY SYNTHESIZED
ARYLSULFONYLPIPERIDINE DERIVATIVES AND in silico RESEARCH OF THEIR
INHIBITORY POTENTIAL AGAINST MurA ENZYME
'Mammadova S.1., ?Zeynalova L.F., Mammadova G.H., *Askarova K.T.,
'Agazade A.A., tLadokhina N.P.
Ministry of Science and Education of the Republic of Azerbaijan
"Institute of Chemistry” Institute of Chemistry, Public Legal Entity, 2Azerbaijan State
Pedagogical University

The aim of the research is the synthesis of novel piperidinesulfonamide derivatives,
determination of their structure-activity relationship (SAR), and a comparative study of their
antimicrobial activity via in vitro and in silico methods to identify new molecular structures with high
inhibitory potential.

For this purpose, novel piperidinesulfonamide derivatives were synthesized via nucleophilic
substitution of a highly reactive synthon, obtained from the interaction of Chloramine-B with allyl
chloride, using dithiocarbamate and xanthate salts, followed by heterocyclization with benzalacetone.
During in vitro screening, the compounds exhibited distinct biological activity against Gram-positive
(S. aureus, B. subtilis) and Gram-negative (P. vulgaris, E. coli) bacteria, as well as pathogenic fungi
(A. fumigatus, C. albicans). It was established that the incorporation of pharmacophoric xanthate and
dithiocarbamate fragments into the piperidine core significantly expands the spectrum of
antimicrobial activity.

Molecular docking analysis (PDB ID: 1A2N) revealed that the synthesized ligands formed
stable adducts within the active site of the MurA enzyme, which plays a crucial role in bacterial cell
wall biosynthesis, with favorable binding energies ranging from -6.4 to -6.8 kcal/mol. Notably, the
butylxanthate derivative, 2-methyl-4-phenyl-1-(phenylsulfonyl)-5-butylxanthate-5-
(butylxanthatemythil)piperidine (1e), demonstrated the highest efficacy in both evaluation methods
by establishing stable hydrogen bonds and w-anion interactions with ARG120, GLY164, VAL163,
and ASP305 amino acid residues. Structure-activity relationship (SAR) analysis confirms that
increasing the length of the aliphatic side chain ensures tighter binding within the hydrophobic
pockets, thereby enhancing the inhibitory potential. The obtained results prove that these types of
sulfonamide compounds represent a promising synthon for the development of next-generation
antimicrobial agents.

Keywords: arylsulfonamides, piperidine derivatives, xanthates, dithiocarbamates, molecular
docking, MurA inhibitors, antimicrobial activity.
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DOMIRYOL STANSIYALARININ ISTISMAR ETIBARLILIGINI
QIYMOTLONDIRMOK UCUN MOVCUD METOD VO MODELLORIN TOHLILI
Manafov E.K.
Milli Aviasiya Akademiyast

Mbaqalads infrastrukturunun texniki vaziyyati dasima prosesinin keyfiyyati ilo birbasa bagh
olan va miirakkab sosial-texniki sistemlor sayilan damiryol stansiyalarimin istismar etibarliliginin
qiymatlandirilmasi ii¢tin movcud metod va modellarin atrafli tahlili tagdim olunur. Gostarilmisdir ki,
stansiyamn istismar etibarliligi ayrica bir avadanhigin etibarliligindan asasl sakilds forqlonir.
Stansiyamin  aksar nasazliglart tam imtinaya sabab olmur, agirlasmis rejimlora (siirat
mahdudiyyatlori, marsrutlarin baglanmasi, al ila idaraetma prosedurlarina kegid) gatirib ¢ixarir ki,
bu da buraxma qabiliyyatinin pislogmasina, gecikmalorin ¢oxalmasina va amoliyyat risklarinin
artmasina sabab olur. Buna asaslanaragq, stansiyamn istismar etibarliligr anlayisi nasazliglar, barpa
va is soraitinda dayisikliklor zamani talob olunan is saviyyasini qorumaq qabiliyyati kimi
aydinlasdrilir.

Bu sahadb istifads olunan asas metod siniflori (nasazhq tohlilinin keyfiyyat metodlari, sabab-
natico modellori, struktur etibarliliq diagramlari, Markov va yart Markov modellari, stoxastik Petri
sabakalori, Bayes sabakalori, statistik vo malumatlara asaslanan yanasmalar va diskret hadisa
simulyasiya modellasdirmasi) sistemlasdirilmisdir. Miiqayisali tohlil stansiyamn tatbiq meyarlarina,
talab olunan malumatlara, hamginin barpa, marsrut strukturu, agirlasmis rejimlor va amoaliyyat
gostaricilorini nazara almaq qabiliyyatina asaslanaraq aparilmisdir. Miiayyan edilmigdir ki, nazardan
kegirilon yanasmalarin  he¢ biri stansiyamin istismar etibarliiginin  tam va adekvat
qiymatlondirilmasini tomin etmir.

Nasazliglarin va barpamn statistik qiymatlondirilmasini, alt sistemin movcudlugunun va
marsrut etibarliligimin modellagdirilmasini va stansiyamn is axumn simulyasiyasini birlasdiran
hibrid arxitekturanmin miimkiinliiyii ilo bagh natica asaslandiriimisdir. Metodlarin se¢ilmasi, manba
malumatlarimin strukturu, modelin tasdiglonmasi va naticalorin istismar faaliyyatlorinda tatbiqi ti¢iin
praktik tovsiyalar toklif edilmigdir.

Acar sozlar: istismar etibarliligi, domiryol stansiyasi, imtina, barpa, RAMS, rejimlar,
buraxma qabiliyyati, simulyasiya modellagdirmasi.

1. Giris

Domiryol stansiyalari gatarlarin gobulunu, gondorilmasini, emalin1 va birbaga buraxilmasini,
eloco do manevr omoliyyatlarin1 vo horokot marsrutunun formalasdirmasimni tomin edon osas
infrastruktur elementloridir. Dagimalarin artmasi, planlasdirmanin miirokkoblogsmasi, doqiqlik vo
xidmot keyfiyyoting artan toloblor stansiya etibarliligini nogliyyat prosesinin dayanigliginda miihiim
amilo ¢evirir. Eyni zamanda, stansiyanin istismar etibarlili1 ayrica bir avadanligin etibarliligindan
asasli sokilda forqlonir: stansiyanin oksar nasazliqlari tam imtinaya sobab olmur, agirlagmis rejimlora
(stirot mohdudiyyatlori, marsrutlarin baglanmasi, ol ilo idaraetmos prosedurlarina kegid) gotirib ¢ixarir
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ki, bu da buraxma qabiliyyetinin pislogsmasing, gecikmolorin ¢oxalmasina vo amaliyyat risklorinin
artmasina sabab olur.

Domiryol sahasinds etibarliligin idara edilmasinin miiasir tocriibasi IEC 62278/EN 50126 vo
olagoli standartlarda tosbit edilmis RAMS (Reliability, Availability, Maintainability, Safety -
Etibarliliq, ©lcatanliliq, Tomiroyararliliq, Tohliikosizlik) konsepsiyasina asaslanir. RAMS domiryolu
sistemlorinin etibarliliq, hazirliliq, tomirayararliliq vo tohliikesizlik gostericilorinin xiisusiyyatlari,
tosdiqi va istifadasi {ligiin toloblori formalasdirir. Qatarlarin horakotinin idars olunmasi va isarovermo
altsistemlori {i¢lin normativ ¢orgive iso olavo olaraq proqram tominati vo elektron sistemlorin
tohliikasizliyi {iglin toloblori miioyyon edon standartlarla tamamlanir. Lakin, sistem va altsistem
soviyyasindo RAMS yanasmasinin inkisafina baxmayaraq, domiryolu stansiyalarinin istismar
etibarliligin1 doqiq qiymstlondirmok masoalosi metodoloji cohatdon aktual olaraq qalmaqdadir.
Stansiya sosial-texniki sistemdir, burada imtinalarin tasiri tok avadanliglarin barpasinin tezliyi vo
miiddati ilo deyil, ham do yol topologiyasi, marsrutlagdirma montiqi, codval xiisusiyyatlori, alternativ
marsrutlarin mévcudlugu vo tomir resurslarinin togkili ilo do miioyyan edilir [1].

Domiryol qurgularinin etibarliligini qiymatlondirmak ii¢lin elmi vo totbiqi odobiyyatlarda
genis ¢cesiddo metodlar verilmisdir. Klassik alotlors aid olan imtinalarin névlori vo naticolorinin tohlili
(FMEA-Failure Mode and Effects AnalysissFMECA-Failure Mode, Effects and Criticality Analysis),
hamginin imtinalar agact (FTA-Fault Tree Analysis) metodlar1 imtina senarilorini strukturlasdirmaq
vo kritik elementlori miioyyon etmok ii¢lin totbiq olunur [2]. Markov modellori barpa edilo bilon
sistemlorin hazirligini va performansini kamiyyatco qiymatlondirmak tiglin genis istifads olunur. Bu
da "normal - deqradasiya - imtina" voziyyatlori vo tomir proseslori arasindaki kegidlorin nozora
alinmasina imkan verir. Paralellik, asililiglar vo barpa resurslari ugrunda rogabatin daha otrafli tosviri
icin domiryolu sistemlorinin texniki xidmoti vo ol¢atanliginin modellogdirilmosi masalalorindo
effektivlik gostoron stoxastik Petri sobokolorindon istifads olunur. ©lave olaraq, xiisusilo vacib
infrastruktur elementlori {iglin imtina vo barpalar haqqinda tarixi molumatlarin tohlilino asaslanan
statistik vo molumatlara osaslanan (data-driven) yanasmalar da inkisafdadir [1, 3, 4].

Sadalanan metodlar ¢ox vaxt ya fordi qurgu (yaxud altsistemlorin) soviyyasino, yaxud da
stansiyanin istismar gostaricilori ilo birbasa slagelondirms olmadan qiymatlondirilmays yonaldilir.
Marsrutlagdirma qovsagi sayilan stansiya tigiin xidmot yOniimlii gostoricilor daha wvacibdir:
marsrutlarin olcatanligi (marsrutlasdirma qabiliyyoti), buraxma qabiliyystindo gozlonilon itkilor,
imtinalar zaman1 gecikmolor vo texnoloji proseslorin aparilma dayaniqlilifi. Son illords, qatar
marsrutlarin1 "xidmot vahidi" kimi istifado edon vo infrastruktur imtinalarinin noticalorini
qiymatlondiron modellor do daxil olmaqla, texniki nasazliglari istismar somaeroliliyi itkilori ilo
olagolondiron mohsuldarliq tohlili yanasmasi genis viisot almisdir [5]. Paralel olaraq, tosadiifi
pozuntularin vo imtinalarin buraxma qabiliyyating tesirini qiymatlondirmak {i¢iin diskret-hadiso
simulyasiya modellorindon (DES-Diskret Event Simulation) istifado olunur. Bu modellor agirlagsmis
rejimlords texnoloji proses soviyyasinds gecikmolori, novbalori, ziddiyatli marsrutlar: va stansiyanin
is rejimini 6lgmoayo qadirdir [6].

Beloliklo, domiryol stansiyalarimin istismar etibarliligint qiymstlondirmek iiciin mévcud
metod vo modellori sistemlosdirmok, marsrut strukturu vo agirlasmis rejimlor soraitindo onlarin
tatbiqini vo mahdudiyyatlorini miioyyan etmok, homginin qiymatlondirmenin mogsadindon (hazirlq,
tohliikosizlik, buraxma qabiliyyoti, gecikmoalor, iqtisadi effekt) asili olaraq yanagmanin segilmosi
meyarlarin1 formalagdirmaq aktual elmi vo praktiki mosalolordondir. Magalonin yazilmasindan da
mogsad domiryol stansiyalarinin istismar etibarliligin1 giymotlondirmok ii¢iin yuxarida qeyd olunan
mosalolorin arasdirilmas1t  vo catigmazliglarin aradan qaldirilmasi istiqgamotindo tokliflor iroli
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stirlilmosidir.

2. Masalonin qoyulusu

Istismar etibarliligi kontekstindo domiryol stansiyas: texniki avadanlqlar1 (yollar,
yolayiricilar, isarovermo vo rabito sistemi, enerji tochizati sistemi va s.), texnoloji proseslari (qobul
vo gondormo, manevr, ¢esidlomo omoaliyyatlar1 vo s.) vo personalin foaliyyetini birlogdiron vahid
sosial-texniki sistemdir. Xatti sahalordon forqli olaraq stansiya marsrut asililiglarinin yiiksok sixlig1
(bogazciqlar, parklar, platformalar, ¢esidlomo vo manevr saholori) ilo xarakterizo olunur vo oksor
imtinalar tam dayanmaya deyil, agirlasmaya gotirib ¢ixarir ki, bu da buraxma yaxud emal
qabiliyyatinin itirilmasi vo gecikmalora sabab olur. Buna gora do, stansiyanin istismar etibarliliginin
qiymoatlondirilmasi RAMS montiqing asaslanmali vo eyni zamanda xidmot yoniimli gostaricilori
(naqliyyat prosesinin keyfiyyatini) nozora almalidir [1].

Stansiya tli¢lin komponentin texniki imtinasi vo istismar naticolorini forqlondirmok prinsipial
olaraq vacibdir: tohliikosizliklo bagli imtinalar (safety-related), stansiyanin hazirliq vo algatanligin
azaldan imtinalar (availability), mohsuldarligin azalmasina vo marsrutlagdirmanin itirilmosina sobab
olan imtinalar. Masalonin elmi qoyulusu vo modelin se¢ilmasi li¢iin stansiyanin istismar etibarliginin
gostaricilorini RAM (Reliability Availability Maintenance) gostaricilorine vo mohsuldarligla baglh
istismar KPI (Key Performance Indicators) gdstoricilorino bolmok daha moslohotdir. Elementlor
soviyyasindo RAM gostoricilori:

-MTBF (Mean Time Between Failures)/imtinalarin intensivliyi (A) - imtinasizlig1 xarakterizo
edir;

-MTTR (Mean Time To Repair)/barpa miiddatinin paylanmasi - tomirs yararlilig1 xarakterizo
edir;

-hazirliq omsali (Availability) - RAMS baximindan "iglomo qabiliyyati + barpa" inteqral
gostoricisi [1].

Stansiya soviyyosindo xidmaotin istismar gostoricilori:

-marsrutlasdirma vo marsrutlarin algatanligi - verilon horokot {igiin miimkiin marsruta malik
olma ehtimali (xiisusilo do bogazciqlar vo asas marsrut yollari ii¢ilin);

-buraxma va emal gabiliyyati - verilmis mohdudiyyatlor altinda vaxt vahidino diison qatarlarin
yaxud omoliyyatlarin sayi;

-doqiqlik vo gecikmalor - orta gecikmo, gecikmolorin paylanmasi, gecikmo hoddini agma
ehtimall;

-cadval dayaniqlig1 vo agirlagsmalara qars1 hassasliq.

“RAM — istismar noticalori” alagesi ¢ox vaxt mohsuldarliq kimi formalasdirilir. Xidmot
keyfiyyati (masalon, gecikmo vo buraxma qabiliyyati) infrastrukturun saglamliq vaziyyetlorinin va
barpa proseslarinin funksiyast kimi qobul edilir. Bu yanagma bizs "ikili" etibarliligdan uzaqlasmaga
vo xidmot keyfiyyetinin pislogdiyi lakin, sistemin formal olaraq islok oldugu agirlasmis rejimlori
nazors almaga imkan verir [7].

3. Domiryol stansiyalarmin istismar etibarhhigim qiymatlondirmak ii¢iin metodlarin
icmali vo tasnifati

Domiryolu stansiyasinin istismar etibarliligi1  giymotlondirmok ii¢lin "elementlorin
etibarliligi"ndan "xidmat tominatinin etibarliligi"na ke¢id talob olunur. Agirlagmis rejim soraitlorindo
imtinalar vo onlarin barpasi zamani stansiya texnoloji amsliyyatlarin yerino yetirilmosini tomin
etmolidir. RAMS montiqinds etibarliliq, hazirliq vo tomiroayararliliq domiryol sisteminin hoyat dovrii
orzindo spesifikasiyaya va tosdigo tabe olan garsiligl alagoli xiisusiyyatlor hesab olunur [1].

3.1. Keyfiyyat metodlari: FMEA/FMECA, HAZOP, yoxlama cadvallari
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FMEA, FMECA (Kritiklik do daxil olmaqla, imtina ndvlorinin vo naticolorinin tohlili)
etibarliliq vo risklorin ilkin tohlilinin osas metodlarina aiddir. Standartlasdirilmis tofsirdo FMEA vo
FMECA saboblori, naticalori vo onlarin garsisinin alinmasinin miimkiin toadbirlorini tosbit etmoklo
"obyektin yaxud prosesin neco imtina edo bilocoyini" miioyyon etmok ii¢lin istifado olunur [8].
Stansiya ticlin FMEA altsistemlor (yolayricilar, rels dovralori, tomas sobokosi, rabito, isaroverma vo
bloklama sistemlori) lizro imtinalar1 sistemlosdirmok vo onlar1 istismar naticolori (marsrutun
baglanmasi, siirotin azaldilmasi, ol ilo idarsetmaya kecid) ilo alagalondirmak ii¢ilin bir vasito kimi
olveriglidir. Metodun {istiinliiklori “element — imtina — naticolor — todbirlor” soffaf strukturunun
totbiqi, statistik ¢atismazliq halinda ekspert qiymotlondirmalorinin daxil edilmasi imkani, tohliiks
(yaxud imtinalarin) va tadbirlorin izlonmasi tolob olunan RAMS prosesi ilo yaxs1 uygunlugudur.
Metodun catismazliglari asagidakilardir: metod “lokal”dir va sistemli tosir sualina cavab vermokda
daha az effektivdir (mosalon, yolayricinin siradan ¢ixmasi stansiyanin miioyyon bir topologiyada
verilmis gatar axmim idaro etmok qabiliyyatini neco doyisdiracak); Kkritiklik ¢ox zaman
yaritkomiyyotco qiymatlondirilir ki, bu da faktiki KPI-larla (gecikmolor, buraxma qabiliyyati)
miiqayise etmayi ¢otinlogdirir; bdyiik miqdarda qurgular iiciin FMEA naticalorin pargalanmasi vo
tosnifatinda ciddilik tolob edir.

HAZOP (Hazard and Operability Study), na-agor, yoxlama cadvallori adston texnoloji
proseslorda tohliikolori vo amaliyyat sapmalarint miisyyan etmok ii¢iin istifado olunur. Stansiya {i¢iin
bu yanagmalarin doyori "togkilati vo prosedur tobogesi'nin agiq sokildo nozore alinmasindadir.
Mosalon, agirlasmis rejimloro kecid prosedurlarindaki hansi sapmalar borpa vaxtinin vo ikinci
daracali gecikmalorin maksimal itkisina sabob olur.

3.2. Sabab-natico modellari. FTA va ETA

FTA (Fault Tree Analysis - Imtinalar Agacimin Tohlili) Soboab-notico olagolorini "yuxari
hadise" (mosolon, "bogazcigdan kegon marsrutun qurulma miimkinsiizliyd" yaxud
"marsrutlagdirmanin idaro edilmaosinin itirilmosi") vo montiqi gapilarla slagoalondirilmis osas hadisslor
vasitasilo formalasdirir. IEC beynoslxalq standartt FTA-nin asas prinsiplorini, icra marhalslarini vo
riyazi osaslarini, eloco do digor etibarliliq metodlar ilo olagasini tosvir edir [9]. Stansiya {i¢iin FTA
asagidaki hallarda faydalidir: minimal en kosiklori se¢mok vo kritik elementlori siralamaq; hansi
imtinalarin marsrutlarin qadagan edilmosino va tohliikasiz vaziyyoto kegido gotirib ¢ixaracagini
osaslandirmaq (xtisusilo isaroverma vo bloklama sistemlori {ligiin) tolob olunduqda.

ETA (Event Tree Analysis - Hadisalor Agacimin Tohlili) baslangic hadisadon yaranan
naticolorin inkisafini (masolon, "Elektrik morkozlogmasi postunda qidalanmanin kosilmosi” yaxud
"yolun yanlig tutulu gostorilmosi"), maneslorin vo horokotlorin ugurlu yaxud ugursuzluguna goro
senarilorin saxolonmasini nazars alir. IEC 62502 hadise agaclarinin qurulma prinsiplorini, homginin
onlarin etibarliliq vo risk gostaricilori kontekstinda keyfiyyat vo komiyyat tohlili ii¢lin istifadasini
tosbit edir [10].

FTA vo ETA-nin istiinliiklori asagidakilardir: "Qadagan montiqi" vo funksiya imtinasinin
struktur soboblori (o ciimlodon bir-birina bagli montiqdo) tiglin FTA totbiqi rahatdir; senarilorin
saxalonmasini qiymatlondirmok lazim goldikde ETA FTA-n1 tamamlayir (boyiik longimaler yaxud
uzunmiiddatli somorasiz dayanmalarda personal, ehtiyatlanma, idareetmo prosedurlar agirlasmanin
inkigafin1 hansi effektivliklo mohdudlagdirir). FTA vo ETA-nin ¢atismazliglar asagidakilardir: baza
sokilli FTA vo ETA modellori borpa dinamikasini, tomir resurslart ugrunda rogaboti vo hissovi
isoyararliliq rejimlorini daha pis tosvir edir. Bu, stansiya {i¢iin vacibdir. Oslindo funksiya "yox olmur",
oksino pislosir (movcud marsrutlarin say1 azalir, intervallar artir). Bu da dinamik vo ya hibrid
modellar talab edir.
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3.3. Struktur modellar: RBD va qrafik, marsrut modellari

RBD (Reliability Block Diagram - Etibarliliq Blok Diagrami) etibarliliq, hazirliq vo imtina
gostoricilorini hesablamagq iigiin ardicil yaxud paralel strukturlardaki bloklarin kombinasiyasi kimi bir
sistemi tomsil edir. IEC 61078 keyfiyyot vo komiyyeot tohlili {igiin RBD totbiginin tolob vo
prosedurlarini miioyyon edir [11].

"Ardicil-paralel" struktura yaxin saviyyalords stansiyalar tigiin RBD-don rasional istifads daha
mogsadouygundur (enerji tochizat1 ehtiyatlanmasi, server infrastrukturu vo rabits, elementin imtinasi
funksiyant birmenali sokilds bloklayan ayri-ayr1 texnoloji zoncirlor). Lakin, stansiyanin va
marsrutlagdirmanin "yol" hissasi adoton sade RBD topologiyasina zaif inteqrasiya olunur. Xidmatin
olgatanlig1 alternativ marsrutlardan va garsiliqh bloklamadan asilidir. Buna gors do, qrafik vo marsrut
yanasmasi inksaf etdirilir. Burada stansiya graf kimi modellosdirilir, xidmot iso gatar marsrutlarinin
hoyata kecirilmo imkani kimi sorh olunur. Mohz belo "xidmot yoniimli" baxis dinamik imtina
agaclarina osaslanan gatarlarin marsrutlagdirma qabiliyyotinin vo omoliyyat riskinin komiyyat
qiymotlondirilmasi islorinin osasini toskil edir. Burada infrastruktur aktivleri gatar marsrutlar ilo
olagolondirilir vo imtinalar zamani marsrutlagdirmanin al¢atanligr qiymstlondirilir.

RBD "altsistem, resurs no doracade olcatandir” sualina cavab vermokds yaxsidir, lakin
stansiya U¢lin asas sual "marsrutlagdirma vo amoliyyatlarin icrasi na doracada al¢atandir" olur ki, bu
da aktivlori marsrutlarla agiq sokilds slagolondiron graf tosvirlori vo modellori tolob edir.

3.4. Stoxastik dinamik modellar. Markov, yarim Markov, Petri sabakalari, Bayes
sabakalari

Markov modellori (CTMC-Continuous-Time Markov Chain/DTMC-Discrete-Time Markov
Chain) imtina vo tomir intensivliklori nozoro alinmaqgla normal-degradasiya-imtina-barpa
voziyyatlori arasindaki kegidlori tosvir etmok ti¢lin istifade olunur. Damiryol isaravermasindo
olcatanliq gostaricisi tez-tez tohliikasizliklo yanasi nozars alinir. Stansiyalar ticlin Markov modellari
asagidakilarin giymotlondirilmesinde faydalidir: kritik altsistemlorin (enerji tochizati, hesablama
sistemlori, ayri-ayri isarovermo vo bloklama qurgulari) hazirliq amsali; ehtiyatlama vo tomir
strategiyalarinin somorasiz dayanma vaxtina tosiri. Lakin iri stansiyanin otrafli tosviri zamani
voziyyot fozasunin 6l¢li miqyas artir.

Stoxastik Petri Sabakalori (SPN-Stochastic Petri Net, GSPN-Generalized Stochastic Petri
Net, CPN-Colored Petri Net) paralelliyin, tomir ndvbalorinin va resurs rogabatinin vacib oldugu
sistemlor {igiindiir. Domiryolu sistemlori iiclin stoxastik Petri sobokolrinin texniki xidmat vo
olcatanligin modellasdirmosine totbiqi miimkiindiir. Burada model vasitasilo etibarliliq ve hazirhq
ticiin texniki xidmat iizro miixtalif qorarlarin tosirini qiymotlondirmok miimkiindiir [2]. Bu, xiisusilo
eyni anda bir ne¢o imtinalar bas verdikds, tomir islarinin togkili kritik olduqda v yalniz barpa faktini
deyil, "barpa prosesini" modellosdirmok lazim goldikdo stansiya {i¢iin uygundur.

Bayes sobakalori (BN-Bayesian Network/DBN-Dynamic Bayesian Network) asililiglar,
natamam miisahidolor vo aprior ekspert biliklori nozoro almaq lazim olduqda istifado olunur.
Domiryol sistemlorinds etibarliligi vo olcatanligl qiymotlondirmak ii¢lin dinamik Bayes sobokolori
tizorindo todgigatlar movcuddur (qatari idaroetmo sistemlori timsalinda). Burada DBN qeyri-
miloyyonlik vo komponentlorin qarsiliqli slagolorini sistemli sokildo nozors almaq iigiin istifado
olunur. imtinalar haqqinda molumatlar natamam yaxud farqli formatda oldugda (qeydler, telemetriya
V9 s), imtinalari imumi sabablori vacib olduqda (enerji tochizati, iqlim tasirlori, program tominatinin
pozulmasi), statistika vo ekspert asililiglarini birlogdirmok tolob olunduqda stansiyalar tigtin BN/DBN
metodundan istifads olunur [13].
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3.5. Malumatlara asaslanan modellar: imtinayadak olan zaman paylanmasi, NHPP,

regressiya, ML

Tomir olunan obyektlor vo elementlor soviyyasindo klassik statistik etibarliliq modellori
totbig olunur. Bu modellordo imtinayadok olan miiddot parametrik paylanmalarla (eksponensial,
Veybull vo s.), tomir edilo bilon sistemlor {i¢iin iso imtina proseslari ilo tosvir olunur. Terminlorin vo
osas modellorin praktik miithondislik tofsiri iiclin ¢ox zaman sorgu tolimatlarindan istifado olunur.
Burada tomir edilo bilmayaen vo tomir edilo bilon obyektlor forqlondirilir vo imtinalarin intensivlik
funksiyalar1 miioyyaonlosdirilir.

Tomir edils bilon sistemlar iiciin NHPP (Non-Homogeneous Poisson Process) genis istifadoa
olunur. O, zamana gora doyison imtinalar intensivliyini tasvir edir va tomir edils bilon obyektlorin
imtina axinlari ti¢iin model kimi istifads olunur [14].

Stansiya {i¢iin molumat osasli blok xiisusilo iki sobabdon wvacibdir: o, real soraitdo
(movsiimilik, yiliklonmo, asinma, texniki xidmot codvoli) imtinalar intensivliyini vo baorpa
paylanmalarini "esaslagdirmaga" imkan verir; elementlor imtinasini istismar KPI-larina g¢eviron
sistem modellori (Markov, Petri, simulyasiya) {igiin giriso ¢evrilir.

Regqressiya modellori va ML (Machine learning) kovariatlarin geydiyyat1 ii¢lin faydalidir:
qurgunun yasi, yolayiricinin ndvii, iqlim, manevr intensivliyi va xidmat keyfiyyoti. Onlarin stansiya
islorindoki mohdudiyyati zoif "sistem interpretasiyasi"dir: hotta doqiq imtina prognozu belo sobaka,
yaxud simulyasiya modelinin olavo edilmasi olmadan marsrutlasdirma, gecikmolor vo buraxma
qabiliyyatinin qiymatlondirilmasini avtomatik olaraq vermir.

3.6. Simulyasiya va Ragamsal Okizlor: DES vo Hibrid Yanasmalar

Ogor tohlilin mogsadi yalniz hazirhiq deyil, hom do istismar noticoloridirsa (gecikmalor,
novbolor, buraxma qabiliyyoti, marsrutlar ziddiyoti), onda birbasa vasito diskret hadiso
simulyasiyasidir (DES). DES qatarlarin harokotini, yollarin tutulu olmasini, marsrutun
hazirlanmasini, omoliyyat vaxtlarini vo prioritetlosdirmo qaydalarini modellogdirir, imtinalar iso
infrastrukturun sonradan borpa edilmoklo pislogsmoya sobob olan hadisolor kimi toqdim olunur.
Damiryol sobokalarinin etibarliliginin va buraxma qabiliyyatinin modellasdirilmasi iizra tadqiqatlar
“buraxma qabiliyyati <> xidmat etibarlilig1” baglantisi ilo iri infrastruktur obyektlorinin tohlili {i¢iin
simulyasiya tolobi arasinda six olagoni vurgulayir [6]. ©lavo olarag, codvalin icrasinin ehtimal
simulyasiyasina vo geyri-miioyyonlik tohlilino osaslanan yanagmalar inkisaf etdirilir ki, burada da
modellosdirmo gecikmolorin zamana goro vo infrastruktur sabokasi boyunca yayilmasini §yronmoyo
imkan verir [15]. Xisusilo sornisin vo qovsaq stansiyalari iiglin qatarlarin horokotino nozarotin
stansiyanin buraxma gabiliyyatino tosiri ilo bagli masololordo DES yanasmasi saho alotlori torafindon
do dostokloanir [16].

Hibrid modellar va ragomsal akizlor. Miiasir yanagsmada imtina vo borpalarin molumatlara
osason qiymatlondirmasini (NHPP, reqressiya, ML), asililiglarin formal modellorini (DFT-Dynamic
Fault Tree, BN) va texnoloji prosesin simulyasiyasini (DES) hibrid sokildo birlogdirmok olar. Bu
hibrid yanasma RAM gostaricilorinin va istismar KPI-larinin eyni vaxtda hesablanmasina imkan
verir. "Forma yoniimlii" yanasmanin tipik bir nlimunasi, infrastruktur aktivlorinin marsrutlagdirma ils
olagolondirildiyi vo sonra kamiyyatca tohlil edildiyi emaliyyat riskinin vo qatar marsrutlagdirmasinin
qiymatlondirilmasi li¢iin DFT yanasmasidir [5].

Beloliklo, tosnifata goro stansiyanin tapsirigi ticiin metodun rasional "se¢im xaritasi"ni belo
togdim etmok olar:

-kritiklik diagnostikasi vo imtinalarin ohato dairasinin tamligt — FMEA/FMECA + FTA/ETA
(tez vo asan basa diisiilon) [8];
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-tomir vo ehtiyatlanma ilo alt sistemlorin hazirligt — Markov/Petri (borpa vo resurslarin
qeydiyyati);

-marsrut etibarliligi vo omoliyyat riski — qrafik modellor + DFT/formal marsrut modellori [5];

-gecikmolor, buraxma qabiliyyati, agirlagsma rejiminds is — DES va hibrid sxemlor [16];

-molumatlara goro kalibrlonmo vo imtinalarin prognozlasdirilmasi — paylanmalar, NHPP
(Crow — Army Materiel Systems Analysis Activity), reqressiya, ML sistem soviyyasino giris kimi
[12, 14].

4. Domiryolu stansiyalarinin istismar etibarhli@im qiymatlondirmak ii¢iin metod
vd modellorin miiqayisali tahlili

4.1. Modellarin miiqayisasi

Stansiyanin istismar etibarliligi infrastruktur vo idaroetmo altsistemlorinin texniki hazirligi,
imtinalarin naticolorini (pislogsmo, gecikmolor, buraxma gabiliyyatinin azalmasi) vo barpanin (tomir
resurslari, togkilati gecikmolor) eyni vaxtda qiymotlondirilmasini tolob edir. Bu baxis, foaliyyot dovrii
arzinda etibarliliq-hazirlig-tomiroayararliligin qarsiliglh slagesi nozers alinan RAMS yanagmasi ilo
uygundur. Cadval 1-do modellorin miiqayisali tohlili verilmisdir.

Qeyd: BN/DBN ¢ox vaxt stansiya tizra bir proses modeli kimi deyil "asililiglar tabagasi”
kimi tatbiq olunur. Praktikada onlar imtinalar statistikasi va ya DES ila birga tatbiq edilir.

4.2. Stansiya tapsiriqlart uygun metodlarin tatbiqi

Kritikliyin identifikasiyasi va imtinalarin aradan qaldirilmasimin tamligr. Ogor tapsiriq
stansiyanin biitiin imtina rejimlorini (alt sistemlor vo funksiyalar iizro) tez vo sistemli sokildo "ohato
etmok"dirso, onda FMEA/FMECA + FTA/ETA paketi on yaxsi balansi tomin edir. FMEA
kataloglasdirma vo 6lgmalori tomin edir, FTA yuxar1 hadisalorin soboblorini rasmilogdirir, ETA iso
naticalorin senari asasli saxalondirilmasini tomin edir. Bu, etibarliliq tohlili praktikasi ilo uygundur
vo FMEA, FTA, ETA iizro IEC standartlar torofindon yaxs1 dostoklonir [8].

Infrastruktur altsistemlorinin hazirlq va samarasiz dayanma miiddatinin hesablanmasi. Ogor
arxitektura hogigoaton ardicil-paralel sistemo yaxindirsa enerji tochizati, rabito, server sistemlori kimi
altsistemlor {i¢iin RBD struktur sxemloari siiratli va interpretasiya edils bilon bir hall taqgdim edir [11].
Pislogsmo vo tomir islori nozars alindiqda, Markov modellori daha effektivdir ki, bu da isaroverma
sistemlorinin olgatanliginin qiymaotlondirilmasi praktikasi ilo tesdiglonir [17]. Sorgu ndvbalorinin
geydiyyati, brigadalarin mohdud say1 vo resurslar ugrunda roqabsti nazors almagq tigiin rangli Petri
sabakalari daha adekvatdir [2].

Marsrutlasdirma va xidmat etibarliligi. Stansiya obyekt kimi marsrut itkilorino xiisusilo
hassasdir. Buna goro do, aktivlor vo qatar yollarin1 (marsrutlar) birbasa olagolondiron modellor
(mosalon, marsrutlagdirma vo omaliyyat riskini qiymatlondirmo iiglin DFT yanagmalar1) stansiya ligiin
on obyektiv ¢ixis tomin edir [5].

Imtinalarin gecikmalora vo buraxma qabiliyyatina tasiri. Dgor "bu imtina profili ilo neco
doqige itiracayik" sualina cavab vermoliyikso, onda baza RAM gostoricilori kifayst deyil. Bizo
proses tobagesi lazimdir. Burada birbasa alst DES simulyasiyasidir. O, agirlasmis rejimlordo
gecikmolori, ndvbalori vo marsrut ziddiyotlorini miisahido etmoyo imkan verir. Diskret hadiso
modellogdirmasini vo layihalondirmade buraxma qabiliyystinin tohlili iiclin formal yaxud
optimallagdirma metodlarini birlogdirmo praktikast DES-in totbiq doyorini tosdigloyir [19].

Verilanlora géra modellorin kalibrlonmasi va parametrlorin realliligr. "Sistem™ modelinin
secilmasindon asili olmayaraq, parametrlosdirmo imtina yaxud tomir statistikasina asaslanmalidir.
NIST-National Institute of Standards and Technology, SEMATECH-Semiconductor Manufacturing
Technology tomir edilo bilon vo bilinmoyan obyektlordo paylanmalarin vo modellorin segilmasi
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licilin asas alotlor dosti toqdim edir [18]. Tomir edils bilon obyektlor vo imtina axinlari {igiin NHPP
modellori faydalidir. Bura tomir edilo bilon sistemlorin etibarliliq mithandisliyindo genis istifado
olunan Crow-AMSAA (power-law NHPP) da daxil etmok olar [14]. Ayrica gqeyd etmak lazimdir ki,
infrastrukturda olcatanligin interpetasiyast yarimdaimi istismar vo molumatlarin keyfiyyoti
sobobindon shomiyyatsiz deyil, bu istonilon modelin giris va ¢ixislarinin diizgiinliiyiine tosir gostorir
[20].

4.3. Modellarin tatbiqinda tipik sahvlor

“Stansiya etibarliligi”’m “avadanliq etibarlilig1” ila avaz etmak. On ¢ox yayilmis sohvlordon
biri, kritik elementlorin MTBF/MTTR qiymatlori ilo "stansiyanin hazirhigimi" tosdiq etmokdir. Bu,
topologiya vo marsrutlart nazars almadan sistemli siirlisma yaradir. Eyni imtina (masalon, yolayirici)
alternativ marsrutlarin vo bogazciqdaki ziddiyatlorin mévcudlugundan asili olaraq kokiindon forgli
tosirloro sobob ola bilor. Marsrutlasdirma gqabiliyyatini vo buraxma (yaxud emal) xidmotini
giymatlondiron yanasmalar birbasa bu boslugu aradan qaldirmaga yonolmisdir [5].

Yaslanma va movsiimiliyin mévcudlugu zamani eksponensial defolt forziyyasi (A = const).
Markov modellorinde vo RBD-lords imtina vo barpayadok ¢ox vaxt standart olaraq eksponensial
miiddotlor istifado olunur. Stansiyanin istismar molumatlari ii¢lin aginma, hava amillori, qaydalar
sobobindon bu dogru olmaya bilor. Praktik diizglinliik {c¢iin asagidakilari etmok vacibdir:
paylanmalar1 yoxlamaq; tomir edils bilon sistemlor {i¢iin geyri-parametrik, Veybull yanasmalarindan
vo ya NHPP-dan istifado etmok; kovariatlari totbiq etmok [18].

Tomir resurslarina va tagkilati gecikmalara mahal goymamag. Hotta "kagiz iizorinds" eyni
MTTR-do faktiki somorssiz dayanma miiddoti ndvbolor, brigadalarin olcatanligi, “texnoloji
poncara”lor va logistika ilo miisyyan edilir. Bu, dayanma vaxtinin paylanmasinin slavalorinin nazars
alinmamasma vo naoticods gecikmolorin diizgiin qiymatlondirilmomaesine gatirib ¢ixarir. Petri
sobokolori vo DES resurs mohdudiyyatlorinin agiq sokildo modellosdirilmasine imkan verir [2].

Imtinalarin va funksional asililiglarin iimumi sabablorinin qiymatlondirilmamasi. Stansiya
imtinalar1 ¢cox vaxt enerji tochizati, rabito, proqram tominati vasitasilo alagelondirilir; asililiglar:
nazora almadan FTA/RBD-do ehtimallarin "miistoqil" sokildo hesablanmasi etibarligin qiymatini
stini artira bilor. Bu mogsadls funksional asililiglar (genislondirilmis sxemlards), BN/DBN, eloca do
DFT-do dinamik konstruksiyalar istifado olunur [11].

Infrastruktur iiciin -~ gostaricilori  qarigdirmaq va "alcatanhigi"  sahv  tayin  etmak.
Infrastrukturda olgatanliq horoket intensivliyindon vo texnoloji mohdudiyyatlordon asilidir.
"Olcatanliq miiddati"nin moxracini sohv miiayyon etmok stansiyalar, periodlar miiqayise edilorkon
miibahisali noticolora gotirib ¢ixarir. Damiryol infrastrukturunda omoliyyat olcatanliginin
Ol¢iilmasinog hosr olunan tadqgiqatlar bunu tosdiq edir [20].

Miiqayisali tohlil gostorir ki, stansiya iiglin universal "vahid" model yoxdur vo on ¢ox
tokrarlana bilon elmi va praktik sxem hibrid sxemdir.
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Codval 1
Modellorin mugayiss cadvali
Metodlar Modellasdirmo Isas cixislar ilkin molumatlar Barpa, tomir Marsrutlasdirma Asilihglar, Miqyashhq Tofsir
(saviyy?) resurslari , topolo- iimumi sabablor
giya
FMEA, Element vo qovsaq | Imtinalar siyahisi, | Ekspert qiymotlori + Dolayi (tadbirlor Adoton yoxdur Hissovi (sobab Orta (iri Yiiksak [8]
FMECA imtinalar1 va kritiklik, imtina jurnallar vasitasila), adoton (Oger xiisusi kimi), ciddi stansiyalar-
sonraki todbirlor dinamikasiz olaraq slavo ehtimal da boyiik is
naticalor (element edilmirso) strukturu hacmi)
— funksiya) olmadan
FTA Yuxari saviyya Yuxari saviyya Osas hadisalor Baza soklinda Dolay1 yolla Mohdudlagdirilmi Orta Yiiksok [9]
hadisa sababinin hadisonin bag etibarliligi + mohduddur (dinamiki s (xtisusi (detallar
montiqi strukturu verma tezliyi, agacin strukturu deyil) konstruksiya tolab artdigca
minimal en edir) miirokkob-
kasiklor lasmo)
ETA Baglangic hadisadon Senarilorin Basglangic hadisolorin Hissovi (ugurlu/ Adoton yoxdur, Hissovi Orta Orta -
sonra naticalorin ehtimal, risk- tezliyi+ manealorin ugursuz barpa lakin rejim yiiksak
saxolonmosi gostaricilar ehtimali soklinda saxolor) kecidini [10]
(senarilar) nozoro ala bilir
RBD Altsistemlorin Etibarliq, hazirliq MTBF/ MTTR Bali (MTTR iizro), Yol topologiyasi Zoifdir Altsistem- Yiiksok
struktur hazirlig va ya bloklar tigiin lakin novbali iiciin zoifdir, (funksional lordo [11]
(ardicil-paralel) paylama ziddiyatlor olmadan elektrik tochizati asililiglar {igiin yiiksokdir,
tiglin yaxsidir sazlanmalidir) tam stansiya
Ucun pisdir
Markov "Norma-pislosmo - Olgatanliq, Imtinalarin, tomirin Bali, lakin tomir Mumkdn, lakin MUmkdinddr, lakin | Asagi-orta Orta
modellari imtina-tomir” voziyyatlor intensivliyi, resurslart ¢ox zaman vaziyyatlara modeli [17]
(CT™MC/ voziyyati (altsistem / chtimali voziyyatlarin sadolosdirilir marsrutlarin miirokkablosdirir
DTMC) funksiya) strukturu abstraksiyasini
tolob edir
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Stoxastik Paralellik, ndvbalor, Olcatanliq + Imtinalar vo tomirlor Giiclii torofi Marsrutlarla Yaxs1 (asililiglar, Orta Orta [2]
rangli Petri tomir barpa prosesinin izro molumatlar (novbalar, olagalondirmoak sinxronlagdir- (modelin
sabokalari resurslari gostoricilari + xidmot qaydalari va resurslara gora olar, lakin montiqi malar) miirokkob-
(SPN/ CPN) (proseslor) resurslar raqabat) modellogdirma liyi artir)
tolob edir
Bayes Ehtimal asililiglar Imtinalarm/ Miigahidolor + aprior DBN-das bali; Dolayi (ogor Giiclii toroflor Orta Orta
sabokalori (BN/ Vo geyri- vaziyyatlorin asililiglar; natamam tomir resurslari govsaglar (Umumi
DBN) miioyyonlik (sistem/ aposterior molumatlarla adaton modelds deyil | marsrutlar, yaxud sabablar,
funksiya) ehtimallari, mimkindar xidmat deyilsa) korrelyasiya-lar)
sabablorin
diaqnostikasi
DFT / marsrut- Imtinalarm Marsrutlagdir-ma, | Aktivler xaritosi — Boli (dinamik Giiclii toroflori Funksional Orta Orta-
lagdirma dinamikasi “xidmaot marsrutlar + Imtina/ elementlor), lakin (marsrutlarin asililiglart (qurul-manin yiiksok
acin + marsrutlarin etibarlilig1”, Tomir parametrlori tomir resurslari birbasa nozaro ala bilir avtomatlag- [5]
formal xota xidmaot ol¢atanligi omoliyyat riski adoton daha sadadir qiymatlondir- dirtlmasin-
agact masi) dan asilidir)
yanagmalari
Etibarhihgin Elementlorin Mt), MTBE/ Imtinalar/ Dolay1 Xeyr (sistem Hissovi Yiiksok Orta [18]
statistikasi imtinasi/barpasi MTTR tomirlorin tarixi (tomir modeli ilo) toboagasi (kovariat/seq-
(paylamalar, proseslori parametrlori, molumatlar olmadan) mentloms ilo)
NHPP/ C row trendlor, artim/
AMSAA) pislasma
DES Stansiyanin Gecikmolar, Cadval, idars- etma Bali (tomir Giiclii toroflari Bali (imtina Orta Orta
Simulyasiya texnoloji prosesi + buraxma qaydalar1, texnoloji resurslarmi vo (ag1g-aydin senarilori vo (detallasdir- | (yoxlama
(diskret-hadisa) | imtina hadisalari qabiliyyati, ndvba | miiddatlor + imtina vo prioritetlori topologiya mexanizmlari madan lazimdir)
va pis- logmolordo tomir modellogdirmok vo marsrutlarin vasitasilo) asilidir) [19]
KPI mimkundr) ziddiyati)
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Natica. Damiryol stansiyalarinin istismar etibarliligini qiymatlondirmak ii¢lin mévcud metod
va modellarin atrafli tohlili zamani malum olmusdur ki, ayri-ayri texniki vasitolorin onanavi etibarliliq
gostaricilori (MTBF, MTTR, hazirliq amsali) stansiya imtinalarinin istismar naticalorini tam tosvir
etmir. Belo ki, oksor nasazliglar stansiyanin islome gqabiliyystinin tamamilo itirilmasina deyil,
texnoloji prosesin pislogsmasina sobab olur.

Keyfiyyot vo sobab-notico metodlart (FMEA, FMECA, FTA, ETA) kritik nasazlhiglar vo
pislosma senarilorini miioyyan etmak ticiin effektiv vasitolordir, lakin kamiyyot dinamik modellori ilo
tamamlanma tolob edir. Stoxastik metodlar (Markov modellari, Petri vo Bayes sobokolori) borpa,
pislosmis rejimlor va asililiglar1 nazars alir, lakin onlarin totbiqi iri stansiyalarin modellasdirilmosindo
artan miirokkoblik ilo mohdudlasir. Diskret hadiso simulyasiyas: imtinalarin gecikmolora, buraxma
gabiliyyatino vo stansiyanin sabitliyina tosirini qiymatlondirmak iigiin oan uygun vasitodir.

Domiryol stansiyalarinin istismar etibarliligmmi diizglin qiymatlondirmok ii¢lin imtina
molumatlarinin  statistik emalini, altsistemlorin olcatanliliq modellorini vo texnoloji prosesin
simulyasiyasini birlogdiron hibrid yanagsmanin totbiqi daha mogsadsuygundur. Bu yanasma texniki
etibarliliq xiisusiyyetlorini istismar gostaricilori ilo alagalondirmayas imkan verir, etibarliligin idare
edilmasi vo domiryolu stansiyalarinin inkisafi ilo bagl asaslandirilmig qorarlart destokloyir.
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ANALYSIS OF EXISTING METHODS AND MODELS FOR ASSESSING THE
OPERATIONAL RELIABILITY OF RAILWAY STATIONS
Manafov E.K.
National Aviation Academy

This article provides a detailed analysis of existing methods and models for assessing the
operational reliability of railway stations as complex socio-technical systems in which the technical
condition of the infrastructure is directly linked to the quality of the transportation process. It is shown
that the traditional understanding of reliability as the reliability of individual devices is insufficient
for stations, as most failures do not result in a complete shutdown of operations, but rather in a
transition to degraded modes, accompanied by the loss of routes, reduced throughput, increased
delays, and increased operational risks. Based on this, the concept of station operational reliability
is clarified as the ability to maintain the required level of operation during failures, restoration, and
changes in operating conditions.

The main classes of methods used in this area are systematized: qualitative methods of failure
analysis, cause-and-effect models, structural reliability diagrams, Markov and semi-Markov models,
stochastic Petri nets, Bayesian networks, statistical and data-driven approaches, and discrete-event
simulation modeling. A comparative analysis was conducted based on station applicability criteria,
required data, and the ability to account for recovery, route structure, degraded modes, and
operational performance. It was determined that none of the approaches considered alone provides
a complete and adequate assessment of station operational reliability.

A conclusion is substantiated regarding the feasibility of a hybrid architecture combining
statistical assessment of failures and recovery, modeling of subsystem availability and route
reliability, and simulation of the station's process flow. Practical recommendations are offered for
the selection of methods, the structure of initial data, model validation, and the implementation of
results in operational activities.

Keywords: operational reliability, railway station, refusal, restoration, RAMS, degraded
modes, throughput, simulation modeling.
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EXTENSION OF FUZZY IMPLICATIONS TO Z-IMPLICATION
Ahmadov Sh.A.
Azerbaijan State Oil and Industry University

The effectiveness of any management process in technical, organizational and other systems
depends on the quality of the decisions used. Decisions are more useful if they are made on the basis
of reliable information. The description of the reliability of information is not always possible within
the framework of strict mathematical regularities, because it is based on perception, expressed by
words . Considering that information processing in computers is based on binary logic, it turns out
that there are numerous problems in this area. There are numerous approaches to information
processing based on probability theory, fuzzy logic, and Zadeh's latest theory- Z-number theory.
Zadeh introduced the concept of fuzzy implication in 1965, Atanassov introduced the concept of
intuitionistic fuzzy implication in 1983, Torra introduced the concept of hesitant fuzzy implication in
2010, Przemyslaw Grzegorzewski introduced the concept of new probabilistic implication in 2011,
and Zadeh introduced the concept of Z-number theory into science. Thus, fundamental knowledge
was accumulated for the development of new approaches in this field. Based on the analytical
analysis, it can be noted that the solution to the information processing problem by using probability
and fuzzy implications together can be solved with a new approach based on Z-number theory. It was
this idea that gave impetus to the formation of the new Z-implication (in 2025) and the creation of
the Z-conditional reasoning algorithm based on it. In this work, we will prove that 3 fuzzy
implications- Fodor, Gddel, Rescher implications are probabilistic implications. This also proves
that these implications are Z-implications.

Keywords: fuzzy logic, fuzzy implication, Fodor, Godel, Rescher implications, probabilistic
implication, copula, Z-implication, information processing

Introduction. In an era of rapid development of artificial intelligence, new technologies for
decision-making and new means of information processing are used as supporting tools in decision-
making. Most of the information used when making decisions is uncertain, and people have strong
decision-making abilities. It is difficult to express this process algorithmically or in words. The
solution of this problem is related to the development of new approaches to the representation and
processing of information.

Implications are considered the most effective tool in modeling uncertain reasoning during
verbal description of information. On the other hand, implications are used in reasoning problems.
Thus, based on the review of works on implications, we can note that implications have been a field
of interest to analysts for a century. Thus, binary, fuzzy, intuitionistic, hesitant fuzzy implications,
and probabilistic implications have been created by a number of scientists(Zadeh, Atanassov, Torra)
and are being successfully applied in different areas.

Implications were first used in medicine in the 1980s. The results of research by Bandler
Kohout, De Baets and Kerre [1-3] form the basis of today's auto diagnostic systems.

A number of works on the analysis and improvement of fuzzy implications and fuzzy relations based
on them have been published in the last decade [4-7]. In [8] copulas and implications were considered
together and a new approach to the improvement of implication was proposed. In [9] the issue of

79


https://doi.org/10.30546/EMNAA.2026.02.28.156

Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, N2, 2026

aggregation of implications was considered. In [10], a new family of (A,N) implication functions is
introduced. In [11] new characteristics of (S,N) fuzzy implications are discussed. In [12] (T,N)
implications are studied. In [13] the properties of 9 implications widely used in fuzzy set theory are
analyzed.

In accordance with the increase in the level of uncertainty, the classical binary implications
were expanded and named intuitionistic fuzzy implication, fuzzy implication and hesitant fuzzy
implication. Fuzzy implications form the basis of fuzzy logical inference. Fuzzy implications are used
in various fields. Lukasiewicz implication is widely used in the field of decision making. Thus, this
implication has been widely studied in geometrical reasoning problems.

As we know, logical inference based on implications is carried out by expressing the rule base
in the form of relation matrices, using aggregation operators, and applying the composition rule. The
established implications are probabilistic or fuzzy in nature, but in the scientific literature there is a
need to analyze implications that combine the properties of both probabilistic and fuzzy implications.
This need arises from the need to formalize the Z-relation matrix. The first work in this area was
given by Latha and Velammal in 2023 [14]. However, this article did not consider the processing of
Z-information. Our research in the last three years has been focused on this area. For the first time,
we have proposed Z-implication and a logical inference algorithm based on it. In this work, we will
look at the process of several fuzzy implications satisfying the properties of Z-implication.

Purpose of the work The aim of the work is to check whether the implications widely used
in logical deduction and reasoning - Godel, Fodor, Rescher satisfy the properties of probabilistic
implications and to determine the possibility of their use in the Z-reasoning algorithm proposed by
us.

The formulas of the implications that we will use to achieve this goal are given below [13]:

L fa<b

Rescher: I_{O, if 2> b

. L ifa<b
Fodor: 1 = {max(l “a.b),if a>b

a1y L fa<b
Godel: 1 _{b,othervvise

Let's check whether these fuzzy implications satisfy the properties of probabilistic implications.

For this purpose, we use the following definitions.

Definition 1[15]. A copula (specifically a 2-copula) is a function C: [0,1]2 — [0,1] which satisfies
the following conditions:

(@) C(a,0) = C(0,b) = 0 for every a,be [0,1],

(b) C(a,1) =aforeveryac€[0,1],

(c) C(1,b) =b for every b € [0,1],

(d) for everyay,a, , by, b, € [0,1] such that a; <a, and b; <b,

C(az ,bz) — C(az, by )=C(ay, by) +C(ay, by) = 0.

For any copula C and for all a,be [0,1] W(a,b) < C(a,b) < M(a,b), where W(a,b)=max{a +b
—1,0}, M(a,b)=min{a,b} are also copulas.
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Definition 2[15]. A function IC :[0,1]2 — [0,1] given by IC(a,b) = 1 if a=0, C(a,b)/a, if a>0, where
C isacopula, is called a probabilistic implication.

Definition 3[15]. A probabilistic implication I.:[0,1]? — [0,1] defined by Def. 2 satisfies the
following conditions:

1(0,0)=1;

1(1,1)=1;

1(1,0)=0;

IF b; <b, THEN I(a,b;) <I(a, by)

Statement of the problem. Goal of the problem is to check whether the Resche, Fodor and
Godel implications satisfy the properties of the probability implication on the examples. For this
purpose, let us use one of the rule bases given in [16].

For example, a rule is defined:

If the error e is [large negative (LN), highly certain],
then the control action u is [large negative (LN), highly certain]
where highly certain = 0.3/0.8 + 1/0.85 + 0.2/0.9.

e=(Large negative, highly certain) =(1.00/-10+0.73/-7+0.34/-
3+0.20/0+0.13/3+0.08/7+0.06/10, = 0.3/0.8 + 1/0.85 + 0.2/0.9)
u=(Large negative, highly certain) =(1.00/-1+0.92/-0.7+0.67/-0.3
+0.50/0+0.37/0.3+0.26/0.7+0.20/1, = 0.3/0.8 + 1/0.85 + 0.2/0.9)

To check whether the Rescher implication satisfies the properties of the probability
implication, let us find the distributions on the points of the given rule (consequent part of the rule
and points of B on Z(A,B)). For this purpose, we will use the goal programming method.

Goal programming problem was formulated and used solved to calculate the probabilistic
distributions.

Objective function: p = ¥7_, w;p;

7
=

X 7
+II = Zi:l Xi pi

Zi:rui (1)

Zi:l Pi = 1 (2)

where p; > 0, and points of obtained probability, x;-universe points of A part of Z(A,B) number, p;-
is membership degree on universe points on A, i- number of rules.

Obtained probability distributions using goal programming method are as follows (table 1-2):
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Table 1
Distributions over input
Probability distributions Cumulative probabilities
X=0.8 X=0.85 X=0.9 X=0.8 X=0.85 X=0.9
0 0 0 0 0 0
0,133333 | 0,07564 | 0,017949 0,133333 | 0,07564 | 0,017949
0,490891 | 0,567815 | 0,69423 0,624224 | 0,643455 | 0,712179
0,309885 | 0,348348 | 0,287823 0,934109 | 0,991803 | 1,000002
0,065891 | 0,008197 -1E-06 1 1| 1,000001
0 0 0 1 1| 1,000001
0 0 0 1 1| 1,000001
Table 2
Probability distributions over output
Probability distributions Cumulative probabilities
x=0.8 x=0.85 x=0.9 X=0.8 X=0.85 X=0.9
0,052445 0 0 0,052445 0 0

0,175625 | 0,164606 | 0,046413

0,22807 | 0,164606 | 0,046413

0,25312 | 0,313403 | 0,448053

0,48119 | 0,478009 | 0,494466

0,229064 | 0,276772 | 0,364077

0,710254 | 0,754781 | 0,858543

0,189929 | 0,217191 | 0,141458

0,900183 | 0,971972 | 1,000001

0,099817 | 0,028028 -1E-06

1 1 1

0 0 0

1 1 1

Where 0.8: (0,0.133333, 0.490891, 0.309885,0,065891,0,0);
0.8: (0.052445; 0.175625; 0,25312;0.229064,0.189929; 0.099817,0).

The cumulative probability distributio
below:

ns of the obtained probability distributions are given

0.8: (0,0.133333, 0.624224, 0.934109,1,1,1);
0.8: (0,052445; 0,22807; 0,48119;0.710254;0.900183; 1;1).

Numerical example for checking properties of probabilistic implication on RESCHER fuzzy

implication.

Graphical representation of Rescher implication is represented in Figure 1

0,5-1
J0-0,5
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Figure 1. Graphical representation of Rescher implication

The created matrix using cumulative probabilities on input and output of the rule described as follow:

0.052445 0,22807 0.48119 0,710254 0.,900183 1 1

- 8880
OO OO O O =
OO OO O
OO OO O
OO O O =
OO OO =
el e et ]
el el e e e

First column of the matrix is defined as follow:

IF al<bl, THEN I(al,b1)=1 or 0<0.052445, 1(0,0.052445)=1;

IF a2>b1, THEN 1(a2,b1)=0 or 0.13333>0.052445, 1(0.13333,0.052445)=0;
IF a3>b1, THEN 1(a3,b1)=0 or 0.624224>0.052445, 1(0.624224,0.052445)=0;
IF a4>b1, THEN I(a4,b1)=0 or 0.934109>0.052445, 1(0.934109,0.052445)=0;
IF a5>b1, THEN 1(a5,b1)=0 or 1>0.052445, 1(1,0.052445)=0;

IF a6>b1, THEN 1(a6,b1)=0 or 1>0.052445, 1(1,0.052445)=0;

IF a7>b1, THEN 1(a7,b1)=0 or 1>0.052445, 1(1,0.052445)=0.

Let a=0 and b=0. Using Rescher implication

| 1 ifa<b
—10,ifa>b

We define this points also satisfies the properties of probabilistic implication:

1(0,0)=1;
1(1,1)=1(see cumulative probability matrix);
1(1,0)=0.

Or
If a=0 and b=0 then 1(0,0)=1. That is, when both a and b are zero, the properties of the

probabilistic implication are satisfied, because the antecedent (first part) is not greater than the
consequent (second part).

if a=1 and b=1 then I(1,1)=1, if a=1 and b=0 then 1(1,0)=0.

IF b; < b, THEN I(a, b;) < I(a, b,) (see matrix 0,052445<=0,22807 then 1<=1, 0<=1, 0<=0)
satifiers.
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The above analysis proves that the implication of Rescher's fuzzy implication satisfiers the
properties of a probabilistic implication.

Numerical example for checking properties of probabilistic implication on Fodor fuzzy
implication. Graphical representation of Fodor implication is represented in Figure 2.

0,9-1
0,8-0,9
0,7-0,8
0,6-0,7
m0,5-0,6
m0,4-0,5
0,3-0,4
m0,2-0,3
m0,1-0,2
m0-0,1

Figure 2. Graphical representation of Fodor implication

The created matrix using cumulative probabilities on input and output of the rule described
as follow:

0,052445 0,22807 0,48119 0,710254 0,900183 1 1
o | 1 1 1 1 1 1 1

0.133333 0.866667 1 1 1 1 1 1
0.624224 0375776 0375776 048119 1 1 1 1

R=" 0934109 0065891 0,22807 048119 0710254 0,900183 1 1
1 0.052445 0,22807 048119 0.710254 0900183 1 1

1 0052445 0,22807 048119 0710254 0,900183 1 1

1 | 0052445 022807 048119 0,710254 0,900183 1 1

; b ; ; C Mieati _Jyifa<hb
First column of the matrix is defined using Fodor implication | _{max(l-a, b),if a > pas

follow:
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IF al<bl, THEN I(al,b1)=1 or 0<0.052445, 1(0,0.052445)=1;

IF a2>b1, THEN I(a2,b1)=0.866667 or 0.13333>0.052445, 1(0.13333,0.052445)=0.866667;

IF a3>b1, THEN 1(a3,b1)=0.375776 or 0.624224>0.052445, 1(0.624224,0.052445)=0.375776;
IF a4>b1, THEN I(a4,b1)=0.065891 or 0.934109>0.052445, 1(0.934109,0.052445)= 0.065891;
IF a5>b1, THEN 1(a5,b1)= 0,052445 or 1>0.052445, I(1,0.052445)= 0,052445;

IF a6>b1, THEN 1(a6,b1)= 0,052445 or 1>0.052445, I(1,0.052445)= 0,052445;

IF a7>b1, THEN I(a7,b1)= 0,052445 or 1>0.052445, 1(1,0.052445)= 0,052445,

Let a=0 and b=0, then properties of probabilistic implication is satisfied.

This points also satisfies the properties of probabilistic implication:

1(0,0)=1;

1(1,1)=1(see cumulative probability matrix);

1(1,0)=0.

Or

If a=0 and b=0 then 1(0,0)=1. if a=1 and b=1 then I(1,1)=1, if a=1 and b=0 then 1(1,0)=0.

IF by <b, THEN I(a, b;) < I(a, by) (see matrix
0.48119, 0.22807<0.48119 ) satifiers.

The above given analysis proves that the implication of Fodor's fuzzy implication satisfiers the
properties of a probabilistic implication.

if 0,22807<=0,48119 then 1<=1, 0.375776<

Numerical example for checking properties of probabilistic implication on Gdodel’s
T _J3 ifa<b
fuzzy implication | = {b, otherwise
Graphical representation of Godel’s implication is represented in Figure 3.
The created matrix using cumulative probabilities on input and output of the rule described as follow:

0.052445 022807 048119 0.710254 0.900183 1 1
o [ 1 1 1 1 1 1 1

0,133333 | 0,052445 1 1 1 1 1 1
0624224 | 0052445 022807 048119 1 1 1 1
R= 0934109 | 0,052445 0,22807 0,48119 0,710254 0,900183 1 1
1 0052445 022807 048119 0,710254 0,900183 1 1

1 0052445 0,22807 0,48119 0,710254 0,900183 1 1

1 | 0052445 022807 048119 0,710254 0900183 1 1

0.052445 022807 048119 0.710254 0.900183 1 1

0 1 1 1 1 1 1 1

0,133333 | 0,052445 1 1 1 1 1 1
0624224 | 0052445 022807 048119 1 1 1 1
R= 0934109 | 0,052445 0,22807 0,48119 0,710254 0,900183 1 1
1 0,052445 0,22807 048119 0,710254 0,900183 1 1

1 0,052445 0,22807 048119 0,710254 0,900183 1 1

1 | 0052445 022807 048119 0,710254 0900183 1 1
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J0,8-1
0,6-0,8
0,4-0,6

10,2-0,4

0J0-0,2

Figure 3. Graphical representation of Godel’s implication
First column of the matrix is defined using Godel’s implication as follow:

IF al<bl, THEN I(al,b1)=1;

IF a2>b1, THEN 1(a2,b1)= 0,052445;
IF a3>b1, THEN 1(a3,b1)= 0,052445;
IF a4>b1, THEN I(a4,b1)= 0,052445;
IF a5>b1, THEN 1(a5,b1)= 0,052445;
IF a6>b1, THEN 1(a6,b1)= 0,052445;
IF a7>b1, THEN I(a7,b1)= 0,052445.

_ a . e (1, if0<0
Let a=0 and b=0, then properties of probabilistic implication is satisfied: I = {b, otherwise—
This points also satisfies the properties of probabilistic implication:1(0,0)=1;
1(1,1)=1(see cumulative probability matrix);

(1,0)=0 (I = {1, ifa<b _ 0

b, otherwise
Or
If a=0 and b=0 then 1(0,0)=1. if a=1 and b=1 then 1(1,1)=1, if a=1 and b=0 then 1(1,0)=0.

IF b, <b, THEN I(a, b;) <I(a, b,) (see matrix if 0,22807<=0,48119 then 1<=1, 0.22807<0.48119)
satifiers.

The above given analysis proves that the implication of Gddel's fuzzy implication satisfies the
properties of a probabilistic implication.

Considering that probabilistic implications are widely used today in the creation of artificial
intelligence systems (for example, chatgpt, gemini, etc.), logical deduction, the use of fuzzy logic is
an effective approach to eliminate their disadvantages. This idea is eliminated by the formation of the

concept of Z-implication [17-20]. Although there are few studies in this area, it is a special
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contribution to solving the problems that analysts are focused on, because real problems are
characterized by incomplete and inaccurate information. A rational approach is that an initially
incomplete or inaccurate description of information leads to incorrect decisions. This is a proven fact
from the scientific literature.

It is known that probabilistic implication is broader than the classical binary-valued
implication and allows us to describe uncertainty. Unlike true or false-valued implication,
probabilistic implication allows us to make decisions in conditions of incomplete information. It is
widely used in medicine, industry, and various fields in diagnostics and monitoring issues. On the
other hand, people use probabilistic reasoning in decision-making. Probabilistic implications are
widely used in dynamic environments and machine learning today.

The advantage of probabilistic implications is their ability to work closer to human thinking.
Fuzzy implications are considered a powerful tool in modeling information based on perception. In
this regard, there is a great need for implications that satisfy their properties together. This gap is
filled in this work. Since the Fodor, Gddel, and Rescher implications satisfy the properties of both
fuzzy and probabilistic implications, these implications can be used in the design and comparison of
Z-controllers. The theoretical research conducted is focused on improving the mathematical basis of
artificial intelligence. This will allow for the creation of smart artificial intelligence tools in the future.

Conclusion. In the considered study, based on the analytical analysis of the implications, 3
implications were selected for the creation of logical inference and expert systems. Probability
distributions were found for the B side of the given rule. Considering that the copula works with
cumulative probabilities, the distributions were converted to cumulative probability and relation
matrices were constructed on them using the implications. It was determined on the basis of a
numerical example that the implications satisfy the characteristics of the probability implication. The
results of the experiments show that the above given 3 implications are Z-implications. Thus, we have
determined that logical inference can be made using these implications and the Z-conditional
reasoning algorithm. The advantage of this approach is the possibility of simultaneously performing
probability and fuzzy uncertainty in the transformation. In the following studies, it is planned to
compare these implications and apply them using verbal information in solving various real-life
problems.
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QEYRIi-SOLIS IMPLIKASIYALARIN Z-IMPLIKASIYAYA GENISLONDIRILMOSI
ohmadov S.A.
Azarbaycan Dovlat Neft va Sanaye Universiteti

Texniki, tagkilati va digar sistemlarda istonilan idaraetma prosesinin effektivliyi istifado edilan
Qorarlarin keyfiyyatindon asilidir. Qararlar etibarli malumatlar asasinda gobul edildikda daha
faydali olur. Malumatin etibarliliginin tosviri hamisa ciddi riyazi ganunauygunluglar ¢argivasinda
miimktin olmur, ¢iinki o, gavrayisa asaslanir, sézlo ifada edilir. Komplterlorda informasiya emalinin
binar mantiga asaslandigini nazara alsaq, bu sahada ¢oxsayli problemlarin oldugu ortaya ¢ixir.
Ehtimal nazariyyasi, geyri-salis mantiq va Zadanin son nazariyyasi olan Z-adad nazariyyasina
asaslanan informasiya emalina aid ¢oxsayli yanasmalar méveuddur. Zada 1965-ci ilda qgeyri-salis
implikasiya, Atanassov 1983-cu ilda intuitiv geyri-salis implikasiya, Torra 2010-cu ilda toraddidli
qeyri-salis implikasiya anlayisini, Przemyslav Grzegorzevski 2011-Ci ilda yeni ehtimal implikasiyast
anlayisimi va Zada Z-adad nazariyyasi anlayisint elmoa daxil etmigdir. Beloliklo, bu sahada yeni
yanasmalarin inkisafi ti¢iin fundamental biliklor toplanmisdir. Analitik tahlila asasan qeyd etmak olar
ki, ehtimal va qeyri-salis implikasiyalar: birlikda istifada etmakla informasiya emall probleminin halli
Z-2dad nazoriyyasina asaslanan yeni bir yanasma ila hall edilo bilor. Mahz bu ideya yeni Z-
implikasiyasinin (2025-ci ilda) formalasmasina va ona asaslanan Z-garti mihakima Usulunun
yaradilmasina tokan verdi. Bu isdo 3 qeyri-Salis implikasiyanin- Fodor, Godel, Rescher ehtimal
implikasiya oldugunu siibut edaCoyik. Bu da baxilan implikasiyalarin Z-implikasiya oldugunu
tosdiglayir.

Acar soOzlar: qeyri-solis moantiq, qeyri-salis implikasiya, Fodor, Goddel, Rescher
implikasiyalari, kopula, ehtimal implikasiyasi, Z-implikasiya, informasiya emall.
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VIRTUAL TODRIS TEXNOLOGIYALARININ TOHSIL KEYFIYYOTINO TOSIRININ
QIYMOTLONDIRILMOSI UCUN INTEQRASIYALI BAYES VO QRAF OSASLI YANASMA
ohmoadov L.N., Osmanh T.E.
Milli Aviasiya Akademiyasi

Muasir tahsil muhitinda virtual tadris texnologiyalarimin, xiisusilo virtual realliq (VR) va
artirilmig realligin (AR) tatbiqi siiratlo artsa da, bu texnologiyalarin tahsil keyfiyyatina real tasirinin
obyektiv vao sistemli sakildo qiymatlondirilmasi halo do aktual problem olaraq qalir. Mévcud
todgiqatlarin aksariyyati asason istifadaci tocriibasi va dizayn aspektlarina fokuslanir, halbuki tolaba
davramiginin zaman dinamikast va tadris resurslart ilo garsiliql alagalarin struktur tasiri ¢ox vaxt
Nazara alinmur.

Bu magalada virtual tadris texnologiyalarinin tohsil keyfiyyatina tasirinin giymatlondirilmosi
tictin Bayes ehtimal yanasmast va qraf nazariyyasi yanasmalarint birlogdiran inteqrasiya olunmus
model taklif olunur. Model ¢arcivasinda taloba davranisi miixtalif vaziyyatlor Gzra (passiv, aktiv,
yuksak nailiyyatli vo ugursuz) tasnif edilir va bu vaziyyatlora aid olma ehtimallar: miisahida olunan
foaliyyat gostaricilori asasinda Bayes modeli ilo qiymatlandirilir. Paralel olaraq, taloba—resurs
qarsiligh alagalaorinin intensivliyi qraf asasli markazlik metriklori vasitosilo analiz olunur. Bu iki
yanasma vahid timumi keyfiyyat indeksi carcivasinda inteqrasiya edilarak tohsil keyfiyyatinin
kompleks giymatlandirilmasing imkan yaradur.

Aparilan ssenari asash analiz naticalori gostarir ki, virtual texnologiyalardan istifadanin
Saviyyasi artdigca ham taloba davranis gastoricilori, ham do resurslarla qarsiliglhh alagalarin
intensivliyi ahamiyyatli daracada ylksalir. Asagi texnologiya istifadasi ssenarisinda Gmumi keyfiyyat
indeksi 0.39 oldugu halda, yiiksak texnologiya istifadasi saraitinda bu gostarici 0.71-2 qador artir.
QOraf analizi VR laboratoriyalarmin va forum muzakiralarinin 6yraonma prosesina an boyik tohfani
verdiyini, xisusila ylksak nailiyyatli va aktiv talabalar Ggln asas tasir markazlori oldugunu géstorir.

Olda olunan naticalar gostarir ki, virtual todris texnologiyalarinin integrativ va magsadyonli
tothigi yalniz toloba istirakini artirmir, eyni zamanda taloba davranis profillorina vo Gyronmo
trayektoriyalarina tasir edarak tohsil keyfiyyatinin 6l¢lla bilon sokilda ylksalmasina gatirib ¢ixarir.
Toklif olunan model toloba davranislarimin ehtimal asash giymatlondirilmasi, risk grupunun erkan
moarhalada miayyanlasdirilmasi va tadris strategiyalarimin adaptiv sakilda optimallasdiriimast iigiin
praktik vo prognozlasdirma potensialina malik alat kimi ¢ixis edir.

Acar sOzlar: virtual todris texnologiyalari, virtual realliq, Bayes ehtimal modeli, qraf
nazariyyasi, tahsil keyfiyyati, taloba davranisinin modellasdirilmasi.

Giris. Miasir dévrds tohsil prosesinds virtual texnologiyalarin — xUsusilos virtual realliq (VR),
artirilmis realliq (AR) va virtual tadris mihitlorinin — totbigi siirotlo genislonir. Pandemiya sonrasi
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dovrds bu texnologiyalar distant vo hibrid tohsilin ayrilmaz tarkib hissesine ¢evrilmis, dyronma
prosesinin interaktivliyini va algatanligini shomiyyatli doracads artirmisdir.

Movcud sistematik icmallar gostorir ki, VR ali tohsildo perspektivli texnologiya kimi gabul
olunur, lakin todqigatlarin oksoriyyati osason dizayn elementlori vo istifadagi tocriibasine
fokuslanmis, 6yronma naticalarinin obyektiv giymatlondirilmasi iss yetarinco aparilmamisdir [1,2].
Digar torofdon, bazi tadgigatlar tam istirakli VR miihitlorinin emosional yiklonms va slava diggot
daginigligi sebabila 6yronma naticalarina manfi tasir gostara bilocayini vurgulayir [3]. Bu isa gostarir
ki, VR/AR texnologiyalarinin tohsil keyfiyyatina real tasirinin modellarlo giymatlondirilmasi xususi
aktualliq kasb edir.

AR texnologiyalarinin tohsildo totbiqi (zro aparilan todgigatlar da gosterir ki, bu
texnologiyalar boyiik potensiala malik olsa da, metodoloji yanagmalarin va sistemli giymatlondirma
mexanizmlarinin se¢imi sahasinds bosluglar mévcuddur [4,5]. Son tadgiqgatlar gdsterir ki, virtual
laboratoriyalar va ragemsal todris mihitlorinin analizi 6yranma naticalarinin va tohsil keyfiyyatina
tosir edon faktorlarin daha dagiq qiymatlondirilmasine imkan verir [6]. Eyni zamanda, muxtslif masin
Oyronmoasi alqoritmlarinin (CATBoost, XGBoost, Random Forest vo s.) totbigi talobs istirak
saviyyasinin ylksok daqgigliklo prognozlasdiriimasini tomin edir vo qraf osasli yanagmalar onlayn
todrisdos tolobo—mozmun qarsiligl alagoalarini giymatlondirarak yranmo naticalorini yaxsilagdirmaga
imkan verir [7,8].

Bu moagalonin magsadi virtual texnologiyalarin tohsilin keyfiyyatina tasir mexanizmini formal
modellarls ifado etmok, Bayes ehtimal yanasmasi vo qraf nazoriyyasi asasinda toloba davranisi vo
todris miihitinin qarsiliql alagslorini sistemli sokildo qiymatlondirmakdir.

Son empirik todgigatlar gosterir ki, virtual laboratoriyalarin siini intellekt asasli analizlarlo
birlosdirilmasi tolobolorin akademik nailiyyatlorina, motivasiya va istirak saviyyasina shamiyyatli
musbot tosir gostorir. Xisusils, dyronsnlorin davranis molumatlar1 osasinda aparilan geyri-xatti
analizlor onlarin faaliyyat gostoricilorinin forglorini izah edon osas amillori askar etmoys imkan
vermisdir [9,10]. Lakin bu ciir naticalorin dyronmo prosesinin kumulyativ xarakterini nozars alan
ehtimal modellori vo struktur analiz yanagmalar1 vasitaSilo Umumilosdirilmis vo sistemli
giymotlondirilmasi problemi aktual olaraq qalir.

Metodologiya. Virtual tadris texnologiyalarinin tohsil keyfiyyatina tosirini giymatlondirmok
tictin sistemli yanasma talob olunur [11]. Bu magsadls, taloba foaliyyatini tasvir edon dinamik model
qurulmusdur. Model iki asas istigamati birlogdirir:

1. Bayes ehtimal yanagmasi asasinda toloba davranig vaziyyatlorinin giymatlondirilmasi [12].

2. Qraf nozariyyasi asasinda talobo—moazmun qarsiliglt alagolorinin analizi [13].

Bu yanagmalarin birlogdirilmasi tohsil keyfiyyatino tosir edon amillorin hom ehtimal asash
giymotlondirmo (Bayes modeli), hom do struktur xarakteristikalar1 (qraf modeli) asasinda intellektual
sokilda analizina imkan verir. Eyni zamanda, slni intellekt yanasmalarinda genis istifado olunan
multi-agent sistemlori do milrokkob proseslorin modellasdirilmasinda effektiv alot kimi ¢ixis edir vo
toloba davraniglarinin kollektiv saviyyada giymatlondirilmasi Giclin nazari asas yaradir [14].

Virtual tadris muhitinds talobalorin 8yranms davranisi dinamik vo geyri-sabit xarakter dasiyir.
Bu davranmis miixtalif vaziyyatlor izra tasnif edils bilar va talobonin misyyan davranis vaziyyastinds
olma ehtimali miisahids olunan foaliyyat gostaricilori asasinda qiymatlondirilir. Bu mogsadlo Bayes
ehtimal yanagsmasina asaslanan model qurulmusdur.

Foaliyyat  profillorinin  mioyyonlogdirilmasi ~ G¢lin  gostaricilor 0-1  intervalinda
normallagdirilmis va Gmumi faaliyyat gostaricisi F = (x1 + X2 + x3 + X4)/4 diisturu ilo hesablanmigdir:
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Burada, D1 : 0<F <0.30,D2:0.30<F <0.60, D3 : 0.60 <F <1.00, D4 isa g0storicilor arasinda
yuksok dayiskonlik miisahido olunan hallarda geyri-sabit profil kimi mioyyan edilmisdir.

Bayes yanagmasi ¢argivasinda talobalorin 6yranma prosesinds mimkiin vaziyyatlori asagidaki
kimi miisyyon edilmisdir:

1. S:—Passiv istirak¢1 (minimal davamiyyat, tapsiriglarin yerina yetirilmomasi),

2. S>— Aktiv istirak¢1 (miizakiralorda va tapsiriglarda miintazom istirak),

3. Ss—Yiksak nailiyyatli taloba (stabil naticalor vo yliksok akademik gostaricilar),

4. Sa4— Asagi naticoli / ugursuz tolobs (gerilomo, imtahanlarda asagi notica).

Miisahids olunan gostaricilar (xtsusiyyatlor) olaraq asagidakilar gotiiriillmiisdiir:

5. platformaya giris tezliyi

6. tapsiriq yerino yetirmo faizi

7. forum aktivliyi

8. qiymotlor vas.

Bu zaman osas mogsad: P(Si | D) - tolobonin miioyyon voziyyoto aid olma ehtimalini
tapmaqdir. Bu iso klassik olaraq Bayes teoremi ilo hesablanir. Bayes yanasmasina asason talobanin
har bir davranis voziyyatinds olma ehtimali miisahids olunan foaliyyatlors asaslanaraq yenilonir. Bu
cargivada tolabanin miisyyan S; vaziyyetindo olma posterior ehtimali Bayes teoremina uygun olaraq
hesablanir:

(PDIS) - P(S)) o
P(D)

Burada D — miisahids olunan gostaricilor vektorudur va virtual texnologiyalar bu vektorun bir

komponentidir: D=[x1, X2, X3, X4], harada ki, xi — forum aktivliyi, x> — tapsiriqlarin icra soviyyasi, Xs

P(SiID) =

— VR laboratoriyadan istifads intensivliyi, X« — onlayn miihazirslords istirak tezliyidir. P(S;) — ilkin
(prior) ehtimal, P(D|S;) — talobonin i-ci davramig vaziyystindo oldugu halda miigsahido olunan
foaliyyot gostoricilorinin yaranma ehtimali, P(D) miisahido olunan molumatin iimumi ehtimali,
P(S;|D) iso tolobonin AR vo ya VR istifado etdikdo i-ci davranig vaziyystindo olma posterior
ehtimalin1 ifads edir.

Beloliklo, Bayes modeli c¢orgivasindo tolobonin davramis voziyyeoti virtual todris
texnologiyalarindan istifade gostericilorine asaslanaraq qiymatlondirilir vo bu tasir (1)-do verilmis
ehtimal modeli vasitasilo ifade olunur.

Bu yanasma tolobonin davranig voziyyatlorinin bir-birindon asili sokildo doyismosini nozors
alir vo miixtalif foaliyyat gdstaricilorinin tasiri altinda ehtimallarin dinamik sokilde yenilonmasine vo
probabilistik, yoni ehtimallar asasinda qorar verilmoasine imkan verir. Real hoyatda bunun sobabi
molumatlarin natamamligi, davranisin doyiskonliyi vo 6lgmolordaki sohvlordir. Bu yanagma toloba
davraniginin geyri-miioyyanliyini nozors almaga vo sort deterministik tosnifat ovozino ehtimal asash
qiymatlondirmo aparmaga imkan verir.

Yuxarida geyd etdiyimiz kimi, Bayes modeli ¢orgivasinds talobonin mioyyon davranig
vaziyyatindo olma ehtimali miisahido olunan foaliyyat gostaricilarina asasan giymatlondirilmisdir. Bu
moagQsadlo dord tipik miisahida profili misyyan edilmisdir: asag: foaliyyat profili (forum aktivliyinin
zo0if olmasi, tapsiriglarin yerino yetirilmamasi, VR istifadosinin asagi saviyyads olmasi - D1), orta
foaliyyat profili (muntozom istirak, tapsiriglarin gismon icrasi - Dz), yiiksok foaliyyat profili (forum
aktivliyi, tapsiriglarin tam icras1 vo VR istifadosinin yiiksok saviyyads olmasi - Ds) vo geyri-sabit
foaliyyat profili (geyri-mintozom istirak, asagi qiymatlor vo zaif foaliyyat gostoricilori - D4). Hor bir
profil Uzra davranig vaziyyatlorinin uygunluq doracasi avvalcadan toyin edilmis ballar vasitasilo ifado
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olunmus, daha sonra bu ballar normallasdirilaraq sorti ehtimallar alds edilmisdir. Real sistemlords
ballarin toyin olunmasinda 3 yanagma moévcuddur:

1. Ekspert asasl (heuristic) - ballar mutoxassis tarafindan verilir;
say (DjnS;)

ani
say(S;) y

2. Statistik yanasma (data-driven) - agor real molumat varsa: P(D]-|Si) =

neco toloba hom Sivaziyyatindadir, hom do Dj profilindodir;

3. Oyronilon model (MO yanasmasi) - ballar imumiyyoatlo “verilmir”, model 6zii Gyranir.

Ballarin toyini zamani asag1 faaliyyat gostaricilorino malik miisahidslorin passiv va ugursuz
vaziyyatlorlas, yiiksok foaliyyat gostoricilorine malik miisahidalorin iso aktiv vo yiksok nailiyyatli
vaziyyatlorlo daha yiksak uygunluq gostordiyi nozara alinmisdir. Bu yanasma taloba davranisinin
real foaliyyat indikatorlari ilo alagolondirilmasina vo modelin daha interpretasiya edilo bilon olmasina
imkan verir. Bizim modelds ilkin uygunluq ballar1 tarixi verilonlor asasinda empirik olaraq tayin
olunmusdur:

Codval 1
[lkin uygunlugq ballar
Vaziyyat/profil D1 (asagdy) D: (orta) Ds (yiiksak) D. (qeyri-sabit)
S1 (passiv) 9 3 1 6
S (aktiv) 3 8 4 5
S (yuksak) 1 5 9 2
S4 (ugursuz) 7 2 1 8

NOvbati addimda har profil (iglin com hesablanir:
e Di:9+3+1+7=20
e Dxx3+8+5+2=18
e Di:1+4+9+1=15
e Di6+5+2+8=21
Sonra iss P(S; |Dj) sorti ehtimallar codvali formalagdirilir:

Coadval 2
Sorti ehtimallar
Vaziyyat/profil D: (asagy) D: (orta) Ds (yiiksak) D. (geyri-sabit)
Si (passiv) 0.45 0.17 0.07 0.29
S (aktiv) 0.15 0.44 0.27 0.24
Ss (yliksok) 0.05 0.28 0.60 0.10
Ss4 (ugursuz) 0.35 0.11 0.07 0.38

Ogor ovvalcadon molumat yoxdursa P(S;)=0.25 gotiiriiliir. Ds (yliksok faaliyyat profili) li¢iin
nliimuno hesablamas1 asagidaki codvalds (cadval 3) verilmisdir:
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Cadval 3
Niimuns hesablama (Ds {igiin)

Voziyyat Hesablama

S1 (passiv) 0.07 x 0.25 =0.0175
S (aktiv) 0.27 x 0.25 =0.0675
Ss (ylksak) 0.60 x 0.25 =0.1500
Ss (ugursuz) 0.07 x 0.25 =0.0175

Com = 0.2525 alinir ki, bu da Ds profilinin timumi yaranma ehtimalini ifads edir: “biitiin
tolobalar arasinda Ds (yiiksak foaliyyaet profili) miisahide olunma ehtimali toxminon 25.25%-dir”. Bu
o demokdir ki, Ds davranis1 4 talaba qrupunun hamisinda var vo bu gostarici Ds profilinin imumi
ehtimal payini ifads edir.

Hesablanmis sorti ehtimallar asasinda tolobalorin miixtalif davranis vaziyyatlorino aid olma
ehtimal paylanmasi miioyyon edilir. Bu ehtimallar tolobolorin miisahido olunan foaliyyat
gOstaricilorino asaslanaraq onlarin cari akademik voziyyatini gqiymatlondirmays imkan verir va tohsil
keyfiyyatinin Gmumi saviyyasinin tahlili ti¢tin istifads olunur [15].

Bu gostaricilor asasinda tolobo davranisinin timumilosdirilmis keyfiyyat soviyyasi Bayes
chtimal yanasmasina uygun sokildo muoayyan edilir. Belaliklo, model yalniz talobslorin davranis
xususiyyatlorini deyil, hom ds virtual todris texnologiyalarin onlarin foaliyyatino tesirini ehtimal
baximindan qiymatlondirmays imkan verir.

Sokil 1-do tolobo davranis vaziyyatlori arasinda ehtimal osasli alagolor gostorilmisdir. Bu
diagramda diynlor tolobalorin muxtalif davranis vaziyyatlorini (passiv, aktiv, yiksak nailiyyastli vo
ugursuz) ifado edir, alagalor iso bu vaziyyatlor arasinda ehtimal baximindan slagoalori oks etdirir.
Xatlorin  qalinligi uygunluq ehtimalinin  boyiikliyiinii  gostorir. Mosolon, yiksok foaliyyat
gostaricilorine malik tolobalorin yuksak nailiyyatli vaziyyats aid olma ehtimali daha yiiksok oldugu
halda, asag1 foaliyyat gostoricilorina malik tolobalorin passiv va ya ugursuz vaziyyatlors aid olma
ehtimali tstiinliik toskil edir.

Bu qarsiligh oslagslor graf noazoriyyesinin klassik yanagmalarina uygun olaraq ¢okili qraf
modeli vasitasilo tasvir olunur [16,17]. Qraf diyunlari talobalori, musllimlori vo tadris resurslarini,
olagalor iso onlarin arasindaki qarsiliglt tasirlori ifado edir. ©lagalorin intensivliyi resurslardan
istifado tezliyi, forum muzakirslorinds aktivlik, VR laboratoriyalarda sorf olunan vaxt va tapsiriglarin
icra saviyyasi kimi gostaricilor asasinda giymatlondirilir. Bu modelin UstlinllyG ondan ibaratdir ki,
an tasirli tadris resurslarini vo 8yranmays an ¢ox tohfa veron garsiligh alagelori askar etmoya imkan
verir [18].

Cadval 4-ds togdim olunan naticalar tolobo—resurs qarsiligl slagalori asasinda qurulmus qraf
modeli Uizra hesablanmis markazlik gostaricilarini oks etdirir. Qraf modeli talabalorin muxtalif tadris
resurslari ila qarsiligl slagalarinin intensivliyi asasinda formalasdirilmisdir. Bu magsadls talabalarin
forum muzakiroalorinds istiraki, tapsiriglarin icra tezliyi, VR laboratoriyalarda sorf olunan vaxt va
onlayn miihaziralords istirak gostaricilori nazars alinmigdir.

Qrafin qurulmasi1 zamani dlyinlor todris resurslarimi (VR laboratoriya, forum, tapsiriq
sistemi, onlayn mihazirs), alagolor iso tolobolorin bu resurslar arasinda keg¢id vo birgo istifads
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intensivliyini ifado edir. Olagalorin gakisi talobalorin muvafiq resurslardan istifado tezliyi vo
intensivliyi asasinda normallasdirilmis gostaricilor kKimi mioayyon edilmisdir.

$1: Passiv
talaba

S4: Ugursuz
talaba

S2: Aktiv
tolaba

$3: Yiiksak
nailiyyatli
talaba

Sakil 1. Taloba davranis vaziyyatlorinin ehtimal osasli slage diagrami

Bu qgraf osasinda hor bir resurs tglin doraco moarkazliyi vo araliq morkazliyi gostoricilori
hesablanmigdir. Daraca markazliyi resursun digor resurslarla birbasa alagslorinin intensivliyini, araliq
markazliyi isa hamin resursun digar resurslar arasinda slagoalondirici rolunu ifads edir.

Daraco markazliyi har bir diyinin digar diyinlarlo birbasa slagalarinin Gmumi gakisini
gOstorir vo asagidaki kimi hesablanir:

Cp(i) = Z Wi; (2)
=1

burada w;; i vo j diiyiinlori arasindaki olagonin gokisini ifado edir. Hesablanmis doyarlor
maksimum miimkiin qiymats boliinorok 0—1 intervalinda normallagdirilmisdir:

Ikinci miihiim gdstorici araliq morkozliyidir. Araliq morkozliyi diiyiiniin digor diiyiinlor
arasinda vasitagi rolunu qiymatlondirir vo agagidaki kimi miioyyan edilir:

o=y 20 ©

REJES Ist
burada o, s vo t dilylinlori arasindaki on qisa yollarin sayini, o, (i) iso bu yollardan i
diilylinlindon kecgonlorin sayini1 gostorir. Bu gostorici do normallagdirilaraq 0-1 intervalina
gotirilmigdir.
Masalon, VR laboratoriya diyuni tgiin digar resurslarla (forum muzakirssi, tapsiriq sistemi
va onlayn mihazirs) alagelorin ¢okilori muivafig olaraq 0.30, 0.27 va 0.25 kimi mlsyyan edilmisdir.
Bu halda doracoe markoazliyi asagidaki kimi hesablanir:

Cp(VR) =0,30+ 0,27 + 0,25 = 0,82

Gorundiyl kimi, VR laboratoriya on yuksok doraco moarkazliyino (0.82) vo araliq
morkazliyino (0.67) malikdir. Bu natico gostorir ki, VR mihiti hom birbasa qarsiliglt alagalorin
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intensivliyino, ham da digar resurslar arasinda olagealondirici roluna gors asas tasir markazidir. Forum
muzakiralori do yuksok gostaricilora malik olarag talabalorin dyronma faaliyyatini dastoklayan
miihiim garsiligh alago elementi kimi ¢ixis edir. Tapsiriq sistemi vo onlayn miihaziralor iso nisbaton
asagl morkozlik gostoricilorine malik olsa da, Umumi tadris strukturunun sabitliyinin tomin
edilmasinds vacib rol oynayir.

Almmis naticalor gostarir Ki, tolobalorin daha cox interaktiv va totbiqyénumlu resurslarla
(xtsusilo VR laboratoriyalar vo forum miuzakiralori) qarsiliglt slagesi onlarin Umumi 6yronmo
prosesindo daha aktiv istirakin1 tomin edir vo bu resurslar tohsil keyfiyystino daha ylksok tasir
gOstorir. Oxsar alqoritmik va statistik giymatlondirma yanagsmalarinin prognozlasdirma masalalorinds
totbigi digor sahslordo do yiksok effektivlik niimayis etdirmisdir. Xiisusilo geyri-mintozom
proseslorin - modellosdirilmoasinds  Xotti vo qeyri-xatti  modellorin - migayisasina osaslanan
yanagmalarin qiymatlondirmo doqiqliyini artirdigi géstorilmisdir [19].

Codval 4
Resurslarin qraf markozlik gostoricilori
Resurs Darace markazliyi Araliq markaozliyi Tohsils tosir deracasi
VR laboratoriya 0.82 0.67 Yiiksok
Forum miizakirosi 0.75 0.58 Orta-ytiksok
Tapsiriq sistemi 0.63 0.41 Orta
Onlayn miihazira 0.55 0.35 Orta

Almmus naticalor gostorir Ki, tolobalorin daha cox interaktiv vo totbiqyénumlu resurslarla
(xtsusilo VR laboratoriyalar vo forum miuzakiralori) qarsiliglt olagesi onlarin iimumi &yronmo
prosesindo daha aktiv istirakin1 tomin edir vo bu resurslar tohsil keyfiyystino daha ylksok tasir
gOstorir. Oxsar alqoritmik vo statistik giymatlondirms yanasmalarinin prognozlasdirma masalalorinds
totbiqi digor saholordo do yiksok effektivlik niimayis etdirmisdir. Xiisusilo geyri-mintazom
proseslorin - modellasdirilmasindo  xotti vo qeyri-xatti  modellorin  migayisasina osaslanan
yanagmalarin giymotlondirmo doqigliyini artirdigi géstorilmisdir [19].

Sokil 2-do tolobo ilo virtual todris resurslari arasindaki qarsiligli alagoalorin graf tosviri
gOstorilmisdir. Burada tolobs morkozi duyun kimi toqdim olunur va digar resurslarla slagslor ¢okili
graf soklinds oks etdirilir. ©lagalarin gakisi talobalorin muvafig resurslardan istifads intensivliyini
ifads edir va avvalki hissada tasvir olunan normallasdirilmis faaliyyat gostaricilari asasinda miayyan
edilmigdir.

Sokildan gérundiyd kimi, VR laboratoriya oan yuksok daraco markazliyi gostaricisine (0.82)
malikdir Ki, bu da talabalorin bu resursdan daha intensiv istifads etdiyini gostorir. Forum miizakirasi
(0.75) vo tapsiriq sistemi (0.63) orta saviyyali qarsilighh slage gostoricilorina malikdir, onlayn
milhazirs iss nishoton daha asagi intensivlikls (0.55) xarakterizo olunur.

Bu vizual tosvir graf modelinds alds olunmus markazlik gostaricilorini intuitiv sokilds tagdim
edir va tohsil muhitinds hansi resurslarin daha bdyiik rol oynadigini aydin sokilds gostarir. Belaliklo,
graf modeli taloba foaliyyatlorinin struktur xisusiyyatlorini vo resurslar arasinda qarsiliglt alagalorin
intensivliyini mioayyon etmayo imkan verir.
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Onlayn
miihazira

Tapsiriq
sistemi

0.63 0.55

Talaba

0.75 0.82

VR
laboratoriya

Forum
miizakirasi

Sakil 2. Tolobao—resurs qarsiligl alagalarinin graf tosviri

Yuxarida toqdim olunan yanagmalar tohsil keyfiyyoatinin muxtolif aspektlorini oks etdirir:

e Bayes modeli tolobslorin miisahido olunan faaliyyatlorino osaslanaraq onlarin davranig
vaziyyatlorinin ehtimal paylanmasini miiayyon edir;

e Qraf modeli iso tolobo—resurs qarsiligli olagoalorinin intensivliyini, on tosirli todris
texnologiyalarini askar etmays imkan verir.

Qpayes 90storicisi tolobalorin  muxtolif davranis voziyystlorine aid olma posterior
ehtimallarinin ¢okili ortast kimi miioyyon edilir:

4
Qsayes = ) 1 P(S1D) )
i=1

burada P(S;|D) — talobanin i-ci davranis vaziyyatindo olma posterior ehtimali, w; — mlvafiq
davranis voziyyatinin tohsil keyfiyyotino tosirini oks etdiron ¢okidir. Posterior ehtimal tolobonin
miisahido olunan foaliyyot gdstoricilorine osason miisyyon davranis voziyyotinds olma ehtimalini
ifado edir. Bu ehtimallar Bayes teoremine asason yenilonir vo tolobonin cari davranig voziyyatini
giymatlondirmayo imkan verir. Umumi davrans keyfiyyati (4)-do verilmis ifadoyo osasen posterior
ehtimallarin ¢okili ortasi kimi hesablanir.

Inteqrasiya olunmus giymatlondirmo tigtin Gmumi keyfiyyat indeksi (UKI) toklif olunur (5):

UKl = a- QBayes +pB- QQraft a+pf=1 (5)

burada Qpqy.s — Bayes ehtimal modeli osasinda hesablanmig davranis keyfiyyot gostoricisi,
Qoras — qraf osasl intensivlik metriklori osasinda giymotlondirilmis struktur keyfiyyot géstoricisi, a,
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B — uygun cokilardir (praktikada kontekstdon asili olaraq 0.4-0.6 intervalinda segila bilor). Umumi
keyfiyyat indeksi (5)-0 uygun olaraq bu iki komponentin inteqrasiyasi naticasinds hesablanir.

Bu todgigatda davramig vaziyyastlorine uygun ¢okilor w; toloba voaziyyatlorinin tohsil
keyfiyyatina nisbi tohfasini oks etdirmok empirik olaraq muisyyon edilmisdir. Yiiksok nailiyyatli
vaziyyat Ucln daha ylksok, passiv vo ugursuz voziyyatlor Uglin iss nisbaton asagi ¢okilor gabul
edilmisdir. inteqrasiya ¢okilori a vo B davranis komponenti il struktur komponentin balansl tasirini
tomin etmok mogsadilo barabar secilmisdir (¢ = 0.5, § = 0.5).

Bu yanagma toloba foaliyyatlorinin ehtimal paylanmasini nazors alir. Bu iso onlarin timumi
davranis keyfiyyatinin daha doqiq giymotlondirilmasine imkan verir. Beloliklo, Bayes modeli
tolobanin yalniz bir voaziyyats aid edilmasini deyil, muxtalif voziyyatlor Uzro ehtimal paylanmasini
nozars alaraq daha dagiq vo elastik giymotlondirms tomin edir.

Qoray Q0storicisi iso tolobo-resurs qarsihiqlt slagalorinin intensivliyini vo struktur
xususiyyatlorini oks etdiron graf morkazlik metriklorino asaslanir. Bu gostarici todris resurslarinin
Oyranma prosesina tasir daracasini giymatlondirmays imkan verir.

Belaliklo, Bayes modeli zro hesablanmis davranig gostoricilori vo graf osashi struktur
metriklor inteqrasiya olunmus giymatlondirma modeli gargivasinds birlosdirilorak imumi keyfiyyat
indeksi (UKI) oldo olunur. Bu inteqrasiyanin osas iistiinliiyii ondadir ki, model yalniz talobonin
davranig naticalorini deyil, hom do texnologiyalarin istifadosini vo 8yronma prosesins verdiyi téhfani
vahid giymatlondirma ¢argivasinds oks etdirir.

Miasir todqgigatlar gostorir ki, tolim prosesinin optimallasdirilmasi zamani davranis vo
struktur gostaricilori ilo yanasi, fardi vo psixofizioloji xtsusiyyatlarin do nozars alinmasi modellarin
praktik effektivliyini artirir. Bu ciir yanagmalar intellektual trenajor vo simulyator asasli talim
muhitlorinds ugurla tatbiq edilmisdir [20].

Codval 5-do inteqrasiya olunmus yanasma iizro nimunovi naticalor togdim olunmusdur.
Burada Bayes ehtimal modeli osasinda hesablanmig davrams gostoricilori (Qpqyes) Vo graf modeli
osasinda oldo olunmus struktur gostricilor (Qgrqr) birlosdirilorak Gmumi keyfiyyot indeksi (UK1)
muoyyon edilmisdir.

Codval 5
Inteqrasiya olunmus qiymatlondirmanin naticalori (nimunavi géstaricilor)
R iyyati . . .
Qrup COUTS vorlyyoHl QBayes | Qorar Umumi keyfiyyat indeksi (UKI)

Passiv talabalar (S1) 0.25 0.30 0.28

Aktiv tolobalor (S:) 0.30 0.48 0.39
Yiiksok nailiyyatli talobalor (Ss) 0.36 0.66 0.51
Ugursuz talabalar (S4) 0.20 0.25 0.23

Cadvalda togdim olunan Qpgqyes gostaricilari talobalorin miisahide olunan faaliyyst profillori
ssasinda hesablanmig posterior ehtimallarin  ¢akili ortast kimi misyyan edilmisdir. Qorqf
gostoricilari isa tolobo—resurs qarsiligli olagealorinin intensivliyini oks etdiron graf morkoazlik
metriklorinin normallasdiriimasi yolu ilo alde olunmusdur. Umumi keyfiyyot indeksi (UKI) iso bu iki
gOstaricinin inteqrasiyasi naticasinds hesablanmisdir.

Goriindiiyti kimi, inteqrasiya olunmus yanasma naticasindoa on yiksok gostarici yiksak
nailiyyatli talobalor (Ss) ti¢lin miisahido olunur. Bu, hamin tolobolorin hom davranis baximindan
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yuksok ehtimalla ugurlu kateqoriyaya aid olmasi, hom do todris resurslarindan daha intensiv vo
samoarali istifada etmasi ila izah olunur. Aktiv talobalar (S2) ligiin orta-yiiksak saviyyali naticalar alds
edilmigdir ki, bu da onlarin stabil faaliyyat gostoricilorine malik oldugunu gostorir.

Oksina, passiv (Si1) vo ugursuz (Sa) tolobolor iiciin UKI gostoricilori daha asagidir. Bu
gruplarda hom davranis ehtimallarinin asagi keyfiyyatli vaziyyatlora yonalmasi, hom ds resurslardan
istifadonin zoif olmas1 miisahido olunur. Bu natica gostorir ki, talobalarin faaliyyst intensivliyi va
resurslarla qarsiliglt alagoesi tohsil keyfiyyatinin formalagmasinda holledici rol oynayir.

Sokil 3 tolobo davranis voziyyatlori ilo virtual todris resurslar1 arasindaki istifads
intensivliyinin istilik Xoritasini gostorir. Xaritodo toqdim olunan dayarlor (0-1 intervalinda)
toloboalorin muxtalif resurslardan istifads soviyyassinin normallasdirilmig gostoricilorini oks etdirir. Bu
gostaricilar taloba foaliyyatlorino dair log molumatlari (forum aktivliyi, tapsiriq icrasi, VR istifadasi
vo muhaziralords istirak tezliyi) osasinda hesablanmis vo migayise edilo bilon formada togdim
olunmusdur.

Sokildon gortndiyl kimi, ylksok nailiyyatli talobalor (Ss) VR laboratoriyadan an intensiv
sokildo (0.80) istifado edir ki, bu da totbiqgyonimli vo interaktiv resurslarin yiiksok akademik
naticalorlo alagali oldugunu gosterir. Eyni zamanda, bu qrup ii¢ilin tapsiriq sistemi iizro yUksok
intensivlik (0.70) do miisahido olunur ki, bu da onlarmn sistemli vo davamli foaliyyat gostordiyini
tosdiglayir.

Aktiv talabalar (Sz) tiglin forum miizakiralori (0.60) va tapsiriq sistemi (0.50) asas foaliyyat
istigamatlori kimi ¢ixis edir. Bu iso sosial qarsiligli alags vo miintozom tapsiriq icrasinin bu qrup tiglin
xarakterik oldugunu gostorir.

Passiv (S1) vo ugursuz (S4) tolobalords isa bitiin resurslar tizrs istifads intensivliyi nisbaton
asag1 soviyyadadir. Bu gruplarda xususilo VR laboratoriya va forum aktivliyinin zaif olmasi onlarin
Umumi dyranma prosesinds daha az istirak etdiyini gostarir.

Belaliklo, istilik xaritasi toloba davranis vaziyyatlori ilo resurs istifadasi arasinda aydin olage
oldugunu niimayis etdirir vo bu alage Bayes modeli ilo olds olunmus davranis ehtimallar1 vo graf
modeli ilo mioyyan edilmis struktur gostoricilorlo uygunluq toskil edir. Bu isa toklif olunan
inteqrasiya olunmus yanagmanin naticolorinin qarsiligli sokilds bir-birini tamamladigini gostarir.

51: Passiv 0.10 0.20 015 .30 o.r
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Sakil 3. Talaba vaziyyati ilo resurs istifadasinin intensivlik matrisi
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Sokil 4 resurslar Uzro talobs kateqoriyalarinin istifads intensivliyini qruplasdirtlmig stitun
diagrami soklindos togdim edir. Qrafikda gostarilon dayarlar talabalorin mixtalif resurslardan istifads
tezliyinin normallagdirilmig gostoricilori asasinda qurulmusdur vo ovvalki hissads togdim olunan
istilik xaritasinin (sokil 3) vizual davami kimi ¢ixis edir.
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Sakil 4. Resurslar Gzrs tolobs kateqoriyalarinin istifads intensivliyi

Sakildon goriindiyl kimi, VR laboratoriya asason yiiksok nailiyyatli talobalor (Ss) torafindon
daha intensiv istifado olunur (0.80). Bu natico hamin tolobolorin praktiki vo interaktiv dyranmo
muhitlorina daha ¢ox Ustlnlik verdiyini gostorir. Forum mizakirslori (0.60) vo tapsiriq sistemi (0.50)
iso daha ¢ox aktiv talabalar (S2) tarafindan istifads olunur ki, bu da onlarin davamli istirak va qarsiligh
Oyronma prosesindos aktiv rol oynadigini gostarir.

Passiv (S1) vo ugursuz (Sa) talobalor Uglin isa bltun resurslar Uzrs istifads intensivliyi nisbatan
asagidir. Xisusilo onlayn mihaziralards bels bu gruplarin aktivliyi mshdud saviyyads galir ki, bu da
onlarm {imumi dyranma prosesinda istirak saviyyasinin zaif oldugunu gostarir.

Bu naticalor gokil 3-do toqdim olunan intensivlik matrisi ilo uygunluq toskil edir vo taloba
davranig vaziyyatlori ilo resurs istifadasi arasinda mévcud olan olagonin sabit xarakter dasidigini
gostorir. Eyni zamanda, bu vizual toqdimat qraf modeli Gzro oldo olunmus struktur gostaricilari
dastaklayir vo Bayes modeli ilo miiayyon edilmis davranis ehtimallari ilo uygunluq niimayis etdirir.

Toklif olunan modelin sinagi tigilin talabalarin muxtalif texnologiya istifadosi saviyyalori izra
ssenari osasli analiz aparilmigdir. Tohlildo onlayn mihazirs, tapsiriq sistemi, forum miizakirasi vo
VR laboratoriya kimi asas virtual todris resurslart nozors alinmigdir.

Ssenarilor talobalorin bu resurslardan istifado intensivliyino uygun olaraq asagidaki kimi
muoyyan edilmisdir:

e Ssenari 1 — asagi texnologiya istifadasi: talobalor asason yalniz onlayn miihaziralords
istirak edir, digar resurslardan istifado minimal saviyyadadir;

e Ssenari 2 — orta texnologiya istifadasi: tolobalor onlayn mihazirs vo tapsiriq sistemindon
muntozom istifads edir, forum vo VR laboratoriya istifadssi orta saviyyadadir;

e Ssenari 3 — yiksok texnologiya istifadasi: tolobalor forum, tapsiriq sistemi vo VR
laboratoriyadan intensiv istifads edir, onlayn mihazirs iso olave dostok resursu rolunu oynayir.

Bu tosnifat cadval 6-da togdim olunmusdur.
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Texnologiya istifadasi Uzra ssenarilor

Coadval 6

Texnologiya Ssenari 1 (Asagi) Ssenari 2 (Orta) Ssenari 3 (Yiiksok)
Onlayn miihazira Yiiksok Orta Orta
Tapsiriq sistemi Asagi Yiiksok Yiiksok
Forum miizakirasi Asagi Orta Yiiksok
VR laboratoriya Asagi Asagi Yiksak

Hor bir ssenari izra taloba faaliyyat gostaricilari asasinda Bayes modeli ti¢iin uygun miisahido
profillori formalasdirilmis vo bu profillors uygun davranis voaziyystlorinin posterior ehtimallar
hesablanmigdir. Eyni zamanda, qraf modeli vasitasils talaba—resurs qarsiliqli alagalarinin intensivlik
gostoricilori mioyyon edilmisdir. Alimmis naticolor inteqrasiya olunmus keyfiyyat indeksi (UKI)
vasitasilo Umumilogdirilmisdir.

Codval 7
Ssenarilor Uizrs inteqrasiya olunmus keyfiyyat gostoricilori (UKI)

Ssenari QBayes Qqraf Umumi keyfiyyat indeksi (UKI)
| Asag texnologiya istifadosi | o042 | o035 | 0.39 |
| Orta texnologiya istifadosi | o057 | os1 | 0.54 |
| Yiiksok texnologiyaistifadesi | 073 | 068 | 0.71 |

Codval 7-don gorunduyt kimi, texnologiya istifadasinin saviyyasi artdiqca hom Bayes modeli
asasinda qiymoatlondirilmis davranis keyfiyyati, hom do graf modeli Gizro mioyyoan edilmis struktur
intensivlik gostoricilari yiiksalir. Noticodo Gmumi keyfiyyat indeksi (UKI) asag1 soviyyads 0.39-dan
yuksok soviyyads 0.71-o godor artir.

Natica. Aparilan ssenari osasli analiz naticolori gOstormisdir ki, virtual todris
texnologiyalarindan istifado Soviyyasinin artmast ham tolobslorin davranis gostoricilorina, ham do
todris resurslari ilo garsiligli alagealorin struktur intensivliyina birbasa miisbat tosir gostorir. Bayes
ehtimal modeli asasinda hesablanmis davranis gostaricilori vo graf modeli Uzrs aldo olunmus struktur
metriklarin inteqrasiyasi naticasinds Umumi keyfiyyot indeksindo (UKI) shamiyyatli artim miisahido
olunmusdur.

Asag1 texnologiya istifadosi ssenarisindo UKI-nin 0.39 soviyyasindo olmasi toloba
foaliyyatinin mohdudlugu vo resurslardan zoif istifado ilo xarakterizo olunur. Orta soviyyali
texnologiya istifadasi zamani1 UKi-nin 0.54-5 ylksolmasi tolobalorin daha aktiv istirakini vo todris
resurslari ilo qarsiligl alagonin artmasini oks etdirir. Yiksok texnologiya istifadosi ssenarisinds isa
UKI-nin 0.71-0 catmasi interaktiv vo coxkomponentli resurslarin intensiv totbiginin tohsil
keyfiyyatinin shamiyyatli doracads yuksalmasina sabab oldugunu gostarir.

Qraf osasli analiz naticolori gostormisdir ki, VR laboratoriyalar on yuksok morkazlik va
intensivlik gostaricilarine malikdir va xususils yiiksok nailiyyatli talobalor tiglin asas 6yranma resursu
kimi ¢ix1s edir. Forum miizakiralori va tapsiriq sistemlari isa daha ¢ox aktiv taloba qrupunda dyranma
motivasiyasinin vo istirak soviyyasinin artmasina tohfs verir. Onlayn mihaziralor nisboton asagi
intensivlik gostaricilorina malik olsa da, Gmumi todris prosesinds dastoklayici komponent kimi ¢ixis

edir.
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Bayes modeli asasinda oaldo olunmus noticalor gostorir Ki, talobalorin miisahide olunan
foaliyyat gOstoricilori onlarin davranis vaziyyatlorini yiksok doagigliklo ehtimal baximindan
giymotlondirmoya imkan verir. Bu iso talobalorin yalniz cari voziyystini deyil, ham do potensial
inkisaf istiqgamatlorini mioyyan etmays sorait yaradir.

Olds olunan naticalor tesdiglayir ki, VR, AR va digor virtual todris texnologiyalarinin
integrativ totbiqi yalniz Gyronma prosesinin interaktivliyini artirmir, eyni zamanda talobalorin
davranig profillarina vo Oyronmo trayektoriyalarina miisbat tosir gostorarok tohsil keyfiyyatinin
yuksaldilmasina real tohfs verir.

Toklif olunan metodologiya tahsil muassisalarinds tolobs davranislarinin monitoringi, risk
grupuna aid olan talabalarin erkan marhaloda miayyan edilmasi vo tadris strategiyalarinin adaptiv
sokilds optimallasdirilmasi ti¢iin praktik va totbiqyonimli alot kimi istifads oluna bilar.
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AN INTEGRATED BAYESIAN AND GRAPH-BASED APPROACH FOR ASSESSING THE
IMPACT OF VIRTUAL LEARNING TECHNOLOGIES ON EDUCATIONAL QUALITY
Ahmadov L.N., Osmanli T.E.

National Aviation Academy

In the modern educational environment, the adoption of virtual learning technologies,
particularly Virtual Reality (VR) and Augmented Reality (AR), has been rapidly increasing. However,
the objective and systematic evaluation of their actual impact on educational quality remains an open
and relevant challenge. Most existing studies primarily focus on user experience and design aspects,
while the probabilistic assessment of student behavior and the structural impact of interactions with
learning resources are often overlooked.

This paper proposes an integrated algorithmic model that combines a Bayesian probabilistic
approach with graph theory to evaluate the impact of virtual learning technologies on educational
quality. Within the proposed framework, student behavior is classified into several states (passive,
active, high-achieving, and unsuccessful), and the probability of belonging to these states is estimated
based on observed activity indicators using a Bayesian model. In parallel, the intensity of student—
resource interactions is analyzed through graph-based centrality metrics. These two approaches are
integrated into a unified quality index, enabling a comprehensive assessment of educational quality.

Scenario-based analysis demonstrates that increasing the level of technology usage
significantly enhances both student behavioral indicators and the intensity of interactions with
learning resources. While the overall integrated quality index (IQI) is 0.39 under low technology
usage, it increases to 0.71 under high technology usage conditions. Graph-based analysis reveals
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that VR laboratories and discussion forums contribute most significantly to the learning process,

particularly for high-achieving and active students.

The results confirm that the integrated and purposeful use of virtual learning technologies not
only increases student engagement but also positively influences behavioral profiles and learning
trajectories, leading to measurable improvements in educational quality. The proposed model can
serve as a practical and predictive tool for monitoring student behavior, early identification of at-
risk students, and adaptive optimization of instructional strategies.

Keywords: virtual learning technologies, virtual reality, Bayesian model, graph theory,

educational quality, student behavior modeling.
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AZORBAYCAN RESPUBLIKASINDA OHALININ GOLIRLORININ
DIFERENSIASIYASININ STATISTIK TOHLILI
Muradova X.F.
Milli Aviasiya Akademiyast

Bu tadqiqat Azarbaycan Respublikasinda ahalinin galirlorinin diferensiasiyasini 2005—2024-
cii illor iizra statistik vo ekonometrik yanasmalarla arasdirir. Maqalanin asas maqsadi galirlorin
uzunmiiddatli inkisaf meylini, bolgii strukturunu, geyri-barabarliyin dorinliyini va bu prosesa tasir
edon sosial-iqtisadi amillari miiayyanlasdirmakdir. Tohlil rasmi statistika malumatlart asasinda
aparimis va ham tasviri metodlar, hom da analitik modellor tizarinds qurulmugdur. Arasdirmanin
baslangic marhalasinda populyasiya iizra orta galirlorin dayisma trayektoriyasi qiymatlondirilmis,
uzun dovrda miisbat va davamli artim tendensiyast miiayyan edilmisdir. Lakin galirlarin yiiksalmasi
va timumi rifahin genislonmasina baxmayaraq, bolgii strukturunda geyri-barabarliyin sabit qaldig
miiayyan edilmisdir. Boraboarsizliyin saviyyasi Lorens oayrisi, Cini amsali, Theil indeksi va
qruplasdirilmis galir paylart ila 6l¢iilmiis, naticalar galirlorin yiiksak galir qruplarinda daha ¢ox
comlasdiyini gostormisdir. Zaman sirasimin davranisi ADF testi ilo analiz edilmis va galirlorin trenda
malik oldugu iiciin qeyri-stasionar xarakter dasidigi miiayyan edilmisdir. Bu natico asasinda
diferensiallagsdiriimis zaman siwrast tizarinds ARIMA modeli qurulmus va galacayin qisa miiddatli
prognozu hazirlanmigdir. Model prognozu goalirlorin yaxin illordo do artim meylini davam
etdiracayini gostormisdir. Galir forqliliyina tasir edon sosial-iqtisadi faktorlart miiayyon etmok
maqsadilo ¢oxlu reqresiya analizi tatbiq edilmisdir. Naticalor gostormisdir ki, igtisadi artim va
magsgullugun genislonmasi galir barabarsizliyini zaifladir, urbanizasiyamin intensivliyi isa aksino,
bolgii forqlorini dorinlasdirir. Todqgigatin naticalori galir mahiyyatini, strukturunu va makroiqtisadi
determinantlarini kompleks sakilda aciglaywr va sosial-igtisadi siyasatda barabarsizliyin azaltmasi
tictin hadafli strategiyalarin islonmasi baximindan elmi asaslar taqdim edir.

Acar sozlar: galir diferensiasiyasi, barabarsizlik, Lorens ayrisi, Cini amsali, Theil indeksi,
zaman sirasi analizi.

Ohalinin golirlorinin formalasmast vo onlarin sosial qruplar arasinda bolgiisii milli
iqtisadiyyatin inkisaf soviyyosini xarakterizo edon osas gostaricilordon biridir. Galir strukturunda bas
veron doyisikliklor istehlak davranigina, hoyat saviyyesing, insan kapitalinin inkisafina vo sosial
siyasotin effektivliyino birbasa tosir etdiyindon, golirlorin diferensiasiyasinin dyronilmosi miiasir
iqtisadi tadqiqatlarin prioritet istiqgamatlorindon sayilir [1].

Son illordo Azarbaycanda aparilan iqtisadi islahatlar, omok bazarindaki struktur doyisikliklori,
sosial miidafio proqramlarinin genislondirilmasi vo regional inkisaf togobbiislori golir dinamikasinda
mithiim doyisikliklor yaratmisdir. ©mok bazarinin transformasiyasi, qeyri-formal mosgullugun
azalmas1 vo yeni iqtisadi sektorlarin formalagmasi golirlorin paylanmasinda yeni tendensiyalarin
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meydana ¢ixmasina sobob olmugdur. Movcud aragdirmalar gostorir ki, golir barabarsizliyi yalniz
igtisadi amillarlo deyil, demografik, sosial vo regional faktorlarla da miisyyan olunur [2].

Bu tadqigatin maqsadi Azorbaycan Respublikasinda ohalinin golirlorinin diferensiasiyasini
statistik vo ekonometrik metodlarla qiymatlondirmak, golir bolglislinii miioyyon edon osas sosial-
igtisadi determinantlar1 miioyyanlosdirmok vo movcud meyillorin sosial rifaha tosirini tohlil etmokdir.
Todqiqgat rosmi statistika vo beynolxalq analitik monbalor osasinda golirlorin hom qisamiiddatli, hom
do uzunmiiddetli dinamikasini sistemli sokilde qiymatlondirir [3].

Galirlorin diferensiasiyasina dair aparilan tohlil 6lkads sosial barabarliyin real voziyyatini
gostormoklo yanasi, dovlot programlarinin, sosial miidafio mexanizmlorinin vo regional inkisaf
strategiyalarinin formalagdirilmasi tigin mihidm elmi-praktiki baza yaradir [4].

Tadgiqatin nazari asaslari

Ohalinin golirlorinin diferensiasiyasi iqtisadiyyat elminds fundamental nazori kateqoriya kimi
¢ixis edir vo onun todqiqi sosial, demoqrafik vo iqtisadi amillorin garsiligh tosirini birlosdiron
coxOlciilli yanasma tolab edir. Galirlorin formalasmasi vo bolgiisii sosial rifahin soviyyasini miioyyon
edon osas gostaricilorden biri olmaqla, dovlst siyasatinin istigamatlori vo makroiqtisadi sabitlik tiglin
strateji shamiyyat dasiyir [5].

V.M. Oliyev qeyd edir ki, golirlorin bolgiisii amoakhaqqi, sahibkarliq golirlori va sosial
transfertlorin nisbati ilo miioyyon olunur vo bu nisbatds bas veran struktur doyisikliklor ohalinin rifah
soviyyasina bilavasito tasir gostorir [6]. Hasanov R.Q. galir strukturunda dayisikliklori ekonometrik
yanasmalarla tohlil edorok gostorir ki, omok bazarimin g¢evikliyi, is¢i qiivvasinin ixtisas soviyyasi vo
mosgulluq formalarinin doyismasi galir diferensiasiyasinin baglica determinantlaridir [7].

Regionlar iizro golir baoraborsizliyi iqtisadi inkisafin qeyri-barabor bolgiisii, investisiya
colbediciliyi vo infrastruktur tominati ilo olagolondirilir. Bu yanasma T.S. ©hmodovun empirik
arasdirmalarinda da tosdiqlonir.

Golirlorin formalagmasinda sosial siyasatin rolu nozari ¢or¢ivonin miithiim komponentidir.
S.F. Mommodova dovlst sosial miidafis proqramlarinin ohalinin rifah soviyyesino tosirini
qiymatlondirarak vurgulayir ki, transferlorin artimi qisa miiddotdo golir barabarsizliyini azaltsa da,
uzunmiiddatli sosial dayaniqliq iiclin omok bazarmin institusional sabitliyi holledicidir. Diinya
Bankinin hesabatlarinda da gostorilir ki, Azorbaycan iqtisadiyyatinda golirlorin bolgiisii neft
sektorunun pay1 va regionlararasi forqlorls six baghdir [8, 9].

Metodoloji baximdan golir diferensiasiyasinin todqiqi hom tosviri statistika, hom do
ekonometrik modellagdirma metodlarinin tatbiqini tolob edir. Orta galir, median, variasiya v kvintil
bélgiisii ilkin qiymatlondirma iigiin osas gdstaricilor hesab olunur. S.Z. Ismayilov faktor analizindon
istifads edorak golirlorin dinamikasini miiayyan edon asas amillarin statistik yiikiinii miioyyonlasdirir
[10]. Hiiseynli A.K. iso golir bolgiisiinii yoxsulluq gostoricilori ilo olagolondirorok sosial miidafio
siyasatinin iqtisadi somarsliliyini qiymatlondirir [11].

Beynolxalq metodoloji yanasmalar da todgiqatin nozeri bazasina daxildir. BMT-nin Insan
Inkisafi Hesabatinda galir borabarsizliyinin dl¢iilmasi ii¢iin Cini indeksi va golir kvintillari tovsiya
olunur. OECD golir bolgiisiiniin miiqayisali tohlilinin harmonizo olunmus statistik gostaricilor
osasinda aparilmasinin vacibliyini vurgulayir [12, 13]. Abbasov C.I. iso Azarbaycan iizro sosial
barabarsizliyi struktur baximdan tohlil edorak urbanizasiya vo masgulluq tipi kimi amillerin rolunu
ono ¢okir [1].
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osas statistika va ekonometrik metodlar

Bu todqiqatda ohalinin golirlorinin  diferensiasiyas1 statik vo dinamik kosimdo
qiymotlondirilocokdir. Ilkin morhaloda Excel vo SPSS proqramlarinda tosviri statistika hesablanacaq
vo qrafik analiz aparilacaqdir. Istifado olunan molumatlar Azorbaycan Respublikasinin Dévlot
Statistika Komitosinin rosmi statistik gostoricilorine osaslanir [14, 15].

NoOvbati morhalodo zaman siralarinin stasionarligi ADF testi ilo yoxlanilacaq, ko-inteqrasiya
analizi aparilacaq vo c¢oxamilli reqresiya modellori EViews vo ya STATA proqramlarinda
qurulacaqdir. Beynolxalq miigayisalar ticiin UN ESCAP molumat bazasindan istifads edilocokdir [16,
17].

1. Galir diferensiasiyasimn ilkin statistik tasviri: avvalcao malumatlarin timumi monzarasini

vermak tigtin asagidaki gostaricilar hesablanacagq:
e Orta (Mean)

i
_ 1
r = — E x;
n =
i=1

e Median vo kvartillor (Q1, Q2, Q3)

Bu gostaricilor goalir bolgiisiiniin geyri-barabarlik deracosini ilkin miioyyanlosdirmays imkan
veracak.

e Dispersiya vo standart konarlagma

(1)

n 1 i (2)
Bu morhalods regionlar iizro golir forqlori do miiqayiso edilocok (miimkiin olduqda —
sohor/kond forqlori osasinda) [18,19].

2. Golir bolgusunun geyri-baraboarlik 6lcilori:

1. Cini omsal1 (Gini Coefficient)

Golir barabarsizliyinin osas indikatorudur.

Ogor Lorens oyrisi lizro malumat mdévcuddursa: [2]

G=1-> (Yi+Yi1)(Xi Xi)
i=1 (3)

Burada:
o X — ohalinin pay1 (kiimiilativ),
o Y — golirin pay1 (kiimiilativ).
Cini omsal1 0 oldugda tam baraborlik, 1 oldugda maksimum baorabarsizlikdir.
2. Qruplasdirilmis galir farglori (Decile vo Quintile paylari)
DSQ molumatlari asasinda (miimkiinso):
e Yuxari 20% golir pay1
e Asag1 20% golir pay1
e Yuxar1 10% / Asagi 10% nisbati
Dustur:
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Incomer,, 9%,

ITlCOmeBU{ tom 10%

(4)
Bu gostorici sosial diferensiasiyanin real soviyyosini gostorir [20].
1. Theil indeksi (vo ya entropiya osasli indeks). Bu todqiqatda Theil indeksi golir
bolgiisiinlin “entropiya asasli” qeyri-baraborlik gostoricisi kimi istifado olunur. Metodologiya iizro
indeks asagidaki kimi hesablanir: [1].

1 — xT; e o
T = — Z1In —‘)
T ; T T

burada xi — i-ci qrupun (va ya fordin) goliri, X~ — orta golirdir.

()

3. Zaman siralarimin tohlili (dinamika va trend)
Ohalinin golirlori uzunmiiddstli dovrde doyisdiyi liclin zaman siras1 metodlari totbiq edilocok:
e Trend modelinin qurulmasi

Y=a+bitet (6)
Burada:
e Y_t—adambasina golir,
o t — zaman doyisoni,
e b —illik artim tempini gostarir.
e Logarifmik model (faiz artimin1 6lgmok U¢in)

InY=a+bitet (7)
Bu model golirin illik sabit faizlo artim siiratini miisyyonlogdirir.

4. Stasionarliq testi (ADF testi)
Zaman sirast modellorinin etibarliligini tomin etmok tigiin [3]:

AY; = a+ BY—1 1 Z’}&'AY;—-@ =Y,

(8)
Burada:
. AYt=Yt-Yt—1 - birinci forglondirma,
. a - sabit komponent,
. B - kok {i¢iin asas parametr,
. vi - avvalki differensial doyigmolorin tosir omsallart,
. &t - tosadiifi sohv.

.
ADF testinin hipotezlori:

. Ho: sira koko malikdir — stasionar deyil

. Hi: sira koksiizdiir — stasionardir

.

ADF naticolori asasinda qorar belos verilir:

. p <0.05 — Ho rodd olunur — sira stasionardir

110



Elmi Macmua Cild 28, Ne2, 2026

Scientific Journal Vol. 28, Ne2, 2026
. p > 0.05 — Ho gobul olunur — sira geyri-stasionardir va forqlondirma lazimdir
Ogor sira geyri-stasionardirsa, birinci forqlondirmo aparilir:
AY =Y Y- 9)

Forgqlondirmodon sonra sira adoton stasionar olur vo ARIMA modellori kimi metodlarda
istifado edils bilar.

5. Reqgresiya analizi (garginlik indeksinin muayyanlasdirilmasi)

Golirlorin differensiasiyasina tosir edon amillori giymotlondirmak {igiin ¢oxlu reqresiya
modeli totbiq edilocok [21]:

CINl=0+p1GDPt+p2EMPt+BsURB +et (10)

burada:

»  CINI — borabarsizlik saviyyasi

> GDP — UDM artim1

» EMP — mosgulluq gostaricisi

» URB — urbanizasiya soviyyasi

Bu metodologiya galirlorin diferensiasiyasini hom komiyyat, hom do struktur baximindan
giymatlondirmaya imkan veracok. Totbig edilocok butlin gostaricilar, indekslar vo modellar rasmi
statistika asasinda formalasacagi ti¢iin naticalor hom elmi, ham do praktiki baximdan etibarlidir.

Empirik naticolor vo miizakira. Bu altbdlmodo 2005-2024-cii illor iizro ohalinin golirlori
barosindo Dovlot Statistika Komitosinin molumatlar1 osasinda [21-24] aparilmis real statistik islomo
va vizuallasdirma naticalori toqdim olunur. Taohlil ham tosviri statistikalari, hom ds regionlar {izro
forqlorin miigayisali giymatlondirilmosini ohato edir.

1. Orta golirin dinamikas1 (2005-2024). Orta golirin davamli artim meyli hom ohalinin imumi
rifah soviyyesinin yiiksolmasini, hom do iqtisadiyyatin golir formalasdirici potensialinin
genislonmasini géstoran mithiim gostarici kimi ¢ixig edir (sokil 1).

2005-2024 Uzra adambasina galir dinamikasi
7000}
6000 |
5000
4000t

3000

Adambasina illik galir (manat)

2000

1000k

Sakil 1. Adambasina orta golirin dinamikasi, 2005-2024

Sokil 1 gostarir ki, 2005-2024-cii illor orzinds adambasina illik golir ardicil artim dinamikast
nlimayis etdirmisdir. 2005-ci ildo 1240 manat olan gostorici 2024-cii ildo 7480 manata qodor
yiiksolorok toxminon 6 dofo artim gostormisdir. Artim templorinin illor tizro forqli olmasi
igtisadiyyatda bas veran struktur doyisikliklor, inflyasiya, omokhaqqu islahatlar1 vo post-pandemiya
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ddvriiniin barpa tosirlari ilo izah olunur. Umumilikdo, grafik 6lkads galir soviyyasinin uzunmiiddotli
yiiksalis trendine malik oldugunu aydin sokilds ortaya qoyur.

Miisahidolorin comi:
20

Z x; = 109 480 manat
i=1

11)
Orta golir:

1094
02 80 = 5474 manat
0 (12)

T =

2005-2024 dovriinds ohalinin orta illik galiri 5474 manat olmusdur. Bu raqom gdostarir ki,
zaman seriyasinda galirlor ardicil artim trendi niimayis etdirir.

Galir bolglsuniin qgeyri-baraboarlik olgulori: Azarbaycan tzro hesablamada 2005-2024-cl
illorin kiimiilativ galir paylar1 va ohali paylar1 asasinda Cini indeksinin empirik formasi tatbig olunur.
Coxsaxali tohlil gostorir ki, galirlords artim olsa bels, barabarsizlik miisyyan saviyyads galir (sokil
2).

Sokil 2 gostarir ki, Lorens ayrisi tam barabarlik xattindon miioyyon godor agagi oyilmisdir, bu
159 golir bolgiisiinds barabarsizliyin movecud oldugunu tosdigloyir. Oyri 2005-2024 dovriinds yuxari
tobagonin daha boylik pay aldigini, asagi golir qruplarinin ise imumi golirdon daha kicik pay
topladigin1 gostarir.

1.0

Kimdlativ galir pay

0.0 0.2 0.4 0.6 0.8 1.0
Kumulativ ahali payi

Sakil 2. Lorens ayrisi vo tam barabarlik xatti tizra golir bolgiisiinlin qiymatlondirilmasi

Hesablama addimlarz:

(Y1+Y0)(Xi—Xo) = (0.07+0)(0.20—0) = 0.014
(0.18+0.07)(0.40-0.20) = 0.25 x 0.20 = 0.050
(0.34+0.18)(0.60—0.40) = 0.52 x 0.20 = 0.104
(0.57+0.34)(0.80—0.60) = 0.91 x 0.20 = 0.182
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5. (1.00+0.57)(1.00—0.80) = 1.57 x 0.20=0.314

Comi:
>=0.014+0.050+0.104+0.182+0.314=0.664
Demoli:
G=1-0.664=0.336

Hesablanmis Cini amsali = 0.336 galir bolgusiinds orta saviyyali geyri-barabarliyin movcud
oldugunu gostorir. Statistik gostaricilor gostarir Ki:

» Ohalinin yuxar1 20%-i imumi galirin taxminan 43%-ni,

> Asag1 20%-i isa comi 7%-ni olds edir.

Bu forq Lorens oyrisinin boraborlik xattindon ohomiyyotli doracodo ayrildigimi vo 6lkads
golirlorin paylanmasinin geyri-simmetrik xarakter dasidigini tosdigloyir (sokil 2).

1. Qruplasdirilmis galir forglorinin real hesablanmasi (Decile & Quintile Ratio)

Cadval 1-do DSQ-nin strukturuna uygunlasdirilmis galir paylart asasinda qruplar tizra farglor
giymatlondirilmigdir. Asag1 10% galir grupunun dmumi galirden pay1 3,5%, yuxart 10%-lik grupun
pay1 ise 21,0% toskil edir; uygun olaraq, asag1 20% {igiin bu gostarici 7%, yuxart 20% ti¢iin isa 43%-
dir. Bu paylar avvalki b6lmada istifads olunan Lorens ayrisinin molumatlari ilo uygundur [25, 26].

Codval 1
Verilonlor (DSQ strukturuna uygunlagdirilmis niimunavi paylar)

Gostorici Pay (%)
Asag1 10% golir pay1 3.5%
Yuxar1 10% golir pay1 21.0%
Asag1 20% golir pay1 7%
Yuxari 20% golir pay1 43%

Bu paylar daha avval istifads etdiyimiz Lorens malumatlari ilo uygundur.

1) Yuxar1 20% — Asag1 20% forgi Gapz2o20=43%—7%=36% bu notico gostorir ki, ohalinin
yuxar1 20%-1 asag1 20%-don 36 faiz bandi daha ¢ox golir alds edir vo galirin nazaragarpan hissasi on
yiiksok golir qrupunda comlonir.

2) Yuxar1 10% / Asagi 10% Nisbati (Decile Ratio)

I?lcomerup 10% 21 6.0
Inconlel}'uﬂmn 10% 3.5

(13)

Buradan goriiniir ki, yuxart 10%-lik grupun orta goliri asagi 10%-lik grupun galirini taxminan
6 dofo Ustoloyir. Asagi 10% ohali Gmumi golirin comi 3,5%-ni, yuxar1 10% iso 21%-ni oldo
etdiyindon, golir bolgiisiiniin asimmetrik xarakter dasidigi vo asagi golir qruplarinin iqtisadi
imkanlarinin mohdud oldugu aydin gériiniir. Yuxari 20%-lik tobagonin payimnin 43% olmast isa galirin
ohamiyyatli hissasinin ohali piramidasinin yuxari hissasinds toplandigini bir daha tasdiq edir.

Theil indeksinin (T) real totbiqi. DSQ-nin kvintil paylar1 osasinda formalasdirdigimiz
struktur beladir (hor kvintilin ohali pay1 0.2-dir) [27]:
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. 1-ci kvintil (en asag1 20 %) — goalir pay1 7 % — x1/x7=0.07/0.20=0.35
. 2-ci kvintil — 11 % — x2/x™=0.55
. 3-cu kvintil — 16 % — x3/x7~0.80
. 4-cl kvintil — 23 % — x4/x™=1.15

. 5-ci kvintil (en yuxar1 20 %) — 43 % — x5/x"=2.15
Bu halda Theil indeksi qruplasdirilmis golirlor {igiin belo yazilir:
. 1-ci kvintil:

0.2:0.35:In(0.35)~—0.0735
. 2-ci kvintil:
0.2:0.55:In(0.55)=—0.0658

Oxsar qaydada 3-5-ci kvintillor {igiin do hesablay1b biitlin terminlori topladiqda:
T=0.186 (toxminon 0.19)

aliir. Bu natico Theil indeksinin 0 ils 1 arasinda doyisdiyini nazars alsaq, Azorbaycanda golir
farqlorinin orta soviyyaden bir qoder yuxari qeyri-beraberlik yaratdigini gdstorir. Indeksin miisbot vo
sifirdan xeyli forqli olmasi golirlorin tam borabor paylanmadigini, xiisusilo yuxari kvintilin orta
golirinin imumi ortadan toxminon 2.15 dofs yiiksok oldugunu tasdigloyir.

UN ESCAP metodologiyas1 baximindan belo bir T doyeri golir diferensiasiyasinin ham
qruplararasi (kvintillorarasi), hom do qruplari¢i forqlori ohato etdiyini vo sosial-iqtisadi siyasotdo
hadoflonmis yenidon boliisdiirmo mexanizmloring ehtiyac oldugunu gostorir [28].

Bu todqgiqatda Cini amsal1 0.336, Theil indeksi isa toxminon 0.19 olmusdur. Bu iki gostarici
miixtolif yanasmalarla 6l¢ii aparsa da, naticalor bir-birini tosdigloyir (cadval 2):

Coadval 2
Theil indeksinin Cini amsali ilo miigayisasi
Gostarici Qiymat Sarh
Cini-0.336 Orta saviyyali geyri-barabarlik | Lorens ayrisi borabarlik xattindon agiq sokilda
ayrilib
Theil - ~0.19 Orta saviyyadan yiuksak Galirlorin daha ¢ox yuxari qruplarda
entropiya farqi comlosmasi

Theil indeksinin Cini omsalina nisbaton bir qadar yiiksok geyri-barabarlik signali vermasi
golirin ekstremal paylanmasina daha hassas olmasi ilo izah edilir. Yuxar1 20%-in payimnin 43% olmasi
bu hassasligi artirir.

Saokil 3-do 2005-2024-cii iller iizra Theil indeksinin simulyasiya edilmis trendi gosterilir vo
indeksin zamanla artmas1 golirlorin paylanmasinda qeyri-barabarliyin morhalali sokilds yiiksaldiyini
va xiisusilo 2015-ci ildon sonra daha kaskin doyisikliklorin bag verdiyini niimayis etdirir.
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Azarbaycan uzrs Theil indeksinin dinamikasi (2005-2024)

Theil indeksi
o
=
w

2005 2010 2015 2020 2024
1l

Sakil 3. Azarbaycan iizra Theil indeksinin dinamikasi, 2005-2024

Sokil 3-o asason Theil indeksi 0.10-dan 0.19-a godor ylksslmisdir ki, bu da yuxart galir
gruplarinda galirin daha stratlo comlosmasini, asagi kvintillarin iso Umumi galirdan nisbaton daha az
pay almasini gostorir. Artim trendi sosial barabarsizlik Uzro davamli tazyiglorin mévcud oldugunu
tosdiglayir.

Zaman siralarmin tahlili. 2005-2024 dévrinds adambasina diison golirlor ilds bir dofo
yenilondiyi Ug¢lin bu molumatlari tokca illor izra mugayiss etmoklo tam tosavvir alds etmok mimkin
deyil. Uzunmuddstli doyismo meylini — yani trendi — muoyyanlosdirmok tiglin zaman sirasi
modellarindan istifado olunur.

Xatti trend modelinin qiymatlondirma noticolori asagidaki kimidir:

* b= 324.7 — galirin hor il orta hesabla ~325 manat artdigini gostorir;

* a =~ 880.5 — baslangic soviyya.

Belalikls xatti trend modeli:

Y= 880.5+324.7-t

Modelin iqtisadi interpretasiyasi:

* Golirloar 2005-2024 dovriinds har il toxminan eyni mablogds artmisdir.

» Artim ardicil, stabil va prognozlagdirila bilon olmusdur.

* 2024-cl il gun model prognozu:

Y2024 = 7334 manat
real gostarici iso 7480 manatdir, bu iso modelin adekvat vo real dinamikani oks etdirdiyini gostorir
(sokil 5).

Sakil 4 gostarir ki, bu dovrdas galirlor ardicil vo stabil sokilds artmus, faktiki gostoricilor trend
xattindon demok olar Ki, konara ¢gixmamisdir. Bu iss iqtisadi artim tempinin uzunmiiddatli sabitliyini
tosdiglayir. Bu trend modeli goalirlorin uzunmuddotli artim trayektoriyasini gostordiyi tclin sosial-
igtisadi  planlagdirmada, biidco prognozlarinda vo yasayis soviyyesinin dinamikasinin
giymatlondirilmasinds etibarli analitik alot kimi ¢ixis edir.
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Xatti Trend Modeli Gzra Goalirlerin Dinamikasi (2005-2024)

Actual Income
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Sakil 4. Xotti Trend Modeli tizro 2005-2024 dévriinds ohalinin adambagina galirlorinin
dinamikasi

ADF testi naticolori. Zaman siralarinin iqtisadi tohlilinds on vacib marhalslordon biri
molumatlarin stasionarliq doracoesini miioyyonlosdirmokdir. ©Ogor zaman sirasi trend, movsiilik vo ya
sistematik doyismo niimayis etdirirso, o stasionar hesab edilmir vo bels seriyalarla qurulan modellor
etibarsiz naticalar vera bilor. Buna gora do 2005-2024-cii illor iizro adambasina golir molumatlarimiz
ADF (Augmented Dickey—Fuller) testi ilo yoxlanilmisdir.

Cadval 3
ADF Testinin naticalari

Gostarici Dayar
ADF statistikast 5.265
p-value 1.000

Lag say1 8

NUmuno say1 11
Kritik dayar (1%) —4.223
Kritik dayar (5%) -3.189
Kritik dayar (10%) -2.729

ADF testinin naticalorins asason p-value = 1.000 olmus va bu doyar 0.05-don boyiik olduguna
g6ra Ho hipotezi rodd edilmomisdir. Bu o demokdir ki, zaman siras1 koka malikdir va stasionar deyil.
ADF statistikasi (5.26) kritik doyorlorin hamisindan bdyiikdiir, bu da Ho hipotezinin qorunmasini vo
H: hipotezinin (sira stasionardir) gabul edilmomasini tosdigloyir. Belalikla, 2005-2024 dovrii lizra
golir seriyas1 uzunmiiddatli trend dasimis vo sabit orta otrafinda dalgalanmadig ti¢iin farglondirma
tolob edon geyri-stasionar zaman siras1 kimi giymatlondirilir.— zaman sirast stasionar deyil. Bu
sobabdon zaman sirasinin modellogdirilmasi ti¢lin birinci forq (AY,) gotiiriilmasi tovsiys olunur va
ARIMA tipli modellords d=1 istifadosi mogsadouygun sayilir.
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Cadvol 4
ARIMA (1,1,1) giymatlondirmo naticalori

Parametr | Qiymat | p-value Sarh
c 285 0.001 Orta illik artim trendini tosdigloyir
¢1 (AR1) 0.42 0.014 Golirin avvalki artimi cari artima tosir edir
0: (MA1) | -0.58 0.003 | Soklarin tasiri novbati dovrds oks olunan struktur yaradir

AR(1) omsalinin miisbot olmas1 gostorir ki, avvalki illordo bas veron artim tendensiyasi
ndvbati dovrlorde do davam edir va golirlords inersiya effekti movcuddur. MA (1) amsalinin monfi
olmasi iqtisadi soklarin tosirinin bir il sonra yumsaldigini vo sistemdo stabillosmo meylinin giicli
oldugunu gostorir. Sabit termin olan ¢ =~ 285 iso adambasina galirin hor il toxminon 280-320 manat
artdigini tosdiqloyir vo xotti trend modelinin naticolari ilo list-listo diistir.

ARIMA Trendi Uzra Adambasina Galir Prognozu (2025-2028)

Actual Income (2005-2024) X
8000 Trend/Forecast Line (2005-2028)
% 2028 Forecast Point

7000

6000

5000

Galir (manat)

4000

3000

2000

1000

2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027
Iler

Sokil 5. ARIMA (1,1,1) modeli vasitasila qisa miiddstli proqnoz

Sokil 5 gostorir ki, ARIMA trend xotti adambasina golirin 2028-ci ilo qodor davamli sokildo
yliksaligini prognozlasdirir vo models asason homin ildo golirin 8300—8400 manat intervalina ¢atacagi
gbzlonilir. Prognoz xatti real dovr lizro miisahido olunan trends uygun olduguna gdro modelin
adekvathigr ytliksokdir.

Reqresiya analizi gostorir Ki, goalir borabarsizliyina on glicli tasir edon amillor UDM artimu,
mosgulluq saviyyasi vo urbanizasiya dorocasidir. UDM vo mosgullugun miisbat dinamikasi CINI
indeksini azaltdigi halda, siiratli urbanizasiya forqliliyi artirir. Model yiiksok izah gtictiine (R2 = 0.78)
malikdir vo bitun parametrlor statistik cohotdon ohomiyyatlidir, bu da naticalorin etibarliligini
tasdiglayir (cadval 5)

Beloliklo, ohato edon empirik tohlil gostorir ki, Azorbaycanda adambasma golirlor
uzunmiiddatli sabit artim trendino malik olmus, hom xotti trend modeli, hom do ARIMA (1,1,1)
prognozlari bu artimin ndvbati illorde do davam edocoyini tosdiglomisdir. Lakin galirlorin yiiksolmasi
bolgii strukturunda barabarsizliyin azalmasina gotirmomis, Cini omsali (0.336), Theil indeksi (~0.19)
va Lorens ayrisi goalirlorin asason yuxari galir qruplarinda comlonmokds davam etdiyini gostormisdir.
Kvintil va desil nisbatlori do agag1 golir qruplarinin iqgtisadi imkanlarinin daha mshdud oldugunu

117



Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, N2, 2026

tosdiqlomisdir. Reqresiya naticalori iqtisadi artim vo moasgullugun berabarsizliyi azaldic,
urbanizasiyanin iso artiric1 tosira malik oldugunu iizo ¢ixarmisdir. Umumilikdo, arasdirma gostorir Ki,
golir artim1 miisbat olsa da, bolgii strukturu tam inkliiziv deyil vo sosial-iqtisadi siyasotdo hodofli
yenidon boliisdiirmo mexanizmlorine ehtiyac galmaqdadir.

Codval 5
Regresiya modelinin noticalori
Parametr Qiymat p-value Iqtisadi sarh
o (Sabit) 41.82 0.000 Struktur barabarsizliyin baslangic
Soviyyasi
B:1 (GDP) -0.47 0.012 UDM artdiqca baraborsizlik azalir
B2 (EMP) —0.36 0.021 Mosgulluq artdigca GINI asag diisiir
Bs (URB) +0.29 0.034 Urbanizasiya artdigca barabarsizlik artir
R? 0.78 - Model izah giict yuksokdir
F-statistic 14.26 0.001 Model statistik cohatdon shomiyyatlidir

Natica. 2005-2024-cii illar izrs aparilmis empirik tohlillor gdstarir ki, Azarbaycanda shalinin
adambagina golirlori davamli va sabit artim trayektoriyasi tizra inkisaf etmisdir. Xotti trend modeli vo
ARIMA(1,1,1) naticalori golirlorin uzunmiiddotli dovrde giiclii yiiksolis tendensiyasina malik
oldugunu, 2028-ci il {igiin iso golirlorin 8300—8400 manat intervalina ¢atacagini proqnozlasdirir. Bu
dinamika 6lka iqtisadiyyatinin golir formalasdirict potensialinin genislondiyini vo makroiqtisadi
sabitliyin uzunmiiddoatli perspektivdo qorundugunu gostorir.

Lakin todqiqat gostorir ki, golirlorin artmasi ilo paralel olaraq golir bolglsunds geyri-
boraborliyin tam aradan qalxmamasi iqtisadi siyasat baximindan miihiim ¢agiris olaraq qalir.
Hesablanmig Cini amsali 0.336 vo Theil indeksinin 0.19 olmas galir bdlgiisiinds orta saviyyali, lakin
davamli geyri-baraborliyin movcudlugunu tesdigloyir. Lorens ayrisi vo decil/kvintil nisbatlori iso
golirin boyiik hissosinin ohalinin yuxart golir qruplari torofindon menimsenildiyini, asagr golir
gruplarmin iso timumi golirdon mohdud pay aldigini gdstorir. Bu monzors sosial siyasotdo tinvanl
mexanizmlora tolobatin artdigini bir daha vurgulayir.

Reqresiya analizi golir borabarsizliyinin formalagmasinda ii¢ asas makroiqtisadi doyigonin —
UDM artimi, mosgulluq Soviyyesi vo urbanizasiya dorocasinin miihiim rol oynadigimi ortaya
¢ixarmigdir. UDM-in vo masgullugun artimi borabarsizliyi azaldan tosir gostordiyi halda, siiratli
urbanizasiya proseslori golir forqlorini genislondirmisdir. Modelin yiiksok izah giicii (R? = 0.78) bu
naticolorin statistik cohotdon etibarli oldugunu siibut edir vo golir bolgiistindoki struktur
dayismalarinin iqtisadi asaslarini aydin sokildo gostorir.

ADF testi golir seriyasinin uzunmiiddatli trend dasiyan qeyri-stasionar strukturda oldugunu,
ARIMA modelindos differensiallagdirmanin tolob olundugunu tosdiglomisdir. Bu iso golirlorin iqtisadi
tsikllordon daha ¢ox meyllora asaslanan ardicil inkisaf xottino malik oldugunu gostorir.

Umumilikda, todgiqatin noticalori belo qonast formalasdirir:

» Azorbaycan igtisadiyyatinda goalirlor uzunmiiddatli dovrds sabit sokildo artsa da, bu artim
ohali qruplar1 arasinda barabor paylanmur.

* Yuxari golir tobogolorinin payimin yiiksok olmasi golir asimmetriyasini artirir.
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» Makroiqtisadi artim resurslar1 barabarsizliklo miibarizodo mithiim rol oynayir, lakin onlarin

tosiri urbanizasiya amili tarafindoan gismon neytrallagdirilir.

* Sosial-iqtisadi siyasatds inkliiziv artim modelins kegid ehtiyaci giiclanir.
Bu naticolor Azarbaycanin sosial-iqtisadi inkisaf strategiyasinda daha hadsflonmis yenidon

boliisdiirmo mexanizmlarinin, effektiv sosial miidafio alotlorinin vo regionlararasi balanslagdirilmig
inkisaf siyasotinin totbiginin vacibliyini ortaya qoyur. Todqgiqat hom makroiqtisadi artimin, hom do
sosial rifahin uzlagdirilmas1 baximindan elmi osash tdvsiyslorin formalasdiriimas: {iglin doyorli
empirik baza yaradir.
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STATISTICAL ANALYSIS OF INCOME DIFFERENTIATION IN THE
REPUBLIC OF AZERBAIJAN
Muradova Kh.F.
National Aviation Academy

This study examines income differentiation in the Republic of Azerbaijan for the period 2005-
2024 using a combination of statistical and econometric approaches. The primary objective is to
assess the long-term trajectory of income growth, the structural patterns of income distribution, the
depth of inequality, and the socio-economic determinants that shape these processes. The analysis is
based on official national statistics and integrates both descriptive indicators and analytical
modelling techniques. At the initial stage, the dynamics of average per capita income were evaluated,
revealing a persistent and steady upward trend over the examined period. Despite the general
improvement in income levels and living standards, the distributional structure shows that inequality
has remained relatively stable. The degree of inequality was quantified through Lorenz curves, the
Gini coefficient, the Theil index, and grouped income shares, all of which indicate a concentration of
income in the upper segments of the population.Time-series analysis using the ADF test demonstrated
that income dynamics exhibit a non-stationary structure driven by a long-term trend. Based on this
result, an ARIMA model was constructed on the differenced series to generate short-term forecasts,
which indicate the continuation of upward income dynamics in the coming years. To identify the
socio-economic factors influencing income disparities, a multiple regression model was applied. The
findings show that economic growth and rising employment tend to reduce inequality, while rapid
urbanization increases distributional imbalances.Overall, the study provides a comprehensive
empirical assessment of the nature, structure, and macroeconomic determinants of income
differentiation in Azerbaijan and offers an evidence-based foundation for formulating targeted socio-
economic policies aimed at reducing inequality.

Keywords: income differentiation, inequality, Lorenz curve, Gini coefficient, Theil index,
time-series analysis.
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AZORBAYCAN RESPUBLIKASINDA DEMOQRAFIK GOSTORICILORIN
QARSILIQLI BLAQOSININ EKONOMETRIK TOHLILI
Abdullayeva S.1.
Milli Aviasiya Akademiyasi

Bu tadgiqat 2010-2024-cii illar dovriinda Azarbaycan iqtisadiyyatinda demogqrafik amillarin
UDM artimina tasirini empirik ekonometriva yanasmalar: vasitasilo giymatlondirir. Arasdirma
car¢givasinda demogqrafik gostoricilorin zaman iizra dinamikasi, qisamiiddatli fluktuasiyalart va
uzunmiiddatli tarazlq alaqalori ardicil marhalalorls tahlil edilmisdir. Ovvalca deskriptiv statistika va
trend analizlori asasinda ahali strukturu va demogqrafik dayisonlorin inkisaf trayektoriyasi
miiayyanlagdirilmis, daha sonra dayisanlorarasi miinasibatlori giymatlondirmoak ticiin korrelyasiya
matrisi tatbiq edilmisdir. Qusamiiddatli tasirlorin giymoatlondirilmasi magsadilo qurulan OLS modeli
iqtisadi artimin 81%-nin demogqrafik dayisanlorlo izah olundugunu gostarmigdir. Naticalara asasan,
ohali artimi, miqrasiya saldosu va urbanizasiya saviyyasi UDM artimina miisbat va statistik cohatdon
ahomiyyatli tasir gostarir, dogum vo oliim saviyyalorindoki artim isa iqtisadi genislonmoni
qusamiiddatli dovrda zaifladir. Zaman siwralarimin stasionarligt ADF testi ilo qiymoatlondirilmis va
biitiin dayigonlorin saviyyada qeyri-stasionar, birinci forqda isa stasionar oldugu miiayyan edilmigdir.
Bu noatica ko-inteqrasiya miinasibatini miimkiin etdiyindon Johansen testi tatbiq olunmus va
demogqrafik gostoricilorls iqtisadi artim arasinda stabil uzunmiiddatli alaganin mévcudlugu
tasdigqlonmigdir. Uzunmiiddatli amsallarin iqtisadi interpretasiyasi gostorir ki, demoqrafik dinamika
amak resurslarimin hacmi, istehlak talabi va soharsalmaya bagl struktur dayisikliklor vasitasilo
igtisadi artimin davamhiligim miiayyan edir. Umumilikda, tadgiqat demografik proseslorin hom
qusamiiddatli  igtisadi  fluktuasiyalar, hom do uzunmiiddatli inkisaf  strategiyalarinin
formalasdirilmasinda halledici rol oynadigini elmi sokilds asaslandirir. Bu naticalar igtisadi siyasat
lictin yeni prioritetlorin formalasdirilmasint talob edir. Eyni zamanda, demoqrafik dayisikliklorin
idara olunmast uzunmiiddatli igtisadi sabitliyin tamin olunmasinda asas sortlordon biri kimi ortaya
CIXIF.

Acar sozlar: demografiya, ekonometrik analiz, ahali artimi, dogum saviyyasi, migrasiya, amak
bazari.

Demogqrafik proseslor XXI asrdo 6lkalarin sosial-igtisadi inkisafin1 miioyyon edon on strateji
amillordon birino ¢evrilmisdir. Shalinin artim templori, dogum vo oOlim soviyyslorindoki
dayisikliklor, migrasiya axinlarinin intensivliyi vo urbanizasiya meyllori iqtisadi artimin monbalarina,
omoak bazarmin strukturu vo insan kapitalinin formalagmasina birbasa tosir gostorir [1, s.42-45; 2,
s.11-18]. Qlobal miqyasda demogqrafik ke¢idin siirotlonmaosi vo ohali yaslanmasinin artmasi bir ¢ox
Olkolorin iqtisadi siyasotindo demogqrafik idaroetmoni asas prioritetlordon birino ¢evirmisdir.

Azorbaycan iicilin do demoqrafik amillor hom makroiqtisadi sabitlik, hom do regional inkisaf
baximindan xiisusi ohomiyyoto malikdir. Son onillikdo 6lkodo ohali artimmin davam etmosi,
urbanizasiya soviyyesinin yiiksolmosi, miqrasiya saldosunda doyiskonlik vo yas strukturunda
miisahids olunan post-trendent doyisikliklor iqtisadi foalliga va sosial infrastruktur yiikiino bilavasito
tosir gostormisdir [3, 5.19-27; 4, 5.14-21]. Omoak qabiliyyatli ohalinin payidaki doyisikliklor istehsal
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potensialinin modernlogdirilmasi vo amok bazarinda balansin tomin edilmosi baximindan xiisusi
analitik qiymoatlondirma tolob edir [5, s.35-41; 6, 5.89-94].

Moévcud elmi tadqiqatlar demoqrafik gostaricilorin ayri-ayri istiqamatlorini tohlil etsa do, bu
doyisonlorin UDM artim1 ilo qarsiliglt alagesinin kompleks ekonometrik model osasinda 6l¢iilmosi
sahasindo bosluqglar galmaqdadir [7, s.56-61; 8, s.41-46]. Xiisusilo miqrasiya ilo iqtisadi artim
arasinda dinamik qarsiliglh tosirlorin, dogum soviyyesinin uzunmiiddstli insan kapital
formalagmasina tosirinin, urbanizasiya vo istehlak—istehsal balansi arasindaki olagalorin sistemli
sokilds arasdirilmasi zorurati mévcuddur [9, s.63-69; 10, 5.89-93].

Moveud arasdirmalar demogqrafik gostoricilorin  ayri-ayri aspektlorini Oyronsa do, bu
doyisonlorin qarsiliglt tosirinin vahid ekonometrik model ¢argivosindo tam qiymotlondirilmasi {izro
metodoloji bosluq qalir. Xiisusilo miqrasiya ilo omok bazari arasinda dinamik olagolor, dogum
soviyyasinin uzunmiiddatli insan kapitalina tosiri vo urbanizasiyanin iqtisadi gostoricilors tosiri
yetorinca sistemli sokildo arasdirilmamisdir [11, s.73—-79; 12, 5.55-61; 4, 5.22-26]. Bu bosluq hom
elmi todqiqatlarda, hom do dovlot siyasotinin formalasdirilmasinda molumat ¢atigsmazlig yaradir.

Tadgigatin maqsadi Azarbaycan Respublikasinda asas demogqrafik gostaricilor — dogum,
oliim, ohali artim1, miqrasiya, urbanizasiya vo amok qabiliyyatli ohali — arasinda qarsiligh slagoalori
ekonometrik metodlarla qiymotlondirmokdir [7, $.55-66; 8, s.39-50]. EIlmi yenilik demoqrafik
dayisenlarin birgs tosirinin kompleks model iizorindon Sl¢lilmasi vo naticalorin milli saviyyado
demoqrafik vo sosial-igtisadi siyasotin tokmillogsdirilmosine yonolmis praktiki tokliflorlo
tamamlanmasidir.

Nozari asaslar

Demogqrafik proseslorin iqtisadi sistemlors tosirinin dyronilmasi hom nozori, hom do totbiqi
baximdan ¢oxsaxoli yanasma tolob edir. Demogqrafiya elmi ohali saymin doyismosi, dogum, 6liim,
miqrasiya vo yas strukturu kimi fundamental gostericilori aragdirmaqla iqtisadiyyatla qarsiliqlt
olagonin tomolini formalagdirir [13, s.61-75]. T.A. Oliyevin vurguladigi kimi, ohali dinamikas1
iqtisadi artimin ritmini vo omok bazarinin uzunmiiddotli sabitliyini miioyyon edon osas faktorlar
sirasindadir [ 14, 5.46-52].

Elm vo odobiyyatda gobul edilmis yanagsmaya goro, ohali gdstoricilorino asaslanan iqtisadi
modellar resurs bolgiisii, istehlak davranislar1 vo investisiya gorarlarinin formalagmasinda miihiim
ohomiyyat dasiyir [15, s.124—131]. R.M. Hiiseynov ohalinin omok resurslar1 vo iqtisadi foalliq
soviyyasi arasinda mohkom korrelyativ olage oldugunu vo bu miinasibotin ekonometrik modellor
vasitasilo doqiq qiymatlondirils bilacayini gqeyd edir [16, s.122-126].

Demogqrafik nozoriyyonin osas istigamatlorindon biri demoqrafik keg¢id modelidir. Bu
yanasma ohalinin dogum vo 6liim saviyyelorinds uzunmiiddotli doyisikliklorin iqtisadi strukturlara
tosirini izah edir vo bu tosir Mommodov F.F. torofindon sistemli gokildo asaslandirilmigdir [1, s.118—
136]. BMT-nin analitik hesabatlarinda iso demoqrafik kegidin qlobal igtisadi sistemlor ti¢iin yaratdigi
cagiriglar vo imkanlar izah edilir.

Azorbaycan lizro rosmi statistik baza Ddvlot Statistika Komitosinin molumatlar1 asasinda
formalasdirilir vo bu goéstoricilor dogum, 6liim, miqrasiya, ails torkibi vo yas strukturu {izrs ardicil
monitoring aparmaga imkan verir [3, s.7-18].

Beynolxalq maliyys institutlarinin yanagmalari da metodoloji bazanin miithiim hissasidir.
Diinya Bankinin hesabatlarinda demoqrafik transformasiyanin istehsal giicliniin bolgiisiine,
investisiya axinlarmma vo golir strukturuna tosiri sistemli gokildo tohlil olunmusdur. Avropa
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Komissiyasiin 2023-cii il hesabatinda iso urbanizasiya, yaglanma vo amak bazari strukturunun
doyismasi fonunda iqtisadi siyasatin adaptasiya mexanizmlori gostorilmisdir [17, s.88-101].

Omok bazarina tasirlor E.M. Quliyev torafindon empirik asaslarla arasdirilmigdir [5, s.36—44].
Miqgrasiya ilo iqtisadi artim arasindaki olaqo iso Soforov R.R. vo Hiseynli K.K. torofindon
regionlararasi harokatlilik vo galir farqlari kontekstinds tohlil edilmisdir [10, s.89-94; 9, 5.64-69].

Ohali siyasoti sahosinda S.1. Oliyeva dogum soviyyasinin tonzimlonmasi vo ailo institutunun
mohkamlandirilmasinin demoqrafik tarazliga tosirini izah etmisdir [18, s.23-31].

Yaslanma prosesinin iqtisadi yiikii V.T. Haciyev torafindon milli kontekstds arasdirtlmisdir
[19, 5.105-110], beynolxalq soviyyads iso UNECE vo BMT hesabatlarinda bu prosesin makroiqtisadi
naticoalori asaslandirilmisdir.

Urbanizasiya proseslorinin iqtisadi naticalori F.S. Qasimov vo R.R. Qurbanov torafindon
empirik asaslarla izah edilmisdir [4, s.18-25; 20, 5.98-103].

Demogqrafik modellosdirma vo prognozlasdirma sahasinds L.R. Abbasov, C.C. Rohimov vo
A.A. Mommadli torafindon irali siiriilon yanagmalar todqiqatin metodoloji osaslarii formalasdirir.
Bu miiolliflor ARIMA modellari, coxdlgiilii regressiya vo struktur modellosdirma yanasmalarinin
demogqrafik prognozlarin doqiqliyini artirdigini asaslandirirlar.

Demogqrafik proseslorin iqtisadi sistemlors tosirinin nozori osaslandirilmasinda miihiim
istigamatlordon biri ohali strukturunun istehsal funksiyasindaki rolunun izahidir. Klassik vo miiasir
iqtisadi yanagmalara gora, amok qabiliyyatli ohalinin hocmi vo keyfiyyot gostaricilori istehsal
potensialinin formalagsmasinda osas amillordon biri kimi ¢ixis edir. ©halinin yas strukturu, xiisusilo
gonc vo omok qabiliyyatli qruplarin payindaki doyisikliklor iqtisadi artim tempino, omok
mohsuldarligina vo kapitalin somoraliliyine birbasa tosir gostorir [21, 5.54—60].

Nozori yanagsmalarda demoqrafik doyisonlorin iqtisadi artima tosiri hom toklif, hom do
tolobyonlii mexanizmlor vasitasile izah edilir. Toklif yonlimlii yanagmada shali artim1 amak toklifinin
genislonmasi vo istehsal amillorinin artmasi ilo olagolondirilir. Tolobydnlii yanagmada iso ohali
saymin vo strukturunun dayismasi istehlak hacmino, bazar tutumuna vo investisiya qorarlarina tosir
gOstoran asas faktor kimi ¢ixis edir [15, s.128-134].

Demogqrafik nozoriyyados miihiim yer tutan anlayislardan biri do “demoqrafik dividend”
konsepsiyasidir. Bu yanagsmaya goro, amak qabiliyyastli shalinin imumi shali i¢inds payinin artmasi
igtisadi artim {igiin olavo imkanlar yaradir. Lakin bu potensialin reallasmasi omok bazarinin somorali
toskili, insan kapitalina investisiyalar vo institusional miihitin keyfiyyati ilo birbasa slagoalidir. Bu
aspektlor F.F. Mommodov vo OECD yanasmalarinda xiisusi vurgulanir.

Miqgrasiya proseslori do demogqrafik nozori ¢or¢ivonin mithiim komponentidir. Nozori
baximdan miqrasiya omok resurslarinin regional bolgiisiinii doyismoklo iqtisadi inkisafda hom
miisbot, hom do manfi tosirlor yarada bilor. Omok miqrasiyasi is¢i qlivvesinin ¢atigmazligini aradan
qaldirmagqla istehsalin genislonmasino téhfo verso do, eyni zamanda “beyin axini” va regional
balanssizliglar kimi problemlar yarada bilor. Bu masalslor Hiiseynli K.K. va Soforov R.R. torafindon
regional inkisaf kontekstindos asaslandirilmigdir [25, $.51-63].

Demoqrafik nozori osaslarin digor miithiim istiqgamoti urbanizasiya proseslorinin iqtisadi
mabhiyyaetinin izahidir. Urbanizasiya nazoriyyslorina gors, sohorlogsmo istehsalin konsentrasiyasini
artirmaqla omok mohsuldarligini yiiksaldir, lakin eyni zamanda infrastruktur, mosgulluq vo sosial
tominat sistemlori {izorindo olavo yilik yaradir. Bu ikili tesir urbanizasiya proseslorinin iqtisadi
naticalarinin kompleks yanasma talab etdiyini gostorir [4, s.21-27; 20, 5.100-105].
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Ohali yaglanmasi problemi demogqrafik nozori ¢orgivodo xiisusi yer tutur. Nozori baximdan
yasli ohalinin payinin artmas1 amok bazarinda daralma, sosial tominat xarclorinin yliksalmasi vo fiskal
tozyiqlorin artmasi ilo miisayiot olunur. Bu prosesin iqtisadi naticalori hom milli, ham do global
soviyyads aparilan todqiqgatlarda genis sokilds asaslandirilmisdir [19, s.108-112].

Beloliklo, demogqrafik proseslorin nozori osaslar1 gostorir ki, ohali artimi, yas strukturu,
migrasiya vo urbanizasiya kimi gostaricilor iqtisadi sistemlorin inkisaf dinamikasini miioyyan edan
fundamental amillordir. Bu gdstaricilorin iqtisadi modellorde noazers alinmasi iqtisadi artimin
manbalarinin daha diizglin izahina vao sosial-iqtisadi siyasatin elmi osaslarla formalasdirilmasina
imkan yaradir.

Tadgigatin molumat bazasi vo metodologiyasi. Bu todgiqatin malumat bazas1 2010-2024-
cu illari ohato edon demografik va makroigtisadi gostaricilordan ibaratdir. Malumatlar milli statistika
qurumlarinin  rasmi dorc olunmus hesabatlarindan, beynolxalq toskilatlarin illik demoqrafik
icmallarindan vo a¢iq molumat bazalarindan gotiiriilmiisdiir. ©hali artimi, dogum va O6lUm
soviyyolori, migrasiya saldosu, urbanizasiya soviyyosi, omak resurslart vo UDM (izro zaman siralari
tohlilin asas strukturunu taskil edir.

Todgigatin metodologiyasi 5 asas ekonometrik yanagsmanin totbiqino osaslanir:

1. Deskriptiv statistika vo trend analizi. Ilk morholodo demogqrafik gostoricilorin iimumi
soviyyesi, doyismo dinamikasi, struktur paylar1 vo illik variasiyasi 6yronilir. Bu morholodo asagidaki
osas gostaricilor hesablanir: [12, 5.56-62].

e Orta qiymat:

T

= @

]

Bu diistur zaman sirasinin Umumi Saviyyasini xarakterizo edir vo g0storicinin
uzunmuddatli ortalama dayarini miayyan etmoys imkan verir.
Ilkin trend funksiyas:
Y=a+bt @)

Burada:

e a- baslangic soviyya (intercept),

e b -trend amsali (illik doyisma templorini goéstarir),

e t-zaman gostoricisi (t=1,2,3,...).

Bu model demoqrafik gostoricinin zamanla artim v ya azalma istigamatini miioyyanlosdirir.
b>0 oldugda artim, b<0 olduqda iso azalma tendensiyast miisahids edilir.Bu marhalo zaman sirasinin
imumi istiqgamotini vo doyisme amplitudasin1 miioyyonlasdirmoys imkan verir.

2. Korelyasiya analizi (doyisonloraras: ilkin olage). Demogqrafik doyisonlorin iqtisadi
gostoricilorlo olagasinin doracasini qiymatlondirmak ii¢iin Pearson korelyasiya omsali totbiq olunur:
[22, s. 90-95].

(3)

Bu metod doyisonlor arasindaki xotti olagoni miioyyon etmoys vo hansi demogqrafik
indikatorlarin iqtisadi doyiskonliys daha giiclii tosir etdiyini toyin etmoya imkan verir.
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3. OLS regresiya modeli (qisamiiddatli tasirin gqiymatlondirilmasi). Demogqrafik gostaricilorin
iqtisadi artima tasirini qiymatlondirmak ti¢lin ¢oxdayisonli OLS modeli qurulur [23-24].

GDP=0a+1POP+B2BIRTHH+B3sDEATH+B4sMIGHHB5SURB et
Burada:
e GDP; - t-ci ildo UDM-in real artim tempi (%),
e POP: — ohali artim tempi (%),
e BIRTH:— dogum saviyyasi (%o vo ya %),
o DEATH: — 6liim saviyyoasi,
e MIGt— miqrasiya saldosu (% vo ya min nafar / shalinin pay1),
o URBt— urbanizasiya saviyyasi (sohar ohalisinin imumi shaliys nisbati),
o &t — tosadiifi xota termini.
OLS metoduna asason amsallar bels hesablanir:

B=(XX)'XY @)
Burada:
2. X — biitiin miistaqil doyigenlorin matrisi,
3. Y — GDP dayisoninin vektoru,
4. B —omsallar vektoru,
5. (X'X)! — OLS-in asas hesablama matrisi.
Model qisamiiddatli alagalori agkar edir vo har bir demoqrafik doyisonin tasir istigamatini
miloyyonlosdirir.

4. Zaman siralarinin stasionarligr vo ko-integrasiya analizi (uzunmuddatli slags). Zaman
siralarinin stasionar olub-olmamasi ADF testi ilo miioyyon edilir.

&
AY; =a + Bt +vY 1+ Z(SE'AK_{ ey
i—1 ©)

burada:

e Yt—miivafiq gostoricinin saviyyas qiymati,

e AYt— birinci forq (zaman diferensiali),

e t—trend doyisoni,

e k- gecikmo say1 (AIC meyarina asason se¢ilmigdir),

e vy\gammay — stasionarliq haqqinda asas gorarin verildiyi amsaldir.

Neytral hipoteza: zaman siras1 vahid koko malikdir, yani geyri-stasionardir (y=0\gamma =
0y=0).
Alternativ hipoteza: zaman sirasi stasionardir (y<O\gamma < 0y<0). Ogor doyisonlor I(1)
soviyyasindadirss, uzunmiiddatli miinasibat ko-integrasiya modeli ilo qiymatlondirilir:

Y=o B Xttt (6)

Ko-inteqrasiya uzunmiiddatli sabit oslagonin movcud olub-olmadigini miioyyonlogdirir.
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5. VAR modeli vo impulse-response analizi (dinamik qarsiligli tasir). Demoqrafik gostaricilor
vo iqtisadi doyisenlor arasinda qarsilighi tesirin istiqgamotini vo giiciinii miioyyanlosdirmak {igiin
coxdayisoanli VAR modeli totbiq olunur [8, 5.45-50].

Yi=AotA1Yt—1+A2Y 2+ +ApYiptet (7)

Modeldan alds edilon:

« Impulse Response Functions (IRF)

« VVariance Decomposition (VDA)

demografik soklarin UDM, urbanizasiya vo omak resurslarina tosir mexanizmini izah edir.

Bu metodoloji ¢argivo demoqrafik gostoricilorin qisamiiddstli vo uzunmiiddotli iqtisadi
tosirlorini kompleks sokilds aragdirmaga, homginin dinamik qarsiliqli alagelori model asasl tohlil
etmoyo imkan verir.

Empirik naticalar va mizakira. Bu bélmods tadgigat goargivasinds segilmis demoqrafik,
sosial-igtisadi vo makroiqtisadi gostaricilor UGzro aparilan empirik giymatlondirmalarin naticalori
ardicilligla taqdim olunur. Analiz 6lkanin son onillik izrs real demoqrafik dinamikasini, amak bazari
tendensiyalarini, yas strukturu doyismolorinin iqtisadi performansa tosirini vo shalinin regional
paylanmasindan irali galon igtisadi farglori misyyan etmoys imkan verir. 9lds edilmis naticalar tokca
nozori yanagsmalari tosdiglomir, ham do 6lks Uzro strateji gorarlarin formalasdirilmasi tigiin praktiki
ohomiyyat dasiyir.

1. Deskriptiv statistika va trend analizin tadbiqi: Demoqrafik gdstaricilorin son on dord il tizra
doyismo trayektoriyasi ovvalco orta illik doyismo tempi (CAGR) vo xotti trend modeli vasitosilo
qiymatlondirilmigdir. Bu yanasma gostoricilorin yalniz illik doyismolorini deyil, hom do
uzunmuddatli demografik istigamatin real konturunu miisyyon etmaya imkan vermisdir.

Metodologiyaya uygun olaraq, har bir asas demografik gostarici t¢lin orta illik doyisma tempi
asagidaki diisturla hesablanmigdir:

1

1 .ll" 14
0 °) 17~0.012 = 1.2%

9.05

CAGRehuh = ( 8)
(

Totbiq zamant:

« Ohali artimi {izra baglangic dayar (2010) — 9.05 milyon

« Son doyar (2024) — 10.15 milyon

en=14il

Eyni prinsip dogum saviyyasi, 0lim saviyyosi, migrasiya saldosu vo urbanizasiya
gostaricilaring totbiq edilmis vo naticalor sokil 1-do Umumilosdirilmisdir.

Sokil 1 gostorir ki, demoqrafik sistemds trend komponenti tok istigamatli deyil, oksino,
struktur doyismolor bir-birini tamamlayan ¢oxkomponentli proseslordon ibarotdir. Dogum
saviyyasinin —0.4% azalmasi ilo urbanizasiyanin +0.5% artim paralel gedir ki, bu da tipik inkisaf
etmokdo olan 6lko modelino uygun olaraq ailo dlgiilorinin kig¢ilmasi vo sohor hoyatinin tistiinliik togkil
etmasi ilo izah edilir.
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Demografik gostaricilarin orta illik deyisma templari (2010-2024)

Dayisma (%)

\ N N
NN 2> o
o™ = o e;@“ﬂqa
=)

N S vﬂ\&aé“’a G2
Sakil 1. ©sas demografik gostaricilorin 2010-2024 ddvri izrs orta illik doyismo temploari (%)

Ohali artiminin +1.2% soviyyesindo sabit qalmasi demoqrafik tozyiqin orta soviyyado
oldugunu gostorir. Bu dinamika, adaton, sosial rifah gdstoricilorinin artmasi, sohiyyanin yaxsilasmasi
vo iqtisadi tohliikesizliyin sabitlogmasi ilo alagelondirilir. Oliim soviyyasinin ciizi artim1 (+0.2%)
yaslanma prosesinin ilkin morholods oldugunu goéstorss da, bu gostorici amok bazarinin golocok
yiikiinii artiracaq orta vo uzunmiiddatli demogqrafik tozyiq kimi qiymotlondirilir.

Migrasiya saldosunun +0.6% artim1 soharlarin iqtisadi vo sosial infrastrukturuna diison yiikii
yiiksaldir. Sohar morkozlorinds is¢i qilivvesinin comlonmosi mohsuldarlig: artira biler, lakin eyni
zamanda yasay1s, nogliyyat vo sosial xidmaotlors olava tolobat yaradir.

2. Korelyasiya analizin todqigi: NUmuns olaraq iki doyison Uzro sadolosdirilmis hesablamani
goOstorak:

Dayisonlor:

» X: Ohali artim1 (%)

> Y: UDM-in real artim tempi (%) (2010-2024: 15 illik miisahido)

Hesablama addimlari:

e Hor iki doyisonin orta giymati hesablanir:

x=1.2%
y =2.1%

e Hor il tigiin (Xi—x") va (yi—y") farglori miiayyon edilir.
e Diisturun suroti vo moxraci iizra comlor toplanir.
e Hesablanmis notico:
rxyz0.67
Bu natico orta saviyyadon yiiksok, misbat va statistik oshomiyyatli korelyasiyaya isars edir.
Asagida 2010-2024-cii illor lizro hesablanmis korelyasiya omsallar1 togdim olunur:
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Cadval 1

Demogqrafik va igtisadi gostericilor arasinda korelyasiya amsallart

Gostaricilar UDM artimi | ©mak bazan aktivliyi | Istehlak xarclori | Seharlagma saviyyosi
Ohali artim1 0.67 0.74 0.59 0.48
Dogum saViyyasi -0.41 -0.33 -0.29 -0.12
Oliim soviyyasi -0.52 —-0.46 -0.43 -0.25
Migrasiya saldosu 0.71 0.82 0.65 0.77
Urbanizasiya 0.56 0.63 0.72 -

Cadval 1-do togdim olunan korelyasiya omsallar1 demoqrafik gostaricilorls igtisadi doyisonlor
arasindaki qarsiliqlt olagelorin strukturunu agiq sokilde gdstarir. On giiclii miisbat slage miqrasiya
saldosu ilo amok bazari aktivliyi arasinda qeyds alinmisdir (r = 0.82). Bu natico gostorir ki, omok
miqrasiyast 6lkods iqtisadi foallig1 artiran asas harokatverici amillordon biridir vo xiisusilo sohar
moarkozlorinds is qiivvesine olan tolobi garsilayir. Migrasiya homginin UDM artimi (r = 0.71) vo
urbanizasiya soviyyasi (r = 0.77) ilo do giiclii miisbot olago niimayis etdirir ki, bu da iqtisadi
morkozloro ohalinin aximinin istehsal imkanlarini genislondirdiyini vo xidmot sektorunun
genislonmosini stimullagdirdigini gostorir.

Ohali artimi da iqtisadi gdstoricilorlo ohomiyyatli miisbot korelyasiya gostorir (UDM ilo r =
0.67; omok bazar1 aktivliyi ilo r = 0.74). Bu tendensiya demogqrafik sabitliyin vo ohalinin yenilonmo
stirotinin Glkonin istehsal resurslarina vo limumi iqtisadi artima miisbot tosir etdiyini gostorir.
Urbanizasiya soviyyasinin istehlak xorclori ilo giiclii alagasi (r = 0.72) sohar ohalisinin daha yiiksok
golir vo istehlak davranisina malik olmast ilo izah edilir.

Digor torofdon, dogum vo Olim soviyyalorinin iqtisadi gostoricilorlo monfi korelyasiya
niimayis etdirmosi (mosalon, 6liim soviyyasinin UDM-lo r = —0.52 olmasi) demografik kecid
prosesinin iqtisadi sistemo yaratdigi sosial yiikii oks etdirir. Dogum saviyyasinin azalmasi iqtisadi
inkisafin ilkin morhoalosinds tobii olsa da, uzunmiiddatli perspektivdo omok resurslarinin azalmasina
sobob ola bilor. Eyni zamanda 6liim soviyyosinin yiiksolmasi ohalinin yaslanmasi va sosial sistemloro
diison yiikiin artmasi ilo alagolondirils bilor [25-26].

Umumilikda, codvaldoki noticalor gdstorir ki, 6lkads iqtisadi dinamikani on ¢ox izah edon
demogqrafik doyigon miqrasiya vo ohali arttimidir. Bu doyisonlor hom istehsal, hom do istehlak
komponentlorino birbasa tosir gostorir vo iqtisadi foaliyyotin ritmini formalagdiran osas
determinantlar kimi ¢ixis edir. Dogum vo 6liim gostoricilori iso daha zoaif vo oks istigamatli tosirlor
gostorarak sosial-igtisadi tarazliqdak: struktur doyisikliklori oks etdirir.

OLS regresiya modelinin tatbiqi (qisamiiddatli tasirin giymatlondirilmasi). 2010-2024-
cu illor Uzrs illik miisahidalor osasinda aparilan hesablamalar naticasinds oldo olunan regresiya
omsallar1 cadval 2-do Umumilasdirilmisdir.

Cadval 2-do yer alan OLS naticalori demografik doyisonlorin UDM artimina tosirinin miixtalif
istigamotlordo formalasdigint gostorir. Modelo asason, iqtisadi artima on gliclii miisbot tosir edon
amillar shali artim1 (POP, § = 0.84), miqrasiya saldosu (MIG, B = 0.67) va urbanizasiya saviyyasidir
(URB, B = 0.58). Bu gostaricilor amok bazarinin genislonmosi, istehlakin artmasi vo sahar
morkoazlorinds igtisadi foaliyyatin intensivlosmasi ilo alagelondirilir. Model hamginin gostorir Ki,
dogum saviyyasinin (BIRTH, B = —0.32) va 6liim soviyyoesinin (DEATH, p = —0.41) artmas1 UDM-i
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Cadval 2

Demogqrafik gostericilorin UDM artimna tosirinin OLS giymatlondirilmasi

Dayison omsal Standart t- p- Tasirin istigamati
(1)) Sahv statistika | value

Sabit hadd () 1.92 0.83 2.30 0.032 |-

POP — Ohali artim1 0.84 0.21 3.98 0.001 | Musbat, statistik
ohomiyyatli

BIRTH — Dogum -0.32 0.14 -2.28 0.034 | Monfi, statistik

Saviyyasi ohomiyyatli

DEATH — Oliim saviyyasi | —0.41 0.22 -1.86 0.079 | Monfi, zoif shomiyyatli

MIG — Migrasiya saldosu | 0.67 0.19 3.52 0.003 | Musbat, statistik
ohomiyyatli

URB - Urbanizasiya 0.58 0.17 341 0.004 | Musbat, statistik

Saviyyasi ohomiyyatli

Cadval 2 iizro oldo olunan omsallar ham qisamiiddetli tosirlerin istiqgamotini, hom do
demogqrafik doyisonlorin iqtisadi artimla olaqo doracosini aydin sokildo gostorir. Lakin modelin
etibarlilig1 vo statistik giiciiniin qiymatlondirilmasi tiglin yalniz ayri-ayr1 amsallara baxmaq kifayat
etmir; modelin biitovliikkdo no doracads izah giiclino sahib oldugunu miioyyon etmok vacibdir. Bu
mogsadlo qurulmus OLS modelinin iimumi giymatlondirme gdéstoricilori cadval 3-do togdim olunur.

Cadval 3
OLS modelinin imumi gostaricilori

Gostarici Dayor
Miisahids say1 (n) 15

R? 0.81
Tonzimlonmis R? (Adj. R?) 0.76
F-statistika (modelin timumi shamiyyatliliyi) 15.4 (p < 0.001)
Durbin—-Watson 2.11

Modelin iimumi gostaricilori gostarir ki, qurulan OLS modeli UDM artimindak1 doyismolarin
81%-ni izah edos bilir ki, bu da demoqrafik doyisonlorin iqtisadi artima tasirinin yiiksok soviyyado
izah olundugunu tasdigloyir. Tonzimlonmis R? gdstaricisi (0.76) modelin ¢oxdoyisonli strukturuna
uygun olaraq etibarliligi qorudugunu, F-statistikanin yiiksok vo statistik ohomiyyatli olmasi iso
modelin biitoévlikde anlamli oldugunu gdstorir. Durbin—Watson doyori (2.11) ise modelds
avtokorrelyasiya probleminin olmadigini tosdiq edir.

Zaman siralarmin stasionarhgmin ADF testi ilo yoxlanilmasi tadbiqi. Test avvalca
saviyya giymatloring, daha sonra iso birinci forgloro totbiq edilmisdir. Naticolor codval 3-do
verilmigdir.
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Cadval 4
ADF testinin naticalori (2010-2024)
Dayisan Saviyya Gzra p- Natica Birinci farq Gzra p- Yekun
ADF statistikas1 | value ADF statistikas1 | value garar
GDP - UDM -2.11 0.24 | Qeyri- -4.32 0.01 1(2),
artimi stasionar stasionar
farglo
POP — Ohali -1.95 0.29 | Qeyri- -3.97 0.02 1(2),
artimi stasionar stasionar
farglo
BIRTH — Dogum | -1.72 0.38 | Qeyri- -4.15 0.01 1(2),
Saviyyasi stasionar stasionar
farglo
DEATH — Oliim -2.05 0.26 | Qeyri- -3.88 0.02 1(2),
Saviyyasi stasionar stasionar
farglo
MIG — Migrasiya | -2.21 0.22 | Qeyri- —4.40 0.01 1(2),
saldosu stasionar stasionar
farglo
URB - -1.89 0.31 | Qeyri- -4.07 0.01 1(2),
Urbanizasiya stasionar stasionar
Saviyyasi farglo

Cadvaldon goriindiiyii kimi, biitiin doyisonlor soviyyo halinda 5% ohomiyyatlilik soviyyasindo
stasionar deyil (p-value > 0.05). Lakin birinci forqlor tiglin ADF statistikasi kritik doyarlori
kecdiyinden, biitiin siralar 1(1) integrasiya doracasina malikdir. Bu natico UDM artim1 vo demoqrafik
gostaricilor arasinda uzunmiiddotli olagoni qiymotlondirmak {i¢iin ko-inteqrasiya analizinin tatbiqini

asaslandirir.

Ko-inteqrasiya slaqasinin qiymatlondirilmasi tadbiqi. Johansen testindo izloma (trace) vo
maksimum 0zqiymot (max-eigenvalue) statistikalar1 istifado olunmus, noticalor cadval 5-do

imumilogdirilmisdir.

Cadval 5

Johansen ko-inteqrasiya testinin naticalori (GDP, POP, BIRTH, DEATH, MIG, URB)

Hipoteza Trace 5% kritik Max-eigen 5% kritik Natica
(n statistikasi dayar statistikasi dayar
r=0 924 69.8 38.7 33.9 Radd edilir
r<i 53.6 47.9 24.1 27.1 Qismon
gabul
r<2 29.5 29.7 15.3 21.0 Qabul
olunur
r<3 14.2 15.4 8.1 14.1 Qabul
olunur

Trace statistikasi r = 0 hipotezasini rodd edir, lakin r < 1 hipotezasin1 qismon qabul edir. Bu o
demokdir ki, sistemda on az1 bir ko-integrasiya vektoru mévcuddur vo UDM artimu ilo demogqrafik
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gostaricilor arasinda uzunmiiddatli tarazliq slagesi formalasir. Yoni, doyisenlor ayri-ayriliqda geyri-
stasionar olsa da, onlarin miioyyan xotti kombinasiyasi stasionardir; bu da iqtisadi monada belo sorh
olunur: demogqrafik struktur uzun middotli dovrdo iqtisadi artimdan konara koskin sokildo
uzaqlagsmir, aralarinda tarazlasdirict mexanizm faaliyyat gostorir. Uzunmiiddoatli ko-integrasiya
olagosi ticlin oldo edilmis tipik gqiymatlondirmo asagidaki formada yazila bilor:

GDP=0.73POP-0.25BIRTH—0.31DEATH+0.52MIG+0.44URB+Ut 9)

Buradan gorindr ki, uzunmiiddatli dévrde do ohali artimi, miqrasiya vo urbanizasiya UDM
artimina miisbat, dogum va 6lUm gostaricilari iss manfi istigamotds tasir gostorir. Ko-integrasiya
vektorunun qaliglar1 izarinds aparilan alavo ADF testi qaliglarin stasionar oldugunu tosdiglomis,
belalikla, uzunmiiddatli tarazliq miinasibati statistik baximdan da siibuta yetirilmisdir.

Aparilan ko-inteqrasiya analizi gdstorir ki, demoqrafik gostaricilor vo UDM artimi
uzunmiiddatli dovrds qarsiligli tarazlasma meyli nlimayis etdirir. Bu o demokdir ki, har bir gostarici
0z dinamik istigamatine malik olsa da, sistem biitovliikde iqtisadi artim trayektoriyasindan konara
uzun miiddat ¢ixa bilmir. Bels bir tarazligin mévcudlugu demoqrafik strukturun 6lke iqtisadiyyatinin
fundamental dayanigligin1 formalagdiran asas amillordon biri oldugunu géstarir.

Uzunmiiddotli ko-inteqrasiya vektoru {izro aparilan giymotlondirmo ohali arttmmin UDM
artimina miisbot tosir gostordiyini siibut edir. Omok resurslarinin genislonmasi, istehlak bazarinin
boylimasi va daxili tolobin artmasi iqtisadi sistemds dayanigli artim mexanizmi yaradir. Demoqrafik
baximdan daha boytik vo iqtisadi foal ohali igtisadiyyatin hom istehsal, hom do istehlak sahoalorindo
canlanmani1 tomin edir vo artim prosesini struktur sokildo dostokloyir.

Noticolor homg¢inin gostorir ki, miqrasiya saldosunun miisbot olmasi uzunmiiddotli dévrdo
iqtisadi artima tasir edon mithiim faktordur. Miqrant axin1 asason amak bazarinda bosluqglari doldurur,
insan kapitalinin regional paylanmasinda ¢eviklik yaradir vo urbanizasiya prosesini siiratlondirir.
Migqrasiya ilo yanas1 urbanizasiya gostoricisinin do uzunmiiddetli dsvrde UDM artimina miisbat tosiri
tosdiqlonmisdir. Sshor miihiti resurslarin daha six vo samarali istifadssini tomin edir, innovasiya,
infrastruktur vo xidmaot sahalorinin inkisafi iigiin alverisli sorait formalasdirir.

Oksing, dogum vo 6liim saviyyalorinin uzunmiiddstli dévrds iqtisadi arttma monfi tosiri sosial
yiikiin artmasi ilo baglhidir. Dogum saviyyasinin yiiksolmasi qisamiiddstli perspektivds resurslarin
daha ¢ox sosial xidmatlor vo dovlot dostoyi istiqgamating ydnolmasini tolob edir. Oliim soviyyasinin
artmasi iso bir torafdon insan kapitalinin itirilmosi, digor torofdon iso sohiyys xarclorinin yiiksolmasi
ilo iqtisadi arttmi zoiflodo bilir. Bu gostaricilorin monfi istigamotds formalasmasi demogqrafik
strukturda tarazliq problemlorinin yarandigini va sosial siyasatin optimallagdirilmasinin vacibliyini
gostorir.

Umumilikda, aldo olunan naticolor demogqrafik gdstaricilorin 6lkonin uzunmiiddatli iqtisadi
inkisaf strategiyasinin formalasdirilmasinda holledici rol oynadigini niimayis etdirir. Demogqrafik
doyisikliklorin iqtisadi artimla tarazliq miinasibotino sahib olmasi, dovlot siyasotindo ohali
strukturunun diizgiin idars edilmasinin, omak bazarinin ¢evikliyinin artirilmasinin vo regional inkisaf
programlarinin giiclondirilmasinin vacibliyini bir daha tesdiq edir. Bu baximdan, ko-integrasiya
naticalari tokca nazori deyil, ham do praktik baximdan iqtisadi planlagdirma vo sosial siyasat {igiin
strateji ohamiyyat dasiyir.

Aparilan ekonometrik analizlor gostorir ki, demoqrafik doyigonlorin iqtisadi artima tasiri qisa,
orta vo uzunmiiddotli dévrlords forqli istigamotlor iizro formalasir. Qisamiiddotli dévrdo doyisonlor
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daha ¢ox dovri soklara hassas oldugu halda, uzunmiiddotli dovrds onlarin tosiri struktur vo davamli
iqtisadi mexanizmlor vasitosilo formalagir. Ko-inteqrasiya analizi noticesinde miioyyon edilmis
uzunmiiddatli tarazliq miinasibati demoqrafik gostoricilorin iqtisadi artimin daxili komponenti kimi
cix1s etdiyini tosdigloyir vo bu tosirin iqtisadi sistemin dayaniqligi iiglin strateji ohomiyyat kosb
etdiyini gostorir.

Qisamiiddatli OLS modeli gostordi ki, ohali artimi, miqrasiya vo urbanizasiya iqtisadi artima
on giiclii miisbot tosir edon doyisonlordir. Bu doyisonlorin tosiri osason istehlak bazarinin
genislonmasi, yeni xidmat sahalorinin artmasi vo sohar markazlorinds iqgtisadi foalligin yiiksalmasi ila
olagodardir. Digor torofdon, dogum soviyyasi vo 6liim soviyyasinin manfi tosiri qisamiiddatli sosial
yiikiin artmasi ilo baglidir. Bu tasirlor daha ¢ox sosial biidca xarclarinin yiiksalmasi, sohiyya sistemina
olan tozyiq vo is¢i qiivvasinin yas strukturunda tarazligin pozulmasi ilo slagelondirilir.

Uzunmiiddatli ko-inteqrasiya modeli iso gostordi ki, bu miinasibotlor struktur formada
gorunur vo zamanla tarazliq istigamotine uygunlasir. Bu o demokdir ki, ohali artim1 vo urbanizasiya
kimi doyisonlor iqtisadi artimin fundamental tomolini togkil edir vo uzun miiddotli dévrds iqtisadi
genislonmoni destokloyon asas mexanizmlordon birine ¢evrilir. Manfi tosir géstoran dogum va 6liim
gostaricilari is9 sosial strukturun zsiflomasi vo fiskal sabitlik {izarinds yiikiin artmasi fonunda iqtisadi
sistemdo davamli monfi effekt formalagdirir.

Empirik naticolor gdstarir ki, demogqrafik doyisikliklor igtisadi artima birbasa tosir etmoklo
yanasl, sektorial soviyyado do forqli mexanizmlor iizorindon tosir gostorir:

1. Istehlak sektoru {izra tosirlor: ©hali artimi1 vo urbanizasiya istehlakin artimima sobab olur,
xtisusilo do qida mohsullari, monzil, naqliyyat vo xidmot sektorlarinda. Sohor ohalisinin golir
soviyyaesinin yiiksok olmasi istehlak tolobinin daha stabil vo genis olmasini tomin edir.

2. ©Omok bazar lizro tosirlor: Migrasiya saldosunun miisbat olmasi is¢i qlivvasinin sayini
artirir vo omok bazarinda gevikliyo sobab olur. Lakin 6lim soviyyesinin yiliksolmosi vo dogum
soviyyasinin azalmast uzunmiiddotli dovrdo omok resurslarinin azalmasina vo struktur disbalansin
yaranmasina sabab ola bilar.

3. Kond toesaorriifati vo regionlararasi tarazliq: Urbanizasiya kond tosorriifatinda isci
qiivvesinin azalmasina gotirib ¢ixarir. Bu, uzun miiddotdo kond tosorriifati mohsuldarliginin asagi
diismosi vo idxaldan asililigin artmasi kimi risklor yarada bilor.

4. Sosial tominat vo fiskal yiik: Oliim soviyyasinin vo yaslanma prosesinin yiiksolmasi sosial
tominat sistemina xarclori artirir. Eyni zamanda dogum saviyyosinin azalmasi galacok nasilds vergi
Odayicilarinin sayina manfi tasir gostarir.

Aparilan empirika gostorir ki, demoqrafik amillor hom iqtisadi artimin soviyyasini, hom do
dayaniqliligini miioyyon edon osas vasitolordon biridir. Bu baximdan siyasot yoniimlii noticolor
asagidaki istigamotlordo formalagir:

1. 9mak bazarinin balanslasdirilmasi

Ohali artimmin vo miqrasiyanin miisbat tasirlori is¢i qiivvasinin artmasini tomin etso do,
dogum soviyyasinin azalmasi golocokds is¢i qilivvasi ¢atismazligi problemini yarada bilor. Bu
sobobdon uzunmiiddotli omok bazar1 siyasoti insan kapitalina yatirim, peso tohsili vo omok
resurslarinin somorali bolgiisiine fokuslanmalidir.

2. Urbanizasiya siyasatinin optimallasdirilmasi

Urbanizasiya iqtisadi artim tclin giiclii potensial yaratsa da, sohor infrastrukturunun
yiiklonmasino sabab olur. Bu baximdan agilli sohor planlagdirmasi, regional inkisaf proqramlar1 vo
sosial xidmatlorin regionlar iizrs balanslagdirilmasi zoruridir.
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3. Sosial siyasatin yenilonmasi

Dogum vo 6liim soviyyslorinin iqtisadi artima monfi tasiri sosial xidmatlorin somarsliliyinin
artirtlmasini  tolob edir. Ailo siyasoti, sosial yardim mexanizmlori vo sohiyys xidmatlorinin
modernlagdirilmasi demogqrafik tarazliq {igiin kritik shomiyyast dastyir.

4. Miqgrasiya siyasatinin strateji yonlandirilmasi

Migrasiyanin iqtisadi arttima miisbat tasiri siibut olunduguna gora, bu prosesin idarsolunan vo
planli sakilde tonzimlonmasi zoruridir. Miqrantlarin omak bazarina inteqrasiyast, qeydiyyat vo tohsil
programlari iqtisadi sistem {igiin alave doyar yarada bilor.

Aparilan ekonometrik analizlor bir daha gostorir ki, iqtisadi sistemin uzunmiiddatli sabitliyi
demogqrafik strukturla six baglidir. ©hali artimi vo urbanizasiya iqtisadi artim prosesini dostokloso do,
yaslanma, dogum saviyyasinin azalmasi vo 6liim gostaricilorinin yiiksolmosi uzun miiddotds tohliiko
yaradir. Bu proseslor iqtisadi sistemdo struktur doyisikliklori tolob edir vo ddvlotin uzunmiiddatli
inkisaf strateqiyasinin asas konturlarin1 miioyyonlosdirir.

Natica. Aparilan ekonometrik tohlil gostorir ki, Azorbaycan Respublikasinda demoqrafik
gostoricilor iqtisadi artimin formalagsmasinda hom qisamiiddstli, hom do uzunmiiddoatli dévrdo
ohomiyyatli rol oynayir. Deskriptiv statistika vo trend analizi esasinda miioyyen edilmisdir ki, 2010—
2024-cii illor lizro ohali artimi sabit dinamika niimayis etdirdiyi halda, dogum soviyyosinin azalmasi
vo urbanizasiyanin artmast demoqrafik strukturda dorinlogon transformasiyani gostorir. Bu
transformasiya iqtisadi aktivliyin regional bolgiisii, sohor miihitino olan tolobat vo omok resurslarinin
formalagmas1 baximindan strateji chamiyyato malikdir.

Korelyasiya vo OLS naticolori siibut edir ki, UDM artimin1 on giiclii sokildo izah edon
demogqrafik determinantlar ohali artimi, miqrasiya saldosu vo urbanizasiya soviyyosidir. ©hali
artiminin vo miqrasiyanin miisbat tosiri omak resurslarinin geniglonmasi, istehlak bazarinin boyiimasi
vo sohorlords iqtisadi foaliyyatin sixlagsmasi ilo izah olunur. Urbanizasiya gostoricisinin miisbot
omsal1 iso gohor miihitindo mohsuldarligin yiiksalmasi, infrastrukturun genislonmosi vo xidmaot
sektorunun dominant rolu ilo baglidir. Digar torafdon, dogum va 6liim saviyyelorinin manfi tosiri
demogqrafik yiikiin artmasi, sosial tominat sistemina diison tozyiq ve yas strukturundaki doyisikliklorlo
olagolondirilir.

ADF vo Johansen testlori doyisonlorin I(1) inteqrasiya doracasine malik oldugunu vo an azi
bir sabit uzunmiiddotli ko-inteqrasiya slagosinin mévcudlugunu tosdiq edir. Bu natico belo gonasto
golmays imkan verir ki, demoqrafik gostaricilar, fordi dinamikasindan asili olmayaragq, iqtisadi artim
ilo uzunmiiddatli tarazliq miinasibati yaradir. Ko-inteqrasiya vektorunun amsallar1 da gdstarir ki, hom
ohali artimi, hom miqrasiya, hom do urbanizasiya uzunmiiddatli dovrde 6lke iqtisadiyyatinin
genislonma trayektoriyasini dostoklayan asas doyigonlordir.

Umumilikdo, aparilan kompleks ekonometrik model qiymotlondirmolori demografik
proseslorin iqtisadi artim {igiin tokco sosial faktor deyil, hom do strateji iqtisadi determinant oldugunu
gostorir. Todqgiqatin naticolari belo bir elmi vo praktiki gqonasti osaslandirir: Azorbaycanin iqtisadi
inkisaf strategiyasinin davamliligi demogqrafik siyasatin optimallagdirilmasi, miqrasiya proseslarinin
idaro edilmosi, urbanizasiya modelinin balanslasdirilmasi vo amok bazarinda insan kapitalinin
guclondirilmasi ilo six sokildo baglidir. Demoqrafik doyisonlorin iqtisadi modellora inteqrasiyast
dovlat siyasotinin planlagdirilmasinda daha daqiq prognozlar vo somarali idaroetmo mexanizmlari
formalagdirmaga imkan verir.
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ECONOMETRIC ANALYSIS OF THE INTERRELATIONSHIP OF DEMOGRAPHIC
INDICATORS IN THE REPUBLIC OF AZERBAIJAN
Abdullayeva S.1.
National Aviation Academy

This study evaluates the impact of demographic factors on GDP growth in Azerbaijan for the
period 2010-2024 using empirical econometric approaches. The research systematically examines
the temporal dynamics of demographic indicators, their short-term fluctuations, and long-term
equilibrium relationships. First, descriptive statistics and trend analyses are employed to identify the
evolution of population structure and the trajectory of key demographic variables. Subsequently, a
correlation matrix is applied to measure the degree of association among the variables. To assess
short-term effects, an OLS model is constructed, demonstrating that 81% of economic growth
variability is explained by demographic determinants. The results show that population growth, net
migration, and the level of urbanization exert a positive and statistically significant impact on GDP
growth, whereas increases in birth and mortality rates tend to weaken economic expansion in the
short run. Stationarity of the time series is tested using the Augmented Dickey—Fuller (ADF) method,
revealing that all variables are non-stationary at level but become stationary at first difference. Given
this property, Johansen’s cointegration test is employed, confirming the existence of a stable long-
term equilibrium relationship between demographic indicators and economic growth. The economic
interpretation of long-run coefficients suggests that demographic dynamics shape the sustainability
of economic growth through changes in labour resources, consumption demand, and urban
development patterns. Overall, the study demonstrates that demographic processes play a decisive
role not only in short-term macroeconomic fluctuations but also in the formulation of long-term
development strategies. These findings underscore the need for new policy priorities and highlight
that effective management of demographic change is essential for ensuring long-term economic
stability.

Keywords: demography, econometric analysis, population growth, birth rate, migration,
labour market, OLS.
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AZORBAYCAN RESPUBLIKASINDA MIQRASIYA PROSESLORININ STRUKTUR VO
FUNKSIONAL XUSUSIYYOTLORI
Imanova S.H.
Azarbaycan Dovlat Pedaqoji Universiteti

Tadgiqat isindo Azorbaycan Respublikasinda miqrasiya proseslarinin struktur, mazmun va
funksional xtsusiyyatlori, hameinin asas istigamatlori kompleks sokildo tohlil edilmisdir. Ohali
migqrasiyast olkalorin sosial-igtisadi inkisafina miihiim tasir g0staran amillardon biri kimi ¢ixis edir.
Xususila, globallasma va qlobal amak bazarlarimin inteqrasiyasi ¢oarGivasinda migrasiya
proseslarinin intensivliyi daha da guclonmisdir. Bu prosesds is tapmaq va ahalinin rifah halinin
ylksaldilmasi kimi igtisadi maraqlara daha ¢ox rast galinir. Bununla yanasi maQalada siyasi
amillarin, xtsusila silahli miinagisalarin, tagiblorin vao geyri-sabitliyin daxili migrasiya proseslarinin
formalasmasina va dinamikasina tasiri kompleks sakilda tahlil edilir.

Tadgiqat isind> Azorbaycanda migrasiyamin gadim inkisaf tarixi, XIX -XX asrlarda ahali
yerdayismasinin geniy miqyasda yayilmast va 0lkoda 1988-90-c1 illorda siyasi migrasiyanin daha da
genis viisat almast naticasinda Ermonistan vo Qarabag arazisindan 1,1 milyon nafardan artiq olan
macburi kogkinlarin muxtalif sosial-siyasi problemlarla Uzlagmasi masalalarina toxunulmugsdur.
Eloco da, Azarbaycan Respublikasinda migrasiya proseslorini formalasdiran amillor, onlarin
qarsiligh tasir mexanizmlari Vo baslica istigamatlori sistemli sokilda todgiq edilmisdir.

Aparilan tahlillor onu gostarir ki, 6lkada miiasir saraitdo amakgi migrasiya axint bir ne¢a
amillarin tosiri altinda formalasmisdir: Igtisadi, demografik va geosiyasi. Olkadan gedan amoakgi
migrantlarin 2sas hissasi MDB (xUsusilo RF) va AIB-a Uzv olan 6lkalarin payina diisiir. Olkaya
yOnalan migrant aximinda sas Ustiinlik Turkiya, Rusiya va A/B-2 lizv dovlatlardan galon migrantlara
moxsusdur. Noatico etibarila, Azarbaycandan gedan migrantlar assasan (¢ istigamatda: Rusiya
Federasiyasi, Qarb 6lkalari, eloca do ABS va Yaxin Sarq regionlarina iiz tuturlar. Belalikla, tadgigat
isinin tahlilina asasan qeyd eda bilarik ki, Azarbaycan Resublikast qlobal diinya dlkalari ila garsiligh
migrasiya alagalorinda faal istirak edan 0lkalardon biri kimi ¢ixus edir.

Acar sozlar: migrasiya, emigrasiya, immigrasiya, amakci miqrant, amak bazari, is¢i qiivvasi,
remittans, etnosiyasi

Tadqgiqatin metodlar1 vo materiallari. EImi todqiqat isindo Azarbaycan Respublikasinda
ohali miqgrasiyasinin struktur vo funksional xususiyyatlori va istigamatlorinin arasdirilmasi zamani
statistik, miigayisali, tarixi, cografi, analitik va sistemli tohlil metodlarindan istifado edilmisdir. Bu
metodlarin kompleks totbigi migrasiya proseslarinin komiyyat va keyfiyyat aspektlarini analiz etmoya
zomin yaradir. Homg¢inin, bu yanasma aldos edilon malumatlarin elmi asasli vo obyektivliyin tomin
edilmasins imkan yaradir.

Statistik metod ¢argivasinds 6lkads ohali yerdoyismasinin asas parametrlori- hacmi, migrasiya
saldosu va cografi paylanma molumatlari sistemlogdirilmis vo kompleks tohlil edilmis, miigayisali
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metod asasinda Azarbaycan Respublikasinda miqrasiya proseslorini digar Olkalarla, xtsusilo, MDB
(Mistaqil Dévletlor Birliyi) vo AIB (Avropa ittifaqr Birliyi) dlkalori ila migayisali sokilda todgiq
edilmigdir. Eloca do, analitik vo sistemli tohlil metoduna osaslanaraq miqrasiya proseslorinin omok
bazarma tosiri, sosial-igtisadi, hlqugi va intitusional mexanizmlor vo sairodo bas vermis
doyisikliklarin tohlilins sorait yaratmisdir.

Tarixi metoddan istifads edoarok migrasiya prosesloarinin mixtalif illor Uzrs inkisaf dinamikasi,
ona toasir edon amillori vo miayyan zaman ¢argivasinds bas veran doayisikliklori, cografi metodlardan
istifadosi i1So miqrasiyanin mokan zro paylanmasini, emiqrasiya vo immigrasiya istigamatlorini
arasdirmasina imkan vermisdir.

Tadqgigatin maqgsadi. Tadgiqatin asas magsadi Azorbaycan Respublikasinda miisahido
olunan migrasiya proseslorinin struktur vo funksional xiisusiyystlorini, onlarin sosial demoqrafik
gostoricilar, iqtisadi inkisaf vo regional transformasiya ilo inkisafda qarsiligli alagessini sistemli
sokilds tohlil etmokdan ibaratdir. Todgiqat ¢arcivasinda shalinin moakan izra harakatini, miqrasiyanin
omok bazarina, ohali strukturuna, regional inkisafa vo sosial minasibatlor sistemino tasirinin
muiayyanlosdirilmasi asas todgigat istigamatlorindan biri Kimi nazardoan kegirilir.

Masalanin halli. Olkaloraras: igtisadi vo siyasi miinasibatlorin keyfiyyatco yeni miistoviyo
kegmasi, sosial-modoni hoyatin globallagmasi, eloco do, hiqugi vo inzibati muhitdo yaranan
problemlor shalinin kitlovi migrasiya proseslorinin formalagmasina va intensivlogsmasina sabab olur.
Ohali miqrasiyas1 Olkalorin sosial-igtisadi inkisafina oshamiyyatli dorocods tosir gostoron oasas
demografik proseslordondir. Qloballasma va global amak bazarlarinin inteqrasiyasit miistavisinda
miqrasiya axinlar1 daha da intensiv gedir. Olkoloraras1 nogliyyat vo informasiya mibadilasinin
geniglonmoasi Olkalor arasinda mal vo Xidmat ticaratinin hocmini siratlo artirmagqla yanasi, beynoalxalq
miqrasiya proseslorinin do intensivlosmosing sorait yaratmisdir. Inkisaf etmokdo olan 6lkalorlo
mugayisods inkisaf etmis dovlotlorin daha calbedici iqtisadi imkanlara malik olmasi, hamginin
miinaqigo Vo deqredasiyaya moruz qalmis bolgalordon ohali axinlariin artmasi, natico etibarilo,
global iqgtisadi sistemda shomiyyatli struktur doyisikliklorina sobab olmusdur. Bununla yanasi
globallagma prosesi 6lkalor arasinda beyin axini (yiiksok ixtisaslt amak resurslarinin) horokatliliyinin
genislonmasina muhim tokan vermisdir [1, sah.1].

Migrasiyanin naticalori ikitorafli olmagla, bir torafdon miqranti qobul edan 6lkslords igtisadi
inkisafa, moadani mibadiloys vo demografik yenilonmoya tasir gdstorir, digor torafdon iso sosial
gorginliys, inteqgrasiya problemlarino vo struktura yiik yarada bilir. ©hali miqrasiyas1 miiasir
comiyyatin inkisafina shomiyyatli dorocodo tosir gostoron vo hartorofli elmi tohlil tolob edon
murokkob prosesdir.

Dinamik iqtisadi inkisaf marhalasinds olan va Sarq ilo Qarbi birlogdiran, strateji xott tizarinda
yerloson Azaorbaycan Respublikasinin forgli sivilizasiyalara vo madoniyyatloro monsub ohali
gruplarini bir araya gatiron migrasiya proseslori ilo xarakterizs olundugu miisahids edilir. Bu soraitdo,
migrasiya proseslorinin dovlat torofindon noazarstds saxlanilmasi vo milli tohllkasizliyin hortorofli
tomin olunmasi xiisusi aktualliq kasb edir.

Azorbaycan Respublikasinda tarixi, siyasi va iqtisadi amillor shalinin migrasiya strukturunun
formalagmasina ohomiyyatli dorocods tosir goOstorir. Burada is tapmaq vo hoyat Soviyyasinin
yaxsilagdirilmast kimi igtisadi motivlera daha ¢ox rast galinir. Homginin siyasi amillor, miinaqisa,
geyri-sabitlik vo togiblor 6lkods daxili miqrasiyanin formalasmasina sobab olur. Bu konteksda
Azorbaycan tarixon hom xarici, ham do daxili migrasiya proseslori ilo miisayiot olunmusdur. Olkoda
zaman kecdikco miqrasiya proseslori noticasinda yaranan problemlorin aradan qaldirilmasi mogsadilo
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programlar hazirlanmis vo ardicil tadbirlor hayata kegirilmigdir. Azorbaycanin miqrasiya proseslari
ilo baghh hoyata kegirdiyi todbirlor muxtalif istiqgamatlori ohato edir. Qobul edilmis todbirlor
corgivasinda “Olkadon getmok, 6lkaya golmok va pasportlar haqqinda”, “©cnabilorin va votandashg
olmayan soxslorin hiiqugi veziyysti haqqinda”, “Immiqrasiya haqqinda”, eloco do, “Azorbaycan
Respublikasinin vatondasligi haqqinda” ganunlar {izra qanunvericilik aktlarina vo muasir beynalxalq
hiiquq normalarina uygun olaraq, insan hiiquq va azadliglarina hérmat prinsipi asas gottrilmokls
olava vo dayisikliklor edilmisdir [2, soh.118].

Olkado migrasiya proseslorinin hiiqugi ve institusional tonzimlonmasini tamin etmok
magsadile mixtalif dovrlords bir sira normativ-hiiquqi aktlar, o cimladan formanlar gobul edilmis vo
imzalanmigdir. 19 mart 2007-ci il tarixindo Azarbaycan Respublikasi Dovlot Migrasiya Xidmati
haqqinda asasnamado do doyisikliklor edilmasi barado 6lko prezidenti Ilham Oliyev torafindon 560
sayli forman imzalanmisdir. Bundan basqa 4 mart 2009-cu il tarixinds gobul edilmis 69 sayli farman
migrasiya proseslorinds “bir pancers” prinsipinin tatbiqine osaslanirdi. Bu forman migrasiya
proseslarinin tonzimlonmasi, sanadlasmasinin sadslasdirilmasi magsadilo gobul edilmisdir. Qeyd
edilon prinsip Uzro dévlot orqaninin salahiyystlori Azorbaycan Respublikasinin Dévlot Migrasiya
Xidmatinin kompetensiyasina verilmisdir. Dovlet Migrasiya Xidmoti Xarici votondaslara “Bir
pancaras” prinsipi asasinda Azarbaycan Respublikasinin sarhadlori ¢argivasinds yasamaglari tigiin
icazalorin verilmasi, qeydiyyata alinmasi, 6lkads miivaqgsti galma middstinin uzadilmasi, muzdlu
omok foaliyyati Uglin icazalorin verilmasini hoyata kegirir [3, soh.53], [4, soh.153].

Azorbaycanda formalasan miqrasiya proseslarinin darin tarixi koklori vardir. Tarixon inkisaf
etmis miqrasiya prosesslarinda, xususila, XIX va XX asrlordo geosiyasi proseslor ssbabindan
regionda shomiyyatli demografik doyisikliklor bas vermisdir. Bas vermis I vo Il diinya mihariboalori
Azorbaycanda da miqrasiyanin miqyasini genislondirmisdir. Lakin 1950-ci ildon sonra migrasiya
saldosu daim manfi giymat almisdir. 1980-ci illords sovet rejimi zoaiflomoyo, separatgt meyllor iso
guclonmays baslamisdir. Bu hadisolor Azarbaycana da tosirini gostormis vo 6lko i¢Un mioayyan
sosial-igtisadi problemlor dogurmusdur. 1987-1992-ci illords bas veran etnosiyasi garginliklorin
naticasi kimi, artiq 1989-cu il dekabrin 8-o0 godor Ermonistanda yasayan azorbaycanlilar 6lkadan
¢ixarildi va shalinin macburi kdgl naticasinds 6lkays 350 minas yaxin macburi kockin daxil oldu. Bu
proses regionda demogqrafik strukturun doyismasine, genis miqyasli qagqin vo macburi kdgkin
problemlorinin yaranmasina, eloca do, uzun middatli sosial-igtisadi problemlarin yaranmasina sobab
olmusdur [5, soh.61].

Olkado, xtsusilo XX osrin sonlarinda, SSRI parcalandigdan sonra miqrasiya proseslorinda
ohamiyyatli daracods asagidaki doyisikliklor bag vermisdir.

-SSRi-nin parcalanmasi noticasindo yaranmus siyasi, iqtisadi vo sosial transformasiyalar
ohalinin region Uzra harokatliliyini artirmis, yeni miqrasiya axinlarinin meydana goalmasino sobob
olmusdur. Bu vaziyyat Azarbaycanin ham moanbs, hom da tranzit vo goabul edan arazi kimi rolunun
guclonmasinin asas amili kimi ¢ixig etmisdir.

-Qarabag miinaqisasi 6lkonin migrasiya proseslorinin formalagmasinda va intensivlosmosinds
osas amillordon biri kimi ¢ixis etmis vo noticads genis orazilorin isgali, yasayis moskanlorinin
dagidilmasi, tohlukasizlik mahitinin ciddi stratds zaiflomasi ohalinin kitlovi sokildo daimi yasayis
yerini machuran tork etmosina sabab olmusdur.

Macburi kdgkinlorin formalasdigi dovrdo Azorbaycanda comiyyat macburi kogkiinlora boyiik
kodor hissilo vo sobrlo yanagirdilar. Onlar bu miinaqisonin giinahsiz qurbanlar1 kimi qobul edilirdi.
Macburi kockiinlorin yasayis va is yerlarina yaranan ehtiyaclari yerli ohali ilo miinasibatlarina manfi
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tasir gostardi. Homin dovrds yeni mistaqillik olds edon dovlst, yaranan bu suallart vo problemlori
yetarinca holl etmak giictine malik deyildi. Bu vaziyyat 90-c1 illarin avvallorinds Baki sohorinds daha
koskin xarakter almisdi, hansi ki, galon mocburi kdgkiinlor 6zbasina vo guc yolu ilo manzillari olo
kegirir vo bu yolla 6z ehtiyaclarini tomin etmays ¢alisirdilar [6, soh.2], [7, soh.249]. Homin dovrda
movcud vaziyyatlo bagl paytaxtdan gedon oshali geri dondilkds bos galan monzillarinin macburi
qagqinlar torafindon zabt edildiyinin sahidi oldular. Bu mosalo ilo baghh 9 may 1994-cu ilds
Azorbaycan parlamenti torafindon rosmi sokildos gorar gobul edilmisdir. Qabul edilon 014/7-398 sayli
gorara osason macburi kogkinlorin yerlosdiyi yerlordon (6zbasina moskunlasdiglar yasayis
yerlorindon) zorla ¢ixarilmasi qadagan edilmisdir. 1994-cii ilin may aymdan sonra Qarabag
cobhasinda horbi omaliyyatlarin dayandirilmas: ilo Olkada voziyyatin todricon sabitlosmasi vo
yaxstlasmasi gézlanilirdi. Lakin, atogkas rejiminin alds olunmasina baxmayaraq, miinaqise 0z Siyasi
hallini tapmamis, moacburi kdgklnlorin sosial problemlari aradan qaldirilmamis vo sarhad zonalarinda
gorginlik davam etmisdir. Bununla belo, miinagisonin sosial naticalori uzun muddstli xarakter
dasidigr tiglin Azorbaycanda si@inacaq axtaranlar, qagqinlar vo macburi kéckinlar macburi migrant
gruplarina daxil edilarok, migrasiya proseslorinin mihtm tarkib hissasi kimi nozardoan kegirilirdi.

Umumilikde Ermanistan vo Dagliq Qarabag homsorhad inzibati rayonlarda yasayan yiiz
minlorls (1.138450 nafor) Azorbaycanli 6z dogma yurdlarini vo evlorini tork etmis, dovlot tarafindon
Baki gohari vo Azarbaycanin digar bolgslorinds, 1600-don ¢ox mivaqgsti ¢adir vo diisargalords
yerlosdirilmiglor. ©Shalinin qagqin vo moacburi kdckin kimi 6lkemizin miuxtalif bolgslarinds
muvaqqgoti yerlogsmasi daxili miqrasiyanin intensiv getmasina sobab olmusdur. Lakin 2003-cl ildon
28 cadirda yerlosdirilmis ohali yeni salinmis qagqin diisargalorina kogiiriilmiis va bu proses 2010-cu
ildo basa ¢atmisdir (76 qoasoba, asason sorhad rayonlarinda) [6, sah.9], [8, soh.226]. 2020-ci ildo bas
vermis (44 giinlik) Vaton muharibasi vo zobt edilmis 20% torpaqglarimizin geri qaytarilmasi
naticosindo orazi bitovliyunun tomin edilmasi, orazido soharsalma vo borpa islorinin hoyata
kecirilmasi macburi kdgkinlarin bir hissasinin 6z torpaqlarina qayitmasina sorait yaratmigdir.

SSRI dagildigdan sonra miistagil Azerbaycan orazisina digar dévlatlordon yénolon migrasiya
axinlarmin (macburi kogkiinlorin) intensivlosmasi miisahide olunmusdur. i1k olaraq Rusiyadan ¢egen
qagqinlar, Giirclistandan ahiska tiirklari (=50 min), daha sonra Yaxin Sarg regionundan, xisusils,
Ofqanistan va Iraqdan olan siyasi qagqinlar daxil olmusdur. Belo gagqinlarm iimumi say1 10-15 min
civarinda olmusdur. Macburi kdcgkinlarin problemlarinin halli vo qagqinlar ilo bagh foaliyyatlor
(xususila, cecen monsali qagqinlara miinasibatds), Azarbaycan dovlsti ilo BMT-nin Qagqinlar izro
Ali Komissarlig1 arasinda omokdasliq ¢argivasinds hoyata kegirilirdi.

Mistoqillik oldo etdikdon sonra Olkaya golon vo gedon ohali axinlarinda ohomiyyatli
doyisikliklor miisahido olunmusdur.

Sokil 1 (izra 6lkaya galanlarin va gedanlorin sayini tahlil edarkan onlarin 1990-c1 ildon 2024-
cli ilo godor azaldig1 aydin sokildo miisahids edilir. Olkays goalonlarin say1 135,9 min nafor, gedanlorin
say1 isa 79,8 min nafor azalmisdir [3, sah.3], [9].

1995-ci ildon etibaron Azorbaycanin iqtisadiyyatinda bas vermis dinamik inkisaf, hoyata
kecirilmis iqtisadi islahatlar, dovlst proqramlari, imzalanmis miiqavilalor naticasindo shalinin
emiqrasiyasi azalmis, immiqrasiyanin soviyyasi artmis vo miqrasiya saldosu musbat giymot almisdir
(cadval 1).
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Sakil 1. Azorbaycan Respublikasinda 1990-2024-ci illorde immiqrantlarin vo emiqrantlarin say1 (min
nafarla)

Cadval 1
1991-2022- ci illor Uzro MDB 6lkalorindon Azarbaycan Respublikasina golon vo gedon miqrantlarin say1

Azarbaycanda Azarbaycanda Migrasiya saldosu
immigrantlarin sayi emiqrantlarin sayi
Ne Olkalar (nafarla) (nafarla)
11EYs (), (+)

1991 2008 | 2022 1991 | 2008 | 2022 1991 | 2008 | 2022
1 Rusiya 24508 | 2024 859 | 46988 | 2018 447 -22480 -4 +812
2 Belarus 421 63 10 1280 98 8 -859 -35 +2
3 Ukrayna 3130 174 137 8743 97 12 -5614 | +77 | +125
4 Moldova 128 9 10 152 2 3 -24 +7 +7
5 Gurcustan 4598 403 980 1396 13 42 +3197 | +390 | +538
6 Qazaxistan 2682 196 116 1950 201 76 +732 -5 +40
7 Ozbokistan 6840 96 115 1094 12 69 +5710 | +84 +51
8 Qirgizistan 1094 11 - 629 1 19 +465 +10 +35
9 | Tirkmanistan 976 204 105 1163 8 48 -167 +196 | +97
10 Tacikistan 76 4 105 77 - - -1 +4 +6
11 | MDB comi: 44453 | 3184 | 2437 | 63472 | 2450 724 19041 | 724 | 1713

Coadval 1-i tohlil etdikdo 1991-2022-ci illor orzindo Azorbaycana golonlorin say1 44453
nofordon 1713 nafara diisarak 26 dofa, gedonlarin say1 iso 63472 nafordon 724 nofara diigorok 88 dofo
azalmigdir vo 2008-ci ildon migrasiya saldosu misbat xarakter almigdir [10, sah.18].

144



Elmi Macmua Cild 28, Ne2, 2026
Scientific Journal Vol. 28, N2, 2026

2008-ci ilin sonunda Olkads 79 Glkonin 6238 votondasi illeqal miqrant qeydiyyata alinmisdir.
Bunlardan 3647 nofor Tiirkiys, 988 nofor Giirciistan, 444 nofor Rusiya, 181 nofor Iran, 138 nofor
Hindistan, 75 nafar Cin va digar 6lkalarin vatondaslart olmusdur [6, sah.5]

Azarbaycan dovlstine aid immigrantlar vo emigrantlarin hoarokatliliyi muxtslif sosial-igtisadi, siyasi
va hiqugi amillarls sartlonarok formalasir vo bu migrasiya proseslori kompleks xarakter dasiyir. 1-
10 oktyabr 2019-cu il tarixindo Azorbaycan Respublikasinda aparilan oshali siyahiyalinmasinin
naticasi gostarmisdir ki, imiqrantlarin 17,3%-i ails vaziyyati, 9,3%-i yasayis yerini dayisonlar, 1,9%-
I omoak¢i migrantlar, 0,5%-i tohsil alanlar, 0,04%-i xidmat sahasinds ¢alisanlar, 0,05%-1 qohumlari
ziyarat edanlar, 3,5%-i namalum sobablar, 66,5%-ni iso muxtalif sobablardan galonlor togkil etmisdir
[10, soh.19].

Azorbaycanda omok miqrasiyasi fiziki soxsin haqqi 6donilorak amok foaliyyatilo moggul
olmas Giglin qanuni asaslarla bir 6lkadon basqa 6lkoys kg etmokls yasayis yerini doyismasidir [mig-
rasiya macallosi, madds 3.09]. Bu prosesds istirak edon soxslor omak¢i miqrantlar adlanir. Omoakgci
migrantlar iss haqq1 ddanilon amak foaaliyyati ilo masgul olmaq tigiin ganuni osaslarla bir 6lkadan
basqa 6lkaya ko¢ edan fiziki soxslordir[ madds 3.0.10], [11]. Miqgrasiya proseslarinin idars olunmasi,
homginin tonzimlonmasi ilo yanasi, bu sahalords dovlst nazarstini hayata kegiron salahiyyatli dovlot
qurumlari, xarici 6lkoys kO¢ edon, eloco do, haqqr 6donilon amokgi migrantlar gisminds olan
Azorbaycan Respublikasinin votondaslart vo immiqgrantlar, votondasligi olmayan soxslori 0lkaya
dovat edon vo onlarin qeydiyyata alinmasi prosesindo foaliyyot gostoron soxslor miqrasiya
proseslorinin istirakgilar: hesab edilir [11].

Miiasir soraitdo amok miqrasiya axini bir nego amillarin tosiri altinda formalagmisdir [12, sah.
127], [ 8, soh.207].

1. Iqtisadi amil. Olkenin iqtisadi inkisaf soviyyssinin yiiksolmosi, bir sira dévlotlorlo
mugayisodo amokhaqqi gostaricilorinin artmasi vo amok bazarinda yeni i yerlorinin yaradilmasi
xususi shamiyyat kasb edir. Bu tendensiyalar, asagi omokhaqqi saviyyasine malik 6lkalordon amakgi
miqrantlarin axmini stimullagdirmaqla yanasi, eyni zamanda iqtisadiyyatin miixtolif sahalorine
yuksok ixtisasli miitoxassislorin calb olunmasi {igiin alverisli sorait yaradir. Azarbaycanin enerji
resurslarinin asas tochizat¢isi olmasi, miixtalif 6lkslordon bu sahs izro 6lkays mitoxassislori calb
edir. Homginin, neft sahasinda tohsili faal sokilds inkisaf etdirir ki, bu da Asiya vo Afrika 6lkalarindan
tohsil alanlarin axinina sabab olur.

2. Demografik amil. Azorbaycan bir cox MDB 06lkoalori ilo mugayisado yiksok dogum
Soviyyasi Vo nisboton gonc yas strukturu ilo xarakterizo olunur, bu da Olkods ohalinin artim
tendensiyasinin formalagsmasina sobab olur. 2024-cl ilin molumatina asason 6lka ohalisi 10,2 min
nafara yaxin olmagqla, omok gabiliyyatli yasda olan ohali 6734,4 min nafor, masgul omoak gabiliyyatli
yasdan yuxari ahali 147,5 min nofar (imumi 6881,9 min nafor), is¢i qlivvasi 5312,1 min nafar, moasgul
ohali 5029,8 min nafor, issiz ahali 282,3 min nofor olmusdur. Issizlik saviyyasi igtisadi cohatdon aktiv
ohalinin 5,3%-ni toskil edir ki, bu da 2017-ci illo migayisads 0,3% coxdur. Buna baxmayaraq
Azorbaycan amok bazarinda iqtisadiyyatin miioyyan sahslorinds xarici mitoxassislora mioyyan
tolabat var. Bu da, Azorbaycanin digor 6lkalorle, o climlodon AIB-o lizv olan dovlstlor arasinda
miqrasiya axinlarinin formalagsmasina tasir edir ( cadval 2) [12, soh.128], [13, soh.21],
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Cadval 2
2017-2024-cli illor zra Azarbaycan Respublikasinin sosial-demografik gostoricilori
2017-2024-cii illor

Ne | Tllor 2017 2018 2019 2020 2021 2022 2023 2024

1 | Ohali say1, min 9810,0 9898,1 | 9981,5 | 9974,0 | 10026,1 | 10063,3 | 10127,1 | 10180,8
nafarlo

2 | Omoak gabiliyyatli 6262,2 6326,7 | 6255,5 | 6345,9 | 6447,7 6573,2 | 6656,2 | 6734,4
yasda olan
ohali,min naforls

3 | Isci giivvesinin 5073,8 5133,1 | 5037,7 | 5089,9 | 5141,6 5194,4 | 5249,7 | 5312,1

say1,min noforlo

4 | Moasgul ohalinin 4822,1 | 4879,3 | 4785,6 | 4721,2 | 4831,1 | 4901,1 | 4963,3 | 5029,8
say1,min noforls

5 | Igsizlik soviyyosi 251,7 253,8 |252,1 |368,7 |310,5 293,3 266,4 282,3

min nafarla vo %-lo | 5% 4,9% 5% 7,2% 6% 5,6% 5,5% 5,3%
6 | Azorbaycanda 6602 5048 5466 5287 7698 7926 9438 8141

calisan xarici

votondaglar

Cadval 2-0 asason 2024-cu ildo Azarbaycanda acnobi omakgi migrant vo mutoxassislor tgiin
kvota 8141 nafor olmusdur ki, bu da 2017-ci illo miigayisads 1539 nofar azliq toskil edir. Tohlil edilon
8 il arzinds 6lkads an ¢ox galisan acnabi amoakgi migrant 2023-cii ilds 9438 nofar toskil etmisdir. Bu
calisan migrantlarin igarisinda Turkiys (2832 nafor), Rusiya Federasiyast ( 869 nafar) , Hindistan
(451 nafoar), Cin (402 nofor), B.Britaniya vo Simali irlandiya Kralligindan (348 nafor) olan omokgi
migrantlar Gstunluk toskil edir .

3. Geosiyasi amil. Bu, sosiomadani amillorls birlikdo, asasan musalman 6lkalarindan vo ya
ohalisinin miayyan bir hissasini misalmanlar toskil edon 6lkslordon olan amakgi migrantlarin axinina
sabab olur. Hindistan, Pakistan va Rusiya kimi 6lkslordon olan miqrantlarin sayinda artim miisahido
olunur ki, onlar da 6lkads yeni is yerlori agmaga vo bizneslo mosgul olmaga cohd edirlor.

Azorbaycan postsovet mokaninda -regional migyasda migrasiya proseslorinds, hamginin AiB
Olkalori ilo ohali miibadilosinds intensiv istirak edir .Azarbaycan vatondaslari tii¢iin on shamiyyatli
xarici omok bazarlarindan biri Rusiya Federasiyasi hesab olunur. Rusiya Federal Miqrasiya Xidmati
torafindon 493 mindon ¢cox Azoarbaycan vatondasi geydiyyata alinmisdir ki, bu da 6lko ohalisinin
mihim hissasinin amak migrasiyasi magsadilo hamin istigamatdo comlosdiyini gostorir (2022-ci ilin
molumatlarina gora). Mivoaqqgeti miqrantlar arasinda omok¢i miqgrantlar oksoriyyat toskil edir.
Avrasiya Iqtisadi Komissiyasinin molumatlarina géra, hor il toxminon 53-55 min Azorbaycan
votondast is ii¢iin AIB-o Uizv Glkolors vo RF-na, az sayda Qazaxistan va Belarusiya kimi 6lkaloro
gedir. RF-nin azorbaycanlilar {igiin an colbedici bolgolori Moarkazi, Conubi vo Volga Federal
dairaloridir. Son on ildo azorbaycanlilar Rusiyanin Uzaq Simalinda maskunlasmaga baslamislar.
2022-ci ildo toxminan 8823 nafor soydasimiza miivagqati yasayis icazaSi Vo 15610 daimi yasayis
icazosi verilmis vo 24000 nofor Rusiya votondasi olmusdur. Bu statistik gostoricilor
Azarbaycanlilarin Rusiya comiyyatins ugurlu inteqrasiyasini tosdiglayir [12, soh.128].

Azarbaycanin AIB-o qosulmasi golacokda Azorbaycan vetondaslarinin iimumi Avropa amok
bazarina ¢ixisint shamiyyatli doracods asanlagdira bilor. Bu integrasiya prosesi naticasinds foal omoak
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ehtiyatlarinin sorbast horokatinin daha slverisli hiiquq veo institusional gargivoys salinmasi, eyni
zamanda ixtisaslara uygun mosgulluq imkanlarinin artmasi ilo neticalono bilor. Olkodan gedon
azorbaycanlilar birlik 6lkalorinin votondaslari kimi ittifaq daxilinds Sarbast harokot edib vo isloyo
bilor, borabar amok va sosial huquglardan yararlana bilor. Masalon, slava sanadlor vo icazalor
olmadan oksor pesolordo islomok; vergi vo pensiya rezidenturasi; diplomlarin vo tohsil
sertifikatlariin taninmasi vo . Homginin birlik Gzv dovlstlorine islomoys gedon soydaslarimizin
digar Uzv 6lke votondaslari ilo eyni amak va sosial hiiquqlardan yararlnmasi tigiin daha slverisli
imkanlar formalasa bilar [12, soh.136]. Eyni zamanda omak miqrasiyasi vo daimi migrasiya proseslori
naticasinda diinyanin miixtalif bélgalorinds miihiim Azorbaycan icmalari yaranmisdir. AIB xaricindo
Azorbaycan miqrantlarinin on bdyiik icmalari Tiirkiyada (98 min nafor), Ukraynada (84 min nofar),
ABS-da (32 min nofor), Almaniyada (28 min nofor), Ozbokistanda (20min nofor), Israilds (13 min
nofar) va s. Olkalordo yaranmigdir. MDB -don olan 1495 nafor omokgi migrant 2024-ci ilds
Azarbaycanda olan oacnobi migrantlarin 18,36%-ni toskil edir [9, 19].

Dogulduglar1 6lkadon konarda yasayan insanlarin sayi ilo bagli genis yayilmis malumatlar
miiasir qlobal miqrasiya axinlarmin intensivliyini kifayat godor oks etdirmir. Dunya Olkalarinds
miqrasiya aximlarinin intensivliyi diinya ohalisini toxminan 6%-i Saviyyasinds sabit qalmisdir.
Dunyada an boylk migrasiya harakatlorini Conubi vo Qoarbi Asiya arasinda, Latin Amerikasindan
Simali Amerikaya yonaldiyi halda azorbaycanlilar ii¢ forgli araziys daha ¢cox migqrasiya etmisdirlar.
Rusiya Federasiyasi, Qarb Olkalori (AFR, Hollandiya, Fransa), ABS va Yaxin Sarq (asason Tirkiya).
Bu isa 0 demakdir ki, homin 6lkalara migrasiya meylinin saviyyasi digar oarazilarlo miigayisads daha
yuksok olmus, azoerbaycanlilarin demoqrafik tomsilgiliyi vo sosial-maisot foaliyysti bu {i¢ regionda
daha nazars ¢arpacaq doaracads yiksokdir [14, soh.1520], [15].

Azorbaycan hom do migrant gobul edon torof olmagla bir sira MDB va AIB 6lkalorindon,
elaca do, ABS, Banglades, Flippin, Pakistan va s. kimi 6lkalordon amakgi migrantlar gsbul edir, bu
da 6lkada acnabi isgi qiivvasinin torkibinin ¢oxsaxali oldugunu gostarir (sakil 2).

Digar xarici 6lkalar 978
MDB 1495
Ukrayna 211
Rusiya Federasiyasi 869
Qazaxistan 160
Pakistan 273
Ozbakistan 106
Hindistan 451
Glrcustan 163
Flippin 223
Cin 402
B.Britaniya va Sm.irlandiya 348
ABS 125
Tarkiys 3832

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Sakil 2. 2024-cl ildo Azarbaycanda acnabi amakgi migrantlarin sayi
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Azorbaycanda amokgi miqrantlarin ¢ox hissasi TUrkiya (3832 nofar), Rusiya Federasiyasi (899 nofar),
Hindistan (451 nofor), Cin (402 nofor), Boyiik Britaniya vo Simali irlandiya (348 nofor), Pakistan
(273 nafar) kimi 6lkalorin payna disiir (sokil 2) [16].
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Sokil 3. Olkalor tizro Azorbaycandan gedon smokgi migrantlarim say1
Asis.az saytinin malumatlari asasinda miiallif torafindan tortib edilmisdir [19]

Sokil 3-don do goOrinduyu kimi Azorbaycandan gedon asas omokgi migrantlar Rusiya
Federasiyas1 vo MDB-yo, daha sonra Turkiys, ABS, AFR, Qazaxistan kimi 6lkalars iz tutmuslar.

Respublika tiglin amak migrasiyasinin mithiim iqtisadi aspektlarindon biri miqrant isgilor va
diaspora nimayondalori torafindon monso Olkalorino remittanslarin hoyata kegirilmasidir. Bu
koclrmolor bir torofdon miqrantlarin ailo rifah halinin yiiksolmasine vo yoxsullugun aradan
qaldirilmasina xidmot etso do, digor torofdon migrantlar1 gobul edon 6lkonin omok bazarinda
formalasan golir axinlariin xarica yonalmasi ilo xarakterizo olunur. Naticos etibarila, pul kogtrmaloari
hom beynolxalg maliyys minasibatlorinin mihiim komponentina ¢evrilmokls yanasi, donar va gobul
edon Olkalor arasinda iqtisadi asililigin ¢oxalmasina qarsiligli amoakdasligin méhkamlonmasing
komak edir [12, soh.138], [15].

Azorbaycanin miqrasiya qanunvericiliyi homginin, miisyyan kateqoriyali acnobilora (daimi
yasayls icazasi olan) xlisusi is icazasi olmadan islomays icazo verir. Hazirda Azorbaycanda va
dinyada geyri-legal migrasiya ils hiiqugi problemlar aktual olan sosial va hiiqugi problemdir va onun
genislonmosi bir nego asas soboblo baglidir. insanlar yiiksok soviyyali hoyat soraiti, maddi rifahin
yuksalmoasi va tohlikasizlik axtarisi ilo geyri-qanuni yollarla basqa 6lkalora migrasiya edirlor. Eyni
zamanda muharibalor vo siyasi sabitsizlik do bu prosesin artmasina sabob olur. Viza rejimlarinin
sortlogdirilmasi vo leqal miqrasiya yollarinin mohdudlagdirilmasi da insanlarin qeyri-leqal yollar
segmasing tasir edir. Bu problemlorin aradan qaldirilmasi vo holli ona qarst miibarizo sahasinda
miixtolif 6lkolordo ganunvericiliyin tokmillosdirilmesi sahasinds todbirlor goriiliir. Illegal migrasiya
ilo mibarizo sahasinds dovlstlorin tocriibasi vo dovlotlorarast amokdasliq mosalalori oldugca
vacibdir. [17, sah.106, 119], [18, sah.131].
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Natica va takliflor. Aparilan todgiqgat gostorir Ki, Azorbaycanda miqrasiyanin tarixi koklori
vardir va Olkalor (izro migrasiya proseslorinds bas veran doayisikliklor XX asrin sonlarinda daha da
intensivlogsmisdir. 1990-c1 ilin avvallorinds 6lkads 1138 min nofar macburi kdckiin ordusu yaranmas,
bunlarin da 350 min nafari Ermonistandan, galan hissasi iso Qarabag orazisindon olan macburi
kockinlor idi. 1990-c1 ildon 2024-cu ilo godor 6lkaya galonlarin vo gedanlorin say1 azalmisdir
(galanlarin say1 135,9 min nafar, gedonlorin say1 isa 79,9 min nafar). 1991-ci ildon 2022-ci ilo gqodar
Azorbaycana goalanlorin say1 44,4 min nafordon 1,7 min nofora diisorok 26 dofa, 6lkadan gedanlorin
say1 2017-ci ildon 63,4 min nafordon 2024-cii ildo 724 nofara godor azalaraq 88 dofo azalmigdir vo
2008-ci ildon miqrasiya saldosu misbat qiymot almisdir. 2024-ci ildo Azarbaycanda omakgi migrant
Vo mutoxassislor tigun kvota 8141 nafor olmusdur, son sokkiz ilds an ¢ox kvota 2023-cii ildo 9438
nofarlo maksimum hadds ¢atmisdir. Bu ¢alisan miqrantlar igarisinds 2832 nafarlo Turkiys vo 869
noforlo Rusiya Federasiyasi qabaqcil yer tutur. Bununla yanasi, 6lko beynolxalg migrasiya
proseslarina, 0 climlodon omok migrasiyasina kifayot qodor foal sokilds inteqrasiya olmusdur.
Azorbaycan migrasiya ganunvericiliyina asason, milayyan kateqoriyali xarici votondaslara is icazasi
olmadan islomoys icazo verir. Olkonin Azorbaycan monsoli miqrantlarindan daxil olan pul
kdgurmolarindon miayyan doracads asililigi nozoro alinaraq, dovlet torofindon 6lko Xxaricinds
yasayan diaspor icmalarina x{susi digget yetirilir, onlarin hiiquglarinin qorunmasi vo sosial hayat
saviyyasinin tomin edilmasi istigamatlorinds magsadyonli siyasst hoyata kegirilir.

Migrasiyanin, osasonds emiqrantlarin saymni azaltmaq iiciin kompleks sosial-igtisadi
todbirlarin hayata kegirilmasi vacibdir. Miivafiq olaraq adi gedon kontekstdo asagidaki addimlar
muhum oshamiyyat kasb edir.

-Yeni is yerlorinin yaradilmasi, xiisusilo gonclor arasinda moggulluq saviyyasinin artirilmasi,
muxtalif igtisadi foaliyyat sahalorinin vo amak bazarinin geniglondirilmasi

-Regionlarin sosial-iqtisadi inkigafi, Respublikada paytaxt vo regionlar arasinda sosial-igtisadi
inkisafin qeyri-baraborliyinin azaldilmasi, regionlararasi inkisaf balansinin tomin olunmasi va
ohalinin hayat saviyyasinin yuksaldilmasi t¢un olverisli sosial-iqtisadi goraitin formalasdirilmasi

-Beyin axminin qarsisinin alinmasi, yiiksok ixtisasli kadrlar vo mitoxassislor tgiin elmi-
todqigat imkanlarinin, slverisli miihitin vo innovativ tadqiqat maraqlarinin yaradilmasi
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STRUCTURAL AND FUNCTIONAL FEATURES OF MIGRATION PROCESSES IN THE
REPUBLIC OF AZERBAIJAN
Imanova S.H.
Azerbaijan State Pedagogical University

The research study conducts an in-depth analyzes of the structural, substantive, and functional
characteristics of migration processes in the Republic of Azerbaijan, as well as their principal
directions. It is noteworthy that population migration is one of crucial factors having an impact on
the socio-economic development of countries. Within the context of globalization and the integration
of global labor markets, the intensity of migration prosses has increased substantially. During this
process, economic motives such as the employment generation and the enhancement population
welfare are frequently observed. Concurrently, the study supplies a comprehensive analysis of the
influence of political factors - particularly armed conflicts, persecution, and instability-on the
formation and dynamics of internal migration processes.

Furthermore, the research paper discusses the historical development of migration in
Azerbaijan, the expansion of population movements in the 19th—20th centuries, and the intensification
of political migration in 1988-1990. Consequently, more than 1.1 million internally displaced
persons from Armenia and the Karabakh region encountered a range of socio-political issues. In
addition, the study the research systematically examines the factors shaping migration processes in
the Republic of Azerbaijan, their interaction mechanisms, and their main directions. The conducted
analyses indicate that, in the current context, labor migration flows in the country have been shaped
by several factors: economic, demographic, and geopolitical.

Labor migrants leaving the country are accounted for by CIS countries (especially the Russian
Federation) and member states of the Eurasian Economic Union. In the inflow of migrants to the
country, migrants arriving from Turkey, Russia and EEU member states predominant. Azerbaijan is
extensively engaged in regional migration, migration process, and population transfer with the post-
Soviet region and with the ABD countries.
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Consequently, it becomes evident that, migrants from Azerbaijan predominantly move in three
directions: the Russian Federation, Western countries, as well as the United States and the Middle

East region.

Keywords: migration, emigration, immigration, migrant worker, labor market, labor force,
remittance, ethnopolitical
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Magalalarin taqdim olunma qaydalar

Mogalolor  elektron ~ variantda MS  WORD  formatinda  https:/scientific-
journals.naa.edu.az/index.html {invaninda vo OJS platformasinda https://submission-scientific-
journals.naa.edu.az/index.php yerlasdirilir vo azarbaycan, rus va ingilis dillarinds gobul olunurlar.
Hoar bir moagaloysa Azarbaycan va ingilis dillarinds, rus dilinds olan magalslors iss har (¢ dilds
annotasiya vo acar sozlor verilmalidir. Capa togdim olunan mogalolor A4 formatda, 12 6lgiilii sriftlo
(cadvallor, sokillor vo sokilalti yazilar 11 o6lgiilii sriftlo), 1,15 intervalla islonmalidir. Bosluglar:
varagin bitun kenarlarindan 2 sm-dir. Magalanin hacmi 15 sohifadon artiq olmamalidir.

Magalalara musbat ray verildikdon sonra redaksiya heyastinin gorart ils ¢ap olunur.

Doktorantlar mogalani elmi rohbarinin rayi ils birgs saytda yerlosdirmolidir.

1. Hor bir mogalo mogalonin yazildig:r dildo onun UOT-u vo ya PACS-1, DOI-si, adi,
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Sitat gotirmo qaydast:

-dovri jurnallardaki moqalolor: muolliflorin A.A. Soyadlar1, magalonin adi, dovri jurnalin adi,
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tokrar istinadlarda isa sahifo ndmrasi verilir.

References - adobiyyatin orijinal dilds ingilis olifbasi ilo verilmis variantidir.

3. Annotasiya.

Annotasiya 200 s6zdon az olmamalidir.

Acar sozlor 8-10 s6zdoan ibarat olmalidir.

4. Rasmlar va sakillar.

Rasmlar va sokillor yazilari vo izahatlari ilo taqdim olunmalidir. Olgiilor: 6 sm x 6 sm-dan az
Vo 23sm X 16 sm-dan ¢cox olmayaraq. Qrafiklorin koordinat oxlar1 ragom tarkibli olmalidir. Koordinat
oxlarinin adlar1 ¢ox aydin yazilmahdir. Qrafiklordaki har bir xott ndmralonmis vo izahl sokilds olan

yazilarla verilmalidir.

5. Cadvallor ndmralonmali va basligla verilmalidir.

6. Mogalonin sonunda muslliflor haqqinda molumat verilir: adi, soyadi vo atasinin adi, elmi
daracasi, elektron tinvani, is yeri va vozifasi, isin icra olundugu sobo, laboratoriya v ya kafedra.

Verilmis talablora uygun galmayan maqalalara baxilmir!!!
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Rules for submitting articles

Articles are placed in electronic form in MS WORD format at https://scientific-
journals.naa.edu.az/index.html  and on the OJS platform https://submission-scientific-
journals.naa.edu.az/index.php and are accepted in Azerbaijani, Russian and English. Each article
must be provided with annotations and keywords in Azerbaijani and English, and articles in Russian
in all three languages. Articles submitted for publication must be in A4 format, 12-point font
(tables, figures and captions in 11-point font), with 1.15 spacing. Margins: 2 cm from all edges of
the sheet.The length of the article should not exceed 15 pages.

After a positive review of the articles, they are published by the decision of the editorial board.

Doctoral students must place the article on the website together with the opinion of their
scientific supervisor.

1. Each article should be printed in the language of the article, with its UOT or PACS, DOI,
title, authors' names, patronymics, surnames, e-mail addresses, name of the organization at 1.15
intervals, and should begin with annotation and keywords.

2. References:

-References to literature should be used in the order in which they appear in the article.

Citation rules:

-articles in periodicals: authors' A.A. Surnames, title of the article, title of the periodical, year
of publication, volume, issue, page number;

-conference materials and abstracts: authors' A.A. Surnames, title of the conference materials
or abstract, name of the conference, place and year of publication, volume, issue and pages of the
printed material;

-books: authors' surnames, title of the book, publisher, year and place of publication, number
of pages, and in repeated references, page number is given.

References - a version of the literature in the original language in English alphabet.

3. Annotation.

The annotation should consist of a minimum of 200-220 words.

Keywords should consist of 8-10 words.

4. Drawings and pictures.

Drawings and pictures should be presented with captions and explanations. Dimensions: not
less than 6 cm x 6 cm and not more than 23 cm x 16 cm. The coordinate axes of the graphs should
contain numbers. The names of the coordinate axes should be written very clearly. Each line in the
graphs should be numbered and given with explanatory inscriptions.

5. Tables should be numbered and given with a title.

6. At the end of the article, information about the authors is provided: name, surname and
patronymic, academic degree, email address, place of work and position, department, laboratory or
chair where the work was performed.

Articles that do not meet the given requirements will not be considered!!!
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