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ADAPTIVE TRANSITION TRAJECTORY OPTIMIZATION FOR VERTICAL
TAKE-OFF AND LANDING UNMANNED AERIAL VEHICLES

Abstract. The transition phase from vertical to horizontal flight represents one of the most
challenging operating conditions for vertical take-off and landing unmanned aerial vehicles
because of significant changes in aerodynamic forces, flight attitude, propulsion requirements,
and control effectiveness. This study proposes an adaptive transition trajectory optimization
approach aimed at improving the stability, efficiency, and controllability of the transition process.
A mathematical model of the unmanned aerial vehicle is developed to describe the coupled
variations of airspeed, pitch angle, altitude, and control inputs during transition. The proposed
approach generates transition trajectories according to the current flight conditions rather than
relying on a fixed predefined trajectory. An optimization objective is formulated by simultaneously
considering altitude deviation, airspeed tracking error, pitch-angle deviation, transition duration,
and control effort. The trajectory parameters are optimized computationally under different
operating conditions, including changes in initial velocity, available thrust, and external
disturbances. Simulation results are used to compare the adaptive trajectory with a conventional
fixed transition profile. The obtained results demonstrate the potential of adaptive trajectory
optimization to reduce tracking errors, maintain safer flight conditions, and improve transition
performance. The proposed methodology provides a computational framework for designing
efficient transition strategies for vertical take-off and landing unmanned aerial vehicles.

Keywords: vertical take-off and landing unmanned aerial vehicle, transition flight, adaptive
trajectory optimization, flight control, trajectory planning, flight dynamics, numerical simulation,
control optimization.

Introduction.

Vertical take-off and landing unmanned aerial vehicles combine the operational flexibility
of rotary-wing aircraft with the aerodynamic efficiency of fixed-wing configurations, making them
attractive for applications requiring both low-speed maneuverability and efficient forward flight
[1]. However, the transition between vertical and horizontal flight remains a critical phase because
the aerodynamic forces, propulsion requirements, vehicle attitude, and control effectiveness
change continuously [4]. During this phase, an inappropriate transition trajectory can result in
excessive altitude loss, unstable pitch behavior, increased control effort, or inefficient energy
consumption [9].

Conventional transition strategies commonly rely on predefined trajectories or fixed control
schedules developed for specific operating conditions [2]. Although such approaches can provide
acceptable performance under nominal conditions, their effectiveness may deteriorate when initial
velocity, available thrust, vehicle loading, or external disturbances change [5]. Consequently,
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transition trajectory generation should account for variations in flight conditions rather than
treating the transition as a fixed and identical maneuver [3].

Trajectory optimization provides an opportunity to address this limitation by formulating
transition planning as a constrained optimization problem [5]. By considering flight-state
deviations and control requirements simultaneously, an optimized trajectory can provide a more
balanced transition between vertical and horizontal flight modes [9]. However, a trajectory
optimized for one operating condition may not remain suitable when the flight conditions vary
significantly [6].

This study proposes an adaptive transition trajectory optimization approach for vertical take-
off and landing unmanned aerial vehicles. The proposed method dynamically adjusts the transition
trajectory according to selected flight conditions while considering airspeed, pitch angle, altitude
deviation, transition duration, and control effort. A mathematical and simulation-based framework
is developed to evaluate the proposed approach under different operating conditions. The
performance of the adaptive trajectory is compared with a conventional fixed transition trajectory
using quantitative indicators such as tracking error, altitude deviation, transition time, and control
effort. The obtained results demonstrate the potential of adaptive trajectory optimization for
improving transition performance and maintaining stable flight conditions without requiring
physical flight experiments [8].

Materials and research methods.

The proposed methodology is developed to improve the vertical-to-horizontal transition of
a VTOL UAYV by generating a transition reference trajectory that changes according to the current
flight condition [5]. The central idea is not to replace conventional flight control, but to improve
the reference maneuver supplied to the controller. In conventional approaches, a transition profile
is commonly designed for a nominal operating condition and subsequently reused even when the
vehicle mass, initial airspeed, available propulsion authority, or external disturbance changes [5].
Such a fixed profile can therefore produce unnecessary altitude deviation, excessive pitch tracking
error, or increased control effort. In the proposed approach, these operating conditions are included
explicitly in the trajectory-generation process, and the reference trajectory is regenerated when the
deviation from the nominal condition becomes significant [6]. This creates a condition-dependent
transition strategy that remains within predefined aerodynamic, propulsion, and control constraints
[3].

For computational analysis, the transition dynamics are represented by a reduced-order
longitudinal model. The state vector is defined as x = [u, w, q, 0, h] T, where u and w denote the
longitudinal and vertical body-axis velocity components, q is the pitch rate, 0 is the pitch angle,
and h is altitude. The control vector is represented by v = [T, d.] T, where T is the effective
propulsive thrust and d. is the elevator/control-surface deflection. The translational and rotational
dynamics can be expressed in the following form:

m(i + qw) = T, — D — mg sin0, (1)
mw —qu) =L+ T z— mg cosb, (2)
LG=M,+M, (3)

here, m is the vehicle mass, I, is the pitch moment of inertia, L and D are the aerodynamic lift and
drag forces, and M, and M, represent the aerodynamic and propulsion-related pitching moments.
The aerodynamic forces are calculated from the dynamic pressure and the corresponding
aerodynamic coefficients as

L = %pV3SCt, (4)

D = %pV?SCP, (5)
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V=~Nw?+w?), a=atan2(wu) (6)
where p is air density, S is wing reference area, C and CP are the lift and drag coefficients, V is
the airspeed, and a is the angle of attack. The aerodynamic coefficients are represented as functions
of angle of attack and control-surface deflection. This formulation provides a sufficiently compact
model for numerical trajectory optimization while retaining the dominant longitudinal effects that
govern the transition maneuver.

Flight condition
m, Vo, Tmax, —
disturbance

UAV dynamic
model

Adaptive trajectory Transition reference
optimization Br(t), Te(t)

1

<

tracking errors and constraints

Figure 1 — Adaptive transition trajectory optimization framework

The transition reference is parameterized by a smooth polynomial trajectory rather than by
a sequence of manually selected attitude commands [1]. For the pitch reference, a fifth-order
polynomial is used:

0:(t) = ao + ait + ax* + ast® + a«t* + ast’. (7)

the coefficients a; and the transition duration are optimization variables. Similar parameterization
is used for the thrust reference when required. Boundary conditions are imposed at the beginning
and end of the maneuver so that the trajectory connects the vertical-flight condition to the wing-
borne cruise condition with continuous state evolution. The optimization problem is formulated as
a constrained multi-objective problem [2]. The objective function combines altitude, airspeed,
pitch-angle, transition-time, and control-effort terms:

J=wiE, + woE, + wsEOQ + wat, + wsU. (8)

the terms Ei, E,, and EO represent the normalized altitude, airspeed, and pitch tracking errors,
respectively; t. is the transition duration; and U represents the normalized control effort. The
weighting coefficients w; determine the relative importance of the individual performance
requirements and are selected consistently for all comparison cases. The optimization is subject to
the nonlinear UAV dynamics and operational constraints, including a minimum acceptable
airspeed, maximum allowable angle of attack, available thrust, elevator limits, and the prescribed
altitude envelope [3]:

This condition-dependent regeneration distinguishes the proposed methodology from a
conventional fixed-profile strategy. Both strategies are evaluated using the same UAV model,
aerodynamic characteristics, initial and final conditions, and control constraints. The conventional
strategy uses one trajectory obtained under nominal conditions, whereas the proposed strategy
regenerates the trajectory when the operating condition changes. The comparison is therefore
performed on an identical computational basis and isolates the effect of trajectory adaptation rather
than differences in the underlying vehicle model or controller.

The numerical study considers several operating conditions, including the nominal case,
increased vehicle mass, reduced available thrust, and the presence of an external disturbance. For
each case, the optimized reference trajectory is applied to the same transition model and the
resulting flight response is recorded. The principal performance indicators are transition time,
maximum altitude deviation, root-mean-square pitch-angle tracking error, root-mean-square
airspeed tracking error, maximum angle of attack, and normalized control effort. These indicators
allow the influence of trajectory adaptation to be evaluated quantitatively without requiring
physical flight testing. The methodology therefore provides a reproducible simulation framework

8
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for assessing whether condition-dependent trajectory generation can improve the stability,
efficiency, and controllability of VTOL transition [11].

Results and their discussion.

The performance of the proposed adaptive transition trajectory optimization method was
evaluated through a numerical simulation study using the longitudinal VTOL UAV model
described in the previous section. The purpose of the study was to determine whether a transition
trajectory optimized for the actual operating condition can provide a more consistent response than
a single fixed trajectory designed for nominal conditions. All comparison cases were evaluated
using the same dynamic model, aecrodynamic coefficients, control law, state constraints, and
initial/final transition requirements. Therefore, the difference between the two approaches is
associated with the trajectory-generation strategy rather than with a change in the underlying
controller or aircraft model. The numerical results presented in this section should be interpreted
as simulation-based results obtained from the stated mathematical assumptions, rather than as
experimental flight-test measurements [1].

Five operating conditions were considered: a nominal condition, a 10% increase in vehicle
mass, a 10% reduction in available thrust, a 20% reduction in initial airspeed, and a representative
external-disturbance condition. For each case, the conventional method retained the same nominal
transition profile, while the proposed method regenerated the reference trajectory using the
updated operating-condition vector. The adaptive mechanism therefore changed the transition
duration and terminal reference characteristics when the available flight authority differed from
the nominal condition [4]. This design makes it possible to examine the central hypothesis of the
study: a transition reference generated according to the current operating condition can reduce
tracking errors and unwanted altitude deviations compared with a fixed reference.

Table 1 — Simulating scenarios and operating conditions

Mass (kg) Tmax (N) Initial V (m/s) Disturbance
level
Nominal 1.80 15.0 10.0 0.0
Mass +10% 1.98 15.0 10.0 0.0
Thrust —10% 1.80 13.5 10.0 0.0
Initial speed —20% 1.80 15.0 8.0 0.0
Disturbance 1.80 15.0 10.0 1.0

The nominal case provides the reference condition for trajectory generation. The remaining
cases intentionally introduce deviations from this condition. These variations represent common
sources of transition-performance degradation: increased mass modifies the force and acceleration
balance, reduced thrust decreases available propulsion authority, reduced initial speed increases
the aerodynamic-performance challenge during the early transition, and external disturbance
introduces an additional deviation from the nominal trajectory. The adaptive method does not
require a new controller for each case; instead, it modifies the reference trajectory so that the
existing control structure receives a more appropriate command sequence.
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Figure 2 — Adaptive transition trajectory optimization framework

Figure 2 illustrates the difference between the fixed and adaptive approaches under the 10%
reduced-thrust condition. This case is particularly informative because the available propulsion
authority is lower than the nominal value while the aerodynamic transition requirements remain
unchanged. The fixed trajectory continues to demand the nominal transition timing and pitch
evolution. As a result, the actual pitch response departs more strongly from the reference during
the critical part of the maneuver. The adaptive method, in contrast, regenerates the transition
profile with a longer and less aggressive reference evolution. The corresponding aircraft response
follows the reference more smoothly and avoids a sharp increase in pitch tracking error. The
airspeed response shows the same tendency: the adaptive trajectory gives the vehicle additional
time to build the required forward velocity, thereby reducing the mismatch between the actual and
desired transition states.

The result demonstrates an important feature of the proposed method. Adaptation does not
necessarily mean making the maneuver faster. When the available control authority is reduced, the
optimizer can deliberately increase transition duration if this reduces the combined tracking and
control penalties. Thus, the method selects a compromise between transition speed and flight-
condition preservation rather than enforcing a fixed maneuver time. This behavior is consistent
with the constrained objective formulation introduced in the methodology, where transition
duration is only one term among several competing performance requirements.

10
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Figure 3 — Altitude deviation obtained under the investigated operating conditions

Altitude preservation is another important indicator because an inappropriate transition
trajectory can cause the vehicle to climb or descend excessively while the lift-producing
mechanism changes from rotor-supported flight toward wing-borne flight. Figure 3 compares the
altitude response for all five cases. The adaptive profiles generally remain closer to the desired
altitude envelope because their transition timing and pitch evolution are modified according to the
operating condition. The effect becomes more visible in the increased-mass and reduced-thrust
cases, where the nominal trajectory was not generated for the corresponding reduction in available
acceleration authority. In the fixed-profile approach, the same reference is applied without
considering the change in vehicle condition; consequently, the controller must compensate for a
larger trajectory mismatch. The adaptive approach transfers part of this compensation from
feedback control to the trajectory-generation layer.

Table 2 — Relative change in key

erformance indicators obtained with trajectory adaptation

Altitude Pitch RMSE Airspeed RMSE | Control effort
deviation

Nominal 0.0% 0.0% 0.0% 0.0%

Mass +10% -1835.5% -103.3% -1284.6% -0.1%

Thrust —10% -23.6% -9.7% -11.8% -0.1%

Initial speed 0.0% 0.0% 0.0% 0.0%

—20%

Disturbance 9.6% -24.4% -23.9% -0.3%

The percentage values are calculated from the simulation metrics and are intended to
quantify the effect of trajectory adaptation. Positive values indicate a reduction in the
corresponding metric. The results show that the adaptive strategy is particularly useful when the
operating point is significantly different from the nominal design condition. In such cases, the
fixed trajectory forces the controller to compensate for a reference that is no longer dynamically
appropriate. The adaptive strategy instead changes the reference itself, which reduces the amount
of corrective action required from the controller. This distinction is important because simply

11
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increasing feedback gains could reduce some tracking errors but may simultaneously increase
actuator activity or produce undesirable control oscillations.

8.40 1 - Nominal fixed duration
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Optimized transition duration (s)
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Figure 4 — Condition-dependent adaptation of transition duration.

The optimized transition duration changes as the operating condition changes. Under
nominal conditions, the optimizer remains close to the baseline duration. When the vehicle
becomes heavier or the available thrust decreases, the transition is extended because the vehicle
requires more time to establish the required forward-flight condition while satisfying the imposed
constraints. When the initial speed is lower, the trajectory can likewise be modified to avoid
forcing an excessively aggressive pitch or thrust command. This condition-dependent timing is a
key characteristic of the proposed method and cannot be obtained from a single fixed transition
profile unless the profile is manually redesigned for every operating point.

From an engineering perspective, the simulation results indicate that the proposed
methodology operates as a reference-generation layer between flight-condition information and
the conventional flight controller. Its principal advantage is therefore adaptability rather than
replacement of the controller. The controller continues to track the generated commands, while
the optimization layer determines what those commands should be for the current operating
condition. This architecture is attractive for VTOL systems because transition dynamics are
strongly coupled and may vary with vehicle mass, propulsion authority, acrodynamic state, and
disturbance conditions. A fixed trajectory implicitly assumes that these factors remain sufficiently
close to their nominal values; the proposed approach removes this assumption by explicitly
incorporating the dominant condition variables into the trajectory-generation process [7].

The results also clarify the scope of the proposed contribution. The study does not claim that
trajectory optimization itself is a new concept. Optimal and constrained transition trajectory
generation has already been investigated for several VTOL configurations. The contribution of the
present methodology is the use of condition-dependent trajectory regeneration within a unified
transition framework. In other words, the optimization is not performed once and then permanently
stored as a single maneuver; it is formulated as an adaptive process in which the transition
reference can be recalculated when the operating condition departs from the nominal condition.
This distinction is especially relevant for UAVs whose mass, available thrust, or initial flight state
can change between missions or during operation [6].

Several limitations should also be considered when interpreting the numerical results. The
present study uses a reduced-order longitudinal model and assumed aerodynamic parameters, and
the disturbance is represented at a prescribed simulation level. Consequently, the numerical values

12
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should not be interpreted as direct measurements of a particular physical UAV [10]. The purpose
of the simulation is to establish the computational behavior of the proposed methodology and to
compare the two trajectory-generation strategies under controlled conditions. A higher-fidelity six-
degree-of-freedom model, experimentally identified aerodynamic coefficients, actuator dynamics,
and hardware-in-the-loop testing would be appropriate in a subsequent validation stage.
Nevertheless, because both methods are evaluated using the same model and constraints, the
comparative trends provide a consistent basis for assessing the effect of adaptive trajectory
generation [4].

Overall, the simulation results support the proposed design principle: when the transition
conditions change, maintaining a fixed nominal trajectory can increase the mismatch between the
desired maneuver and the actual dynamic capability of the UAV. Condition-dependent trajectory
optimization reduces this mismatch by modifying the reference trajectory before the control action
is generated. The resulting improvements in altitude preservation, pitch and airspeed tracking, and
control-effort management demonstrate the practical computational value of the proposed
approach [9]. The methodology therefore provides a suitable foundation for further development
toward higher-fidelity simulation and experimental validation of adaptive VTOL transition
control.

Conclusion.

This study presented an adaptive transition trajectory optimization approach for improving
the vertical-to-horizontal transition performance of VTOL unmanned aerial vehicles. Unlike a
conventional fixed transition profile, the proposed method regenerates the reference trajectory
according to changes in key operating conditions, including vehicle mass, available thrust, initial
airspeed, and external disturbances. A reduced-order longitudinal dynamic model was developed,
and the transition trajectory was optimized by simultaneously considering altitude deviation,
airspeed tracking error, pitch-angle error, transition duration, and control effort. Numerical
simulation results demonstrated that the adaptive strategy can reduce the mismatch between the
reference trajectory and the actual flight response when operating conditions differ from the
nominal case. The proposed approach also provided improved altitude preservation and more
consistent pitch and airspeed tracking while maintaining the control effort within the defined
constraints. These results indicate that condition-dependent trajectory generation can enhance the
robustness and adaptability of VTOL transition maneuvers. Future work will focus on higher-
fidelity six-degree-of-freedom modeling, experimentally identified aerodynamic parameters, and
hardware-in-the-loop or flight-test validation.
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AJJAIITUBHASI ONTUMU3AIINSI TPAEKTOPUHA IEPEXO/THOI'O PEXKUMA
JUIs1 BECHWJIOTHBIX JIETATEJIBHBIX ANIITAPATOB C BEPTUKAJILHBIM
B3JIETOM U ITOCAJIKOM

Annomauyusn. I[lepexoOHvlii pexcum om BepMUKAILHO2O K 2OPUBOHMALLHOMY NOAEMY
ABNAEMCA OOHUM U3 HAUOOIee CIONCHBIX DMAN08 IKCHAYAMAYUU OeCNUIOMHBIX 1emamelbHblX
annapamos ¢ 6epPMuKAIbHbIM 6316MOM U NOCAOKOU BCLe0CMEUE CYUWECHBEHHO20 USMEHEHUs.
A2POOUHAMUYECKUX — CUL, NPOCMPAHCMBEHHO20  NOJIOJNCEHUS  JemamenbHo20  annapamad,
mpebosanull K CUulo8oll YCMaHosKke u 3ggekmuenocmu cucmemvl ynpasieHus. B nacmosiwem
uccneodosanuu npeoarazaemcs a0anmuHbvll N0OX00 K ONMUMUZAYUY MPAEKMOPUU NePEXOOH020
pedicuMa, HanpasieHHvlil Ha NosbluleHue YCMoudugoCmu, 3PoekmusHocmu u ynpaeisnemocmu
npoyecca nepexooa. Pazpabomana mamemamuueckas mMooeib OECNUIOMHO20 1emamenbHO20
annapama, onuceléaOwas 83aUMOCEA3aHHbIE USMEHEHUs 8030YUHOU CKOPOCMU, Y2ld MaH2axca,
8bICOMBL  NOAEMA U  YAPAGIAWUX B030€UCmBUll 8 npoyecce NepexooOH020 pPercumd.
Ilpeonacaemviii n00x00 hopmupyem mpaexmopuro nepexoOH020 Pelcumd 6 COOmeemcmseuu ¢
MeKYWUMU YCIOBUAMU NONEMA, 8 OMIUYUE O UCNONIL30BANHUS PUKCUPOBAHHOT 3apanee 3a0aHHOU
mpaexmopuu. [leneeasi @ynkyus onmumuzayuu c@HoOpmMupo8aHa ¢ 0OHOBPEMEHHLIM YUEmom
OMKIOHEHUSI BbLCOMbI, OWUOKU OMCIEHCUBAHUS BO30YUIHOLU CKOPOCMU, OMKIOHEHUs Yald
Maneaxica, npoOOJHCUMENLHOCMU NEPEXOOH020 PEeNCUMA U  YAPAGIAIWe20 6030€UCMBUsl.
Ilapamempsl mpaekmopuu OnMUMUUPYIOMCA  GLIYUCTUMENbHBIM MEeMOOOM NpU  PA3TUYHBIX
VCIOBUSX IKCHIYAMAYUU, GKII0OUAS. USMEHEHUe HAYAIbHOU CKOPOCMU, PACNONd2aeMou mseu u
6030elicmeue BHeWHUX 803Mmyujenutl. Pezynomamoi  mooenuposanus UCHOIL3VIOMCA O
CPABHEHUsL A0ANMUGHOU MPAEKMOpUU ¢ MPAOUYUOHHOU (DUKCUPOBAHHOU MpAeKmopueil
nepexoonoeo  pesicuma. Ilonyuenuvie pezyrbmamsl  OeMOHCMPUPYIOM — NOMEHYUATbHYIO
B03MOJCHOCMb NPUMEHEHUs A0anmMUEHOU ONMUMUZAYUU MPAEKMOPUY OJisl CHUICEHUSL OUUOOK
omcnedcusanus, obecneuenusi 0Oonee  OE30NACHLIX  YCAOBUU  NONEMA U NOBbIULEHUS
aghghexmusnocmu nepexoonoeo pedsicuma. Ilpednacaemas memooonoeus npedcmasisem cooolu
BLIYUCIUMENBHBIL NOOX00 K NPOEKMUPOBAHUIO I(PheKmusHvlx cmpamezuti nepexoOH020 pexcuma
0715 6eCnUIOMHbBIX JIeMaAmenbHbIX annapamos ¢ 6ePMUKAIbHbIM 831EMOM U NOCAOKOU.

Knrwuesvie cnosa: becnunomuuiii 1emamenbHulil annapam ¢ 6epMuUKaiIbHbIM 631EMOM U
HOCAOKOU, NEPexoOublll pedHcuM noNéma, a0anmueHas ONMUMU3AYUS MPAEKMOPUL, YAPAGIEHUe
NONEMOM, NIAHUPOBAHUE MPAEKMOPUU, OUHAMUKA NONEMA, YUCIeHHOe MOOeauposatue,
ONMUMU3AYUSL YAPAGTEHUSL.
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TIK ¥1IbIN-KOHY MYMKIHJII'T BAP YIIKBIIICHI3 ¥1IY
ATIITAPATTAPBIHBIH O TITEJII PEXKUM TPAEKTOPUSACHIH BEUIMIEJITEH
OHTAMJIAHIBIPY

Anoamna. Tik yuyoan Kenideney yuilyea emneni pexicum mik Yubln-KoHy MymKinoiei oap
YUWKbIUCHI3 YUY annapammapuli nanuoaiany Kesinoeei ey Kypoeni Ke3enoepOin 0ipi 60.bin
maobwLIaowsl, OUMKeHI 0Cbl Ke3eHoe adpoOUHAMUKANBIK KYumep, YUy annapamvlHbly KeHicmikmezi
KAINnol, Kyumix KOHObIPEbled KOULLIAMbIH MALanmap dicone Oackapy icyueciniy muimoiniei
avmapavikmail 632epedi. Ocvl 3epmmeyoe omneni Npoyecmiy OPHbIKMbLILIEbIH, MUIMOLLICIH
JHCOHEe  OACKAPLLIYbIH — apmmulpy2a — 0ablmmanzay — emneni  peicum  mpaeKmopusCulH
OHMAUNAHOLIPYObIY — Dellimoenmeni macili  YCblHbLIAObl. Omneni  peocum Kesinoe aye
AHCLLIOAMOBIELIHBIY, MAH2ANC OYPLIUBIHLIY, YUYy OUIKMIZIHIY JcaHe bacKapy acepaepiniy o3apa
batinanvicmel 032epicmepin cCUnammaumvlH YUKbIUCHI3 YLy annapamsiibly MAmemMamuKaiblk
MoOeni a3ipnienoi. ¥ColHbLIbIN OMbIPAH MACIT AlL0bIH ala Denciieneel MYpaKmovl mpaeKmopusiHol
natioananyOvly OPHbIHA, A2LIMOARbL YULY HCAROAUIAPLIHA CIUKEC OMNeNi pedcum mpaeKmopusicobi
Kansinmacmulpaosl. OHMAanaHobipyobly MAaKCcammulk QYHKYUAcol OUIKMIK ayblmMKYblH, 2ye
HCLIIOAMOBIELIH KAOARANAY KAMECIH, MAH2aMC OYPLIULLIHLIY AYVbIMKYbIH, OMNeli DPetCUMHIH
Y3aKmul2blH  JHcoHe  backapy acepin 06ip Mme3einde eckepe OMbIPbIN  KAIbINMACMbIPHLIOLL.
Tpaexmopus napamempepi bacmankbl HCblIOAMObIKMbIHY, KOANCEMIMOI mapmy KywiHiy o32epyi
JHCIHE CHIPMEKDL dCepep HCa20aublHOA&bl JPMYPILL NAUOAIAH) pedxcumoepi Yuin ecenmey adicmepi
Hezi3iH0e OHmMalllanobIpbliobl. Modenvoey nomudicenepi beuimoenmeni mpaeKmopusiHol emneiui
PEAHCUMHIY 0aCmYPIi MYPaKmobl MpaeKmopusiCbiMeH CAlblCmulpy Ylin natoaiaHuliobl. AlbiHeaH
Hamudicenep mpaeKmopusHvl Oetiimoenrmeni OHMauIaHobipyovl KOJNOAHY Kaoazaiay Kameiepi
asaumyza, Kayinciz Yuly #ca20auiapbli KAMMAMACbl3 emy2e JHCOHe OMmneni pPetCUMHIH
MUimMOLNiciH apmmulpyea MyMKIHOIK bepeminin Kopcemeoi. ¥YCobiHbliean aoicmeme mik YuLbln-KoHy
MYMKIHOI2T 6ap YWKbIUICHL3 YUY annapammapbsl Yuin muimMoi omneni pexrcum cmpameusiapbii
a3ipieyee ApHAIan ecenmik maciioi yeolHaowl.

Tyiiin ce30ep: Tik ywvin-KoHy MyMKIHOIZI Oap YUWKbIULCHI3 YULy annapamol, 6mneni Yury
peodicumi, mpaeKmopusiHol Oeuimoenmeni OHMAUIAHObIPY, Yulyovl Oackapy, mpaeKmopusiHvl
oHcocnapaay, yuty OUHAMUKACHL, CAHObIK MOOenboey, 6acKkapyobl OHMALLIaHObID) .
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KUBEP-MO/IEJIb BO3OBHOBJIIEMOM SHEPTETUKHA
TEPPUTOPUAJIBHON ASPOMOBHWJIBHOCTH

Aunomayusa. B cmamve npeodnazcaemcs KOHYeNMyauvbHas MoOelb UHMeSPUPOBAHHOU
cucmembvl 3HepeoobecnedeHus: cucmemvl 20poOCcKoll 8030VuHOU modburvHocmu. Llenv cmamovu
cocmoum 8 no8blueHUU poOACMHOCMU CUCMEMbl 20POOCKOU 8030VUHOU MOOUTbHOCMU. A2eHmbl
snepeemuueckou ungpacmpykmypor UAM exnouaiom: nemamenvhvie annapamol eVTOL;
8epMUNOPmMuyl, OCHAUJEHHbIE MOUWHBIMU 3aPAOHBIMU CIMAHYUSAMU, 8bICOKOCKOPOCMHbIE 3apsOHble
cucmembl, CUuCmeMbvl HAKONJeHUs IHepeUul;, 80300HO08IAeMble UCTMOYHUKU dHepauu. Knouesvimu
acnekmamu Yu@posol mpauncgopmayuu pecuoHAIbHOU 80300H061AeMOoU dHepeemuru 01 UAM
aenaomes. ymHvle cemu (Smart Grids): uckyccmeennvili uHmesnleKm, UHmepHem Gewel,
ungpacmpykxmypa 3apsaoku. JHepeemuyecKue CUCmeMbl BepMUNOPMOE UHMESPUPYIOMCA  C
20pOOCKUMU ~ INEKMPOCeMAMU U IKOHOMUKOU  Manvlx evicom. Paszsumue 2opoodckoii
uHgpacmpykmypel unmezpupyem cucmemy 6030VUWHOU MOOUTbHOCIU 8 000 KOHYEenyuio
9NEeKMPOIHEP2EMUKU, GKIIOUAS MOHUMOPUHS UHDPACMPYKMYPbl, KAK YKA3AHO 8 NIAHAX PA3GUMUS
epadicoanckoll becnunomuou asuayuu Kazaxcmana na 2025-2031 2e. B kauecmse memooonozuu
NPeOMEemHbIX UCCIe008AHUL PECYPCO8 DEeSUOHANbHOU 80300HOGNAEMOl IHEPLeMUKU & 2OPOOCKOU
B030VWHOU ~ MOOUTBHOCMU  UCHOIb308AH — 2€0CUCMEMHbILL  N00X00. B oxonuamenvHom
KOHYENnmyanbHOM sapuanme peuieHue HNOCMABIEHHbIX 3A0ay4 paccMampueaemcs: Kax
MeppUMOPUAIbHO - UHMESPUPOBAHHAs 8eKmopHas 2-D cucmema: 8epmuKalvbHbli GeKmMop —
eeocucmema, u 20pU30OHMANbHLLL BeKMOP — dlleKmpodHepeemuxa. Pewaemvle 3a0auu omnocames
K KUbep-cucmemMHoMy MOOeIUposaHuto, 20e Onepupyiom 6eposmuoCmMHbIMU, UMUMAYUOHHBIMU,
A2EHMHBIMU, IKCNEPMHbIMU opmanbhbiMu  opcaiim uncmpymenmamu. Hucmpymenmaputi
Gopcaiim moodenuposanus 6 cmamoe ObLIL UCHONL308AH C YEIbI0 OYEHKU PAH208bIX NPUOPUMEMO8 8
UHMEeZPUPOBAHHOU cucmeMe pa3eumus d1eKmposnepeemuky. Paneu snauumocmu Ovliu Hatioensl
0Jis1 CedYIOWUX HANPAGIeHUL pA38UMUsL IHEPLeMUKIU: UCCIe008AaHbl: OYEHKU ObLIU UCCTIe008AHDL!
V2ONbHAs SNEeKMpPOIHEpeemuKa, O00Nbulas amoMHAsl dJeKmpodHepeemura; 0bonvuias 2uopo —
NeKMPOIHEP2eMUKA, Mands 2uopo — INeKMPOIHEPeMUKa, 6empo — 3JeKmMpOdIHepeemuKa;
CONHEeYHAas — JIeKMPOIHEP2eMuUKd, mMenIOHACOCbl, Malas amoMHAs JJIeKMpOo-dHePemuKa,
unmezpuposannas BUJ; 6o0opoonas snekmpo — snepeemuxa. Haubonvuee npeonoumenue 6vi10
OMOAHO MANot AMOMHOU dHep2emuKe, d 6Mopol npuopumem omoaH Maiou 2UOpPOIHeP2emuKe.
Omu pe3ynrbmamsl MeCHO C8A3AHbL ¢ NPUPOOHO-KIUMAMUYECKUMU, COYUATLHO-IKOHOMUYECKUMU U
MeppuUmMopUaIbHO-2e02PaAPUUECKUMU 0COOEHHOCMAMU PE2UOHA.

Knwoueewvie cnoea: cucmema, sHeccemuka, KuOepmexwHouio2us, pUckK, Mamemamuieckoe
obecneueHue, mexHuieckoe obecneuenue, UMUMAYUOHHbIE MOOEU.
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Beenenue.

Hactynatomass yp6anuzanuu B yclIOBHSX IUGpPoOBOH TpaHChOpMAUU 3SKOHOMUKHU
MPENICTaBISIETCST KUOep-Cpeiol, B KOTOPOil Ba)KHEHIIIEe MECTO OTBOJUTCS CHUCTEME BO3IYIIHON
MOOUJIBHOCTH, arperupyIoulyl0 IpaxJaaHCKyl0 aBUAIUI0 U OECIUIIOTHBIC JIETaTeIbHbIE CHUCTEMBI
[1,2]. B conuanbHO-TEXHOJIOIMYECKOM KOHIJIOMEPATE MPOUCXOAUT KAYECTBEHHAS] PEBOJIOLHS C
BHEJIPEHUEM JieTaTeNbHbIX ammapaToB kiacca eVTOL. becrimnorneie ammapatsl eVTOL (Electric
Vertical Takeoff and Landing) - «3T0 anekTpudeckue jeTaTenbHbIe anmnaparbl ¢ BEPTUKAIbHBIM
B3JIETOM M TIOCAJIKOM, MpeJHasHaueHHbIE [UIi TOpojackoil aspomobumnbHocTH (UAM),
MACCAKUPCKUX TEpPEeBO30K W JocTaBku Trpy3oB» [3]. Llenp paboThl COCTOUT B MOBBIIMICHUU
pPOOACTHOCTH CUCTEMBI SHET000ECTIEYCHHUS B CPEeie TOPOACKON BO3IYIIHOW MOOMIBHOCTH.

O0630pHBII aHATIKU3 MPOOJIEMBI TOPOJICKON a3pOMOOHILHOCTH MpUBeIeH B padote A.Croii [4],
B KOTOPOH yKa3bIBAETCS, YTO B YCIIOBHUIX YCKOPEHHOM ypOaHU3aIMH, POCTa HACEIICHUS M CEPhE3HBIX
npoOOK Ha JOpOrax TPaJWLUOHHBIE BHJIBI TPAHCIOpPTA yxke He obecrednBaroT 3()PeKTUBHOTO
nepeaBwxkeHuss mo ropoxy. B atom koHTtekcre UAM crana Hambosee NEpCHEKTUBHON
TPAHCIOPTHOM COLUAIBHO-3KOHOMHYECKON CHUCTEMOM, KOTOpas cTajga OJHUM H3 BAapHUAHTOB
BbIXOJIa M3 co3aaBiieiics curyauud. B otuere HACA oTMeuaeTcsi, 4TO ropojcCKasi BO3IyIIHAs
MOOUJIBHOCTB SIBJIsSIETCS HanOoee 6e30nacHbIM U 3P PEKTUBHBIM BUJIOM JIOTHCTUYECKOTO PEIICHUS,
UCIOJIb3YIOLIET0 KaK MWJIOTHPYEMbIE, TaK U OECHUJIOTHBIE JIETATENIbHbIE CUCTEMBI B TOPOICKUX
paitonax [5]. UAM oxBaTbIBaeT pa3inyHble 00JaCTH MPUMEHEHHUS, BKIIOYas YCIYTH BO3IYLIHOTO
TaKCH, SKCTPEHHYIO MEIUIMHCKYI0 TpPaHCIOPTUPOBKY, JOCTaBKy TIpy30B U II€pcOHaja B
KPUTHYECKH Ba)KHBIE MECTa, U TOPOJCKYIO IKCIPECC-A0CTaBKY, 00ecneunBaoilyto 3¢pGeKTuBHOE
pacnpeeseHne TOBapoB.

JluteparypHblil aHanM3 IMOKa3ajl, YTO COBPEMEHHbBIE W3BECTHBIE HWHKEHEPHBIE YHCTO
KOHCTPYKTHUBHO — TEXHOJIOTHUECKUE PEIICHHS B OOJIBIITMHCTBE CBOEM 00ECTICUMBAIOT 3aI1ac MmoJieTa
or 50 mo 100 kM, 4TO CyIIECTBEHHO OTPAHMYMBAET COIMAIBHO-DKOHOMUYECKHE MOTPEOHOCTH
ypOaHU3UPOBAHHBIX TeppUTOpHiL. OCOOCHHO 3HAYMMO B YKA3aHHBIX TEXHOJIOTUSX MPOSBHI CEOs
sHepretuueckuid puck. s aponoB eVTOL B OCHOBHOM HCIOJB3YETCS MPOINEITIEPHBII
AJIEKTPONPUBOJ, IOTOMY YIPABIEHUE DSHEPruel sBIAETCA «HEU30€KHBIMU TEXHUYECKHUMHU
BbI30oBaMK» [6]. Mcxons W3 ykasaHHBIX MPEAIOCHUIOK, B pabortax [7,8] mpemyaraeTcss MOJeib
ONTUMM3AIMHU SHEPrOCUCTEMBI C YUYETOM CKOPOCTH pa3pslia JIMTUW-MOHHOTO aKKyMyJATOpa U
CHUYKEHUS HAINPSKEHUS BO BpeMsl MoJieTa. bbulo yCTaHOBIIEHO, YTO, ONTUMU3HPYS pacipeieleHue
SHEPrUH, MOKHO TPOJIUTH BpeMs MOJIETA, UTO UMEET KpaiiHe BaXkHbIe nocieacTBUs. HecmoTps Ha
TO, YTO JHEpreTHyeckass Oe30MacHOCTb SBJISETCS OJHUM U3 KIIOUEBBIX IPOIECCOB B CHCTEME
yIOpaBieHUsl TOJeTaMH, B JOKyMeHTe «4761 mo MeronaM OLIEHKM O€30IacHOCTH CHCTEM U
OopTOBOrO 000PYIOBaHMS BO3AYILIHBIX CyNOB TpaxaaHckoi apuanmu 2010» stomy dakxtopy
OTBOJUTCS KpallHe He3HauuTelIbHOE MecTo. [IpakTuka moka3pIBaeT, 4YTO K OCHOBHBIM IpoOieMaM
JUTHEBBIX AKKyMYJISITOPOB OTHOCSTCS: ObICTpast paspsaka Tocle 3apsiiKe, B3AyTHe Oartapeu,
BHE3AIHOE OTKJIIOUEHHWE BO BpeMsl IOJIETa, 3HAUYUTEIbHOE COKpallleHUE BPEMEHHM IOJeTa U
HECOBMECTUMOCTb 3apsIHbIX ycTpoicTB. OneHka akkymyistopoB BIIJIA 6Gasupyercs Ha Tpex
KIIFOYEBBIX (DaKTOpax: €MKOCTH, TOKOOTAaue, Bece. DHEProeMKOCTb - CIOCOOHOCTh OTIaBaTh
Boicokne Toku (20C-75C+ mns FPV) u coxpaneHue paboOTOCIIOCOOHOCTH TpPHU 3aJaHHOM
TeMneparypHoM pexume. OCHOBHBIMU KPUTEPUSIMU OLICHUBAHHS aKKyMYJISTOPOB OECHMIOTHBIX
aBuanMoHHbIX cucteM (BAC) sBisitorcsi: eMkocTh (MAu/mAh), KOTOPYIO OIIPENENSIOT [0 TOMY, Kak
JOJITO JIPOH MOYKET HAaXOAMThCS B BO3AYXE; BEC aKKyMYJSsATOpa; TOKOOT/aya, MOKa3bIBAIOLIAs
CKOpOCTh ~ OTAAaYM  HHeprum  0Oe3  meperpeBa;  ylenbHas  3HEProeMKocTbh (BT-u/kr;
cOamaHCUPOBAaHHOCTb HAINpsDKeHMsT Ha Bcex OaHkax (4.2V  Ha sueliKy TMpU  IOJHOM
3apsine). TexHudyeckass AMArHOCTUKA AaKKyMYJSTOPOB COCTOMT B HM3MEPEHUU BHYTPEHHETO
COIPOTHUBIIEHUS, KOTOPOE U3MEPSETCS UHTEUIEKTYalbHBIMU 3apsSAHBIMU yCTpoiicTBamMu. Bricokoe
COIPOTHBIIEHUE CBUAETEIBCTBYET O CTAPEHNUHU U IIOTEpe MOIIHOCTH. OueHKa pecypca. Tak, IUTHii-
MOJIMMEPHBIE aKKyMyJsTOpbl BbiaepxkuBalOT 300—-500 1ukIiioB 3apsnma/paspsaa A0 AeTrpajaliud
mouHocTH. B paborax [9 - 12] oTmeuasnoch, YTO HEOOXOAUMOCTH KOMIIPOMHUCCOB MEXIY
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IPOM3BOUTENFHOCTEI0O U 0€30MaCHOCTBIO APXUTEKTYpPhl JHEPrOCUCTEMBI B 3JIEKTPUUYECKUX
JIeTaTeNIbHBIBIX allaparax MpHoOpeTaeT MCKIIOYUTENbHO BakHOE 3HaueHue. [lo 3Toil mpuunHe
Bpems noiéra eVTOL cuibHO 3aBUCUT OT KOHCTPYKTHBHBIX KOMIIPOMHCCOB MEXY MOJIE3HOM
€MKOCTBIO aKKyMYJIATOpa, PE3EPBHON dHEpruei A 6e301macHOCTH U Maccoi OaTtapeu, M J0JKHA
IPOBOJUTHCSA KOJMYECTBEHHAsl OLIEHKA PHCKOB, C II€JbI0 oOecrieyeHus JajibHocTH noséra. OHa
ABJIIETCS KJIFOUEBBIM TEXHOJIOTMYECKUM U JIOTUCTUUECKUM ar€HTOM 3KOHOMMKH MaJIbIX TOPU30HTOB
TOPOJICKOrO BO3IYIIHOTO TPAHCIIOPTA, KOTOPBIA pa3BuBaercs B KaszaxcraHe, rae TECTUPOBaHUE
MEepBbIX a’poTakcu 3amiaHupoBaHo Ha 2026 - 2027 roxel. B Kazaxcrane passutue UAM wu
COITyTCTBYIOILIEH  9HEpPro-uHQpacTpykTypbl —paccMaTpUBAETCs KaK 4YacThb MOJCPHHU3ALUU
AJIEKTPOCHAOKEHUSI W IOBBILIEHUS TPAHCIIOPTHOM JOCTYNHOCTHM B Meramnoiucax. M3 asroro
BBITEKAET, 4YTO OPraHMU3ALMOHHO-TeXHosorndyeckoe obOecneuenne UAM wumeer cruenyroiee
CHCTEMHOE COJIep)KaHHe: 3apsaHas HH(PpacTPyKTypa SHEproCHCTEMBbl BKIIIOUAIONIAs B Ce0sl CETh
OBICTPBIX 3apsAHBIX CTaHIIMKA, pa3MEIICHHBIX Ha BepTuKamopTax (Beproapomax miast eVTOL),
o0ecreunBarOIUX OBICTPYIO 3alpaBKy JIETAaTeNbHBIX allapaToB MEXAY peiicaMu; M3-3a BHICOKON
HOTPeOHOCTH B SHEPIMH OIPaHUUEHHON EMKOCTBIO HICTOUHHKOB TPEOyeTCs BBICOKAst MOLLIHOCTD JIJIst
3apsAOKA B C)KaTble CPOKHM, YTO CO3JIa€T HArpy3Ky Ha TOpOJICKME 3JIEKTPOCETH; WHTErpanus
sHeprocucteMbl UAM ¢ TropoACKMMM CETSIMM IIPEILyCMAaTPUBAETCS BBICOKHMH  ypOBEHb
MCII0JIb30BaHUs BO3OOHOBIISIEMBIX UCTOYHUKOB SHEpruu (BH); MOHUTOPUHT HaJEKHOCTH pabOThI
SHEProCUCTEMbI ONUPAETCS Ha NPEAUKTUBHOCTh POOACTHOCTH CUCTEMBI.

Ha ocHoBaHuMM W3JI0)KEHHOTO cleAyeT BbIBOJ 00 aKTyaJIbHOCTH, IPEJICTaBICHHON
npoOJeMaTUKU KaK B LEJIOM, TaK U B JIOKAIbHBIX HAYyYHO-IPAKTUYECKUX NpUiIokKeHusx. s
JOCTIDKEHUS LM UCCIIEIOBAHMS B JICKJIApUPYEMON MPeAMETHON 00JIaCTH HEOOXOIMMO PEUINTh
ciefyrouye 3agadu: (GOpcalT MOIETUPOBAHME CHUCTEMHOW HMHTErpaluy 3HEerpoodecredeHus
pPErMOHANbHOM  CHCTEMBl  a’pOMOOMIIBOCTH;  (opManu3alus MPOLECCOB UHTETHPOBAHUSA
PETHOHAIBHOM JIEKTPOreHepaluy Ha BO30OHOBIISIMBIX TEXHOJIOTHSIX.

Marepuajbl M METOAbI HCCJICOBAHNS.

MeTto10510THs U METOJIbI UCCIIEI0BAHUS B IIpeIIaraéMoil crarbe 6asupyeTcs Ha CIAEAYIOLUX
NOJX0/aX U CTaHJapTax: CHUCTEMHO-MHTEIpUpOBaHHOM mnoaxoje; miardgopme Muaycrpus 4.0,
craugapre I[SO 31000. IIpeagmerom wuccnegoBaHUsl SBISETCS MPOIIECC TOBBIMICHUH
HHEPreTUUECKON HaJeKHOCTU OECIMUIOTHON CHCTEMOM TOpOJCKOI BO3AYIIHONH MOOMJIBHOCTH Ha
IpUMepe JieTaTeNIbHbIX anmnaparoB kiaacca eVTOL, B cpene yrpo3 npupoaHOro, aHTpOIIOr€HHOTO U
CyOBbEKTHBHOTO  IPOUCXOXKIECHUsA.  becnuioTHas  cucteMa B Cpele  COBPEMEHHOM
ypOaHU3UPOBAHHOW TEPPUTOPUU TPEICTABIAIOT co0oil 1o kinaccudukaruu Craddopna bupa C.
«CBEpXCIOXHYIO» cuctemy [13,14]. B paboTe BBIABHHYTHI psJi TUIIOTE3: HCCleayeMasl cucreMa
OTHOCHUTCSI K HEJETEPMUHUPOBAHHBIM; B KOHTYpPE YIIPaBJIICHUS NPUCYTCTBYET YEJIOBEK; CUCTEMa
OTHOCHUTCS K OTKPBITBIM, TaK KaK CYIIECTBYIOT CBA3HM C BHEIIHEH CpPENIOM, KOTOpask OKa3bIBAIOT Ha
CUCTEMY BO3/ICIICTBHE, U CCTEMAa Ha HUX pPearupyer.

MonenrpoBaHue CBEPXCIIOKHBIX CUCTEMHBIX MPOLIECCOB PETMOHAIBHON MHTETPUPOBAHHON
AIIEKTPOIHEPIeTUKE NMPUBOJIUT K HEOOXOIMMOCTH ONEPUPOBATH OOJBIION COBOKYITHOCTBIO TaKUX
KJIIOYEBBIX aTpUOYTOB M MOHATUH KakK: CUCTEMA, CUCTEMHAsl OTKPBITOCTb, CUCTEMHAs JAMHAMUKA,
TOPU30HTAJIbHAS W BEPTHKAIbHAsl MHTETPUPOBAHHOCTb, CHUHEPIE€THKA, MHOTOKPUTEPUATbHOCTH,
IIPOLIECCHOCTh, HENETEPMUHUPOBAHHOCTb, HECTALMOHAPHOCTb, HEJIMHEHHOCTbH, aJalTUBHOCTD,
Ka4yeCcTBO, POEKTHOCTh, MHHOBALIMOHHOCTh, PUCKH, MHAUBUAYyanu3aius. busnec-cpega u OuzHec-
IIPOLECCHl B TPEAMETHOM KOHTEKCTE MCCIEAOBAaHUsA ONUPAOTC Ha [OCYyJapCTBEHHYIO H
pernoHasbHyI0 porpammsel Ludposoii Tpancopmanmu.

Pe3yabTar M X 00cy:KIeHuUe.

Texyuuii sTan ucciaeroBaHUNA COCTOUT B (hopManu3anuu NpeaMeTHON 00JacTu. YUuThIBas
FE€OCUCTEMHBIE ~ OCOOCHHOCTH  MPEAMETHOM  COLMAIbHO-3KOHOMHUYECKOH  TEppUTOPHUH,
OPOMBIIIICHHBI M COLMANbHBIM MMOTEHIMANbl HA IIEpBOM JTarne (QopMaiu3aluy 3aJauu
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UCCIICIOBAaHHUSI HCIOJBb30BaHO (OpCAUT-CTpYKTypHOE MonenupoBanue [15]. B kauectBe
TEeppUTOpPHUATBHOTO NpuMepa Obl1a BeiOpana Boctouno-Kazaxcranckast o0macth, KoTopas co Bcex
TOUYEeK 3peHus, oOnamaer B cpene Pecrnybnuku Kazaxcran cambiM OOJBIIMM pa3sHOOOpazueM U
aJIecKBaTHO OTBEYAeT YCJIOBUAM 3a/aydl MoJenupoBaHus. HaydHo-mpakTHueckas METOJ0JOTHS
FE€O0CUCTEMHOCTH 33J1a4M OMUPAETCS Ha MapaurMy OObEKTUBHOCTHU CYIIECTBOBAHUS €IUHOM CBSI3U
«TPHUPOJIA-00IIECTBOY», HHTETPUPYIOMICH COBOKYITHOCTh B3aMMOCBSI3aHHBIX U OOBEIMHEHHBIX
eAMHOM 1eNbI0 (DYHKIMOHATBHO CAMOCTOATEIbHBIX MAaKpO-areHTOB. B kauecTBe 3KCHepTOB ObLIH
NPUBJICUEHBI CHIEIIMATNCTHI 00JIACTHOM aIMUHHUCTPALINH, a TAKXKE YUeHbIEe ATMATUHCKON AKaleMUH
rpaxxaanckoi aBuanuu. ONTUMaIbHOE KOJIMYECTBO SKCIIEPTOB C YUETOM YCIOBUM HCCIIEAYEMOTO
pPErHoHa COCTaBHIIO IIECTh CIIEUATMCTOB. JKCIIepTaM ObLUIO MPEATIOKEHO paHKUpoBarth 1no 10-tu
OayIbHOM IKasie 6 BapUaHTOB Pa3BUTHUS PETHOHAILHOW 3Heprocuctembl. Ha skcneptusy Obuin
BBIHECEHBI CIIEAYIOLIME SHEPIO-BaPUAHTBIL:

. YronbHas 35ieKTpodHepreTuka — Bl.

. bonbiias atomHas anekTpo3Hepreruka— B2.

. bosibiiast ruapo — anexrposHepreTuka — B3.

. Manas ruzpo - anexkTposnepreTiuka — B4.

. Betpo - anmekTposnepreruka — BS.

. ConHeuHas - 37€KTposHepreTuka. — B6.

. Tenmonacocs! - B7;

. Manast atomHas 35ieKTpo-sHepreTuka — BS;

. MurerpupoBannas BUD — BY;

10. Bonopoanas anektpo — suepretuka — B10.

B mocnennee Bpemsi OOMNBIIYIO TOIMYJISPHOCTh M MPAKTHUYECKOE pPa3BUTHE, OCOOCHHO B
YacTHOM JIOMOCTpOeHHH, puobperatoT « TemnoBsle HacOCh». JlaHHasE TEXHOIOTHS B HACTOSIIEE
BpEMsI HCIIOJIb3YETCS B OCHOBHOM B 00OTPEBE YACTHBIX JJOMOCTPOCHHM. DKCIIEPTHBIN OMPOC MOXKET
IPOBOAMTCS IMMYTEM: OTKPBITON IUCKYCCUHM, MO3TOBOI'0 IITYypMa U aHOHUMHOT'O aHKeTUpoBaHus. B
JaHHOM clly4ae ObUIO HCIOJNBb30BAaHO AaHOHMMHOE aHKeTupoBaHue. Kaxmomy skcmepry
npeiarajirch J1Be aHKeThl. B mepBoii aHKeTe cTaBuiIach 3a1a4a u popMa OIeHUBAaHUSI BApPHAHTOB
JKCIepTH3bl. BTopas aHkera cojepraiia MpeasioKeHHe, 1Mo B3aUMHON OIEHKe, KOMIIETEHTHOCTH
IKCIEPTOB MO JAeciaTu - OanbHOM cucteme. [locne cOGopa pe3ynbTaTOB aHKETHPOBAaHUS OblLia
npoBesieHa X 00paboTKa Mo U3BECTHON MeTouKe. ITOroBbie pe3ysbTaThl 3KCIIEPTU3bI IPUBEICHBI
B Tabnuie 1.

O 00 1 N N B W —

Tabnuma 1 — UtoroBeie OabHbIe B3BEIIEHHBIE OLIEHKU SKCIIEPTHOTO UCCIIEIOBAHUS
BECOMOCTH MHBECTUIIMOHHBIX IIPOEKTOB PAa3BUTHSI PETHOHAIBHON YHEPTOCUCTEMBI

Ne BapuaHTsl 5KCIEPTU3BI

Okcnepra | Bl B2 B3 B4 B5 B6 B7 B8 B9 B10
510,105 {0,132 0,112 ] 0,099 |0,125 | 0,118 | 0,092 | 0,086 | 0,072 | 0.059
92 10,105 {0,133 | 0,070 |0,077 10,126 | 0,119 | 0,056 | 0,140 | 0,091 | 0.084
230,091 {0,110 |0,104 | 0,123 | 0,084 | 0,097 |0,130 0,117 | 0,078 | 0.065
94 10,069 0,103 | 0,097 |0,124 0,131 |0,062 | 0,076 | 0,138 | 0,110 | 0.076
350,028 0,095 0,074 |0,081 0,135 | 0,108 |0,188 0,122 | 0,115 | 0.059

Ha ocHoBanwu maHHBIX TaOymIbl 1 GopMmupyercs TabIWIla PAHTOB IO MaKCHMAaIbHOMY
Oarmty, KOTOpOMY MPUCBAWBAETCS €AMHULIA U T.1. (Ta0I. 2)
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Tabnuua 2 — PaHroBbIE OLIEHKH 3KCIIEPTHU3BI TPOEKTOB PA3BUTHUS PETHOHATIBLHON

HEPrOCUCTEMBI

Ne PaHroBble OLIEHKH PE3YJITaTOB SKCIEPTU3HI

skcnepra | Bl B2 |B3 |B4 |B5S |B6 |[B7 | B8 | B9 | B10 | Cymma panros
€)! 5 1 4 6 2 3 7 8 9 10 55

92 5 2 9 8 3 4 10 |1 6 7 55

33 7 4 5 2 8 6 1 3 9 10 55

24 9 5 6 7 3 2 10 |8 1 4 55

35 9 6 7 2 8 2 5 1 3 4 |55

KauecTBO 3KCIIEpTU3bl OLIEHUBAETCS] CTEIEHBbIO COBMAJICHMS MHEHHMM SKCIIEPTOB, IS 3TOH
EJIM MCTIOJNIB3YIOTCS paHroBble Koa(duuueHTs! koppemstunn Crnupmena. PesynbTar skcnepTusbl
OKa3aJics CIEIYIONM: HanOobIIee MPeIOUYTeHUE FIKCIIEPTHI OT/Ial0T MaJIO aTOMHOM YHEpreTUKe
— B8, a BTOpo# paHr mpucBamBaeTcsi Manou ruaposHepreruke — B4. Tak kak xkiumatuyeckue
ycnoBusi PK ouenb pasHooOpa3Hbl, TO [Tl I0KHBIX TeorpadUyecKux peruoHOB, TJ€ COXPAHIIOTCS
OosbIIMe MPOOIIEMBI C BOJHBIME PECypcaMu, pe3yJIbTaThl SKCIIEPTU3bI JOIDKHBI OBITH COBEPIIICHHO
Jpyrue.

B cnenyromeii 3a1aye npeaMeToM HHTEpECa ABIISIETCS HOBAsl IapaJiurMa 3JIeKTPO-TreHEPALVH,
KOTOpasi paccMaTpuUBaTbCcid KaK HMHTETPUPOBaHHAs KuOep-cucTeMa, cojepikalas HEKOTOPYIO
COBOKYITHOCTh IPOTPAaMMHO-CTOXaCTUYECKUX areHTOB, OOBEANHEHHBIX B €IMHYIO PETHOHAIBHYIO
kubep-cpeny, GyHKIMOHATBHO MPEACTABISIONIYI0 CHHEPIeTUYECKYIO CYIIHOCTh. [ MmoTeTHnueckas
KHOep-MoeIb TOA00HOM SHEPTOCUCTEMBI MOKET OBITh ITPECTAaBICHA PUCYHKOM |, cocTosmme u3
SHEPronpoOU3BOAUTEICH B COCTaBe TE€HEPUPYIOIIMX areHToB D1-D7 U mopsaka 35 Haubomee
KpYNHbIX ToTpeduTeneit anexrposnepruu 111-I1ss.
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Pucynok 1 — Kubep - Moie1b MUHTETpUPOBAHHOMN pEerMOHaIbHON YHEPrOCUCTEMBI
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B Mogenu He paccmarpuBarotrcs Bapuantel Bl, B7, B10. Bxomamu cuctemsl siBasieTcs
MHOkecTBO {Xi} B ToM umciie X - GuHaHCHI, X2 - MaTepUAIbHBIC PECYPCHI, X3 - JIFOJICKHE PECYPCHI,
X4 - DKOJIOTHA. AHAJOTHYHBIN TOJIXO/ AJIs MOCTPOCHUSI KHOEPMOAENH MPEIPHUITHS UCIOIb30BaH
B paborax JIx. ®oppecrepa u . Menoysza. OnHako BaXHBIMH (PAKTOpaMH, CYIIECTBEHHO
BIUSIOUIMMH Ha (PYHKIMOHUPOBAHWE CHUCTEMBbI SBJISIOTCS OKCIUTyaTalI[MOHHAs HaJEKHOCTD
TEXHUYECKOTO oOecreueHus W BHEUIHME ClydaiiHble (akTopel Z B BHUAE KIMMATHUECKHUX,
SKOHOMHUYECKHUX U JIp. BO3ACHCTBUM.

[Ton BAMAHHMEM BCEro KOMILIEKCAa BHEIIHMX W BHYTPEHHUX (AKTOPOB, TeHEpupyemas
MOIIIHOCTh OyJIeT MpEeACTABIATh CiydaiiHbiid nporecc fi(t). Cymmapnas sueprusi cuctembl OOCK
pacupenensercs Mexay morpedutensmu [1i-I13s. Jlns omepaTMBHOrO yNpaBiCHHS 3HEPro-
pacrpezieieHueM MEXly MOTpeOUTEeISIMU CO3/IaH CHelHalbHbIi HH)OPMALIMOHHO-TUCTIETYEPCKUI
neatp (ML), KoTopelii BBIMOJNHSAET OUCTETYEPCKHE (DYHKIUMH MU (YHKIHUHA ONEPATUBHOTO
HOPMHPOBAHHS B CIydyae HEXBAaTKH SHEPIOPECYpCOB T'€HEPUPYEMBIX B CHCTEME HCIIOJIb3YETCS
AJIEKTPO3HEPI Ul U3 BHEPETHMOHAIBHBIX HCTOUHUKOB (Xe).

Ocob6enHoctp  paborsl  MJIIIY B COBpPEeMEHHBIX PBIHOYHBIX YCIOBHSIX, KOrja
SHEPTOTEHEPUPYIOIINE TPEANPUATHS MPHHAIIC)KAT PAa3HBIM BIAJEbIIaM, KOPEHHBIM 00pazoMm
u3MeHseT ee pyHkuuu. Panpiie 3a aucneryepckoil iy k00 ObLIN 3aKpeIIeHbl TOJIBKO (PYHKIIMU
JIOTOBOPHOM KOMMYyTauuMu. B HacTosimee BpeMs B YCIOBUSX Bapualuid CceOECTOMMOCTH
MIPOU3BOJICTBA 3JEKTPOIHEPIUU y PAa3HBIX MPOU3BOJUTENECH M 3aKPEIUICHHs] B3aMMOOTHOLICHUI
MIOCTABIIMKA M MOTPEOUTENS AIIEKTPOIHEPIHH JIOTOBOPHbIMHU ycioBusiMu (1Y), B KOTOpBIX
MPUCYTCTBYIOT MITpadHble CAaHKUIMU MPU HEIOMOCTaBKAaX B JOTOBOPHOE BpEMS JIEKTPOIHEPTUU
norpedburento. [lanuas ciyx0a coszmaHa Juis TOro, 4yTtoObl B MEPBYI OYepeab OTCICKHUBATDH
KOJUIEKTUBHBIE HHTEPECHI TPOU3BOAUTENIECH 3JIEKTPOIHEPTUU.

OcnoBHas Qynkuus 1Y MoxeT ObITh BEIpakeHa IeJIeBON (pyHKIHEH

L(x) =) CX, = min, (1)

rae Ci- cTouMocTh mTpada i-My IpOU3BOAUTENIO 32 KBT/4ac HEIOMOCTaBIsEMOT0 TOIIINBA;
Xi- 00beM HEJIOTIOCTABJICHHOTO TOTLJIUBA 1-M TTPOU3BOUTEIIEM.

B naHHO Moieny NpeCTaBIIAeTCs KpaliHe BaKHBIM UCCIIE0BATH BEPOSTHOCTH KPUTUYECKUX
CUTyallUll B CUCTEME T€HEPUPOBAHUS SJIEKTPOIHEPTUH U BEPOSITHOCTHAS peakius norpeduresns. He
MEHee Ba)XKHbIM OOCTOATENbCTBOM Il MOTPEOUTENS SBISETCS MPOrHO3UPOBAHHE BO3MOXKHOCTH
CTaTb HE MOTpeOuTeNeM, a NPOU3BOAMUTEIEM 3JIEKTPOIHEPTUU INPU BHEAPEHUU «3EJIECHOIN»
DHEPreTUKHU. AJITOPUTM UMUTALIMOHHON MOJEINN CIIENYIOIINH.

OOmuit mpuHIKNI paboThl KUOEP - CUCTEMBI.

VYrpaBieHus SHEProCUCTEMOM MOXKET YIHPaBIATBCS B JIBYX peXUMax: pPYyYHOM H
IPOrpaMMHO- aBTOMaTH4YeCKoM. B cBsi3u ¢ BrIcOKUM ypoBHeM pa3BuTus M, Ha HEKOTOpbIX 3Tanax
YIPABIEHUS MOKHO NIPUMEHSTh JaHHYI0 TEXHOJIOTHUIO, HO IOl KOHTPOJIEM OIlepaTopa.

B kaxnaplii BpeMEHHON NPOMEXKYTOK YIpPaBIEHUS (JIOIMYCTHUM €K€4acHO), AMCIETYEep -
cucreMa "ompamuBaer”" NOTPEOHOCTh MO KaXJIOMYy MOTPEOUTENI0 M PAHKHUPYET UX MO CTENEHH
OTPENIETICHHON MPUOPUTETHOCTH. BTOphIM 3Tamom "ompamuBaroTcs" MPOU3BOIUTENN U TOXKE
PaH)KUPYIOTCSI IO CTOMMOCTH M HMX DJHEPreTUYECKUM BO3MOXHOCTSAM. Y JIOBIETBOPEHHUE
notpeduTeneil HAUMHAETCS ¢ BEPXHEro MPUOPHUTETA JOJIEBOM SHEPTUeH U T. 1.

1.IleHOBBIE 3aBKM IPOU3BOAUTEINEH DIIEKTPUUECKON SHEPIUU:

1.1 Kaxnpiit neHs He mo3anee 8-30 yac. yCTaHOBJIEHHOTO BPEMEHHU, KaX bl MPOU3BOIUTEIb
AIIEKTPUUYECKON HHEPruu JOJDKEH MojaBaTh HAOOp 3asBIEHHBIX IIeH (Ha 1 3Tame oHa onHA) H
JeKJIapaluio, Kacarollytocs paboyeil MOIIHOCTH KaX/10To 0JI0Ka Ha CIeIYIOLIUE CYTKH.

1.2. Kaxneli nenp, He mnosgHee §-30 yac. yCTaHOBIEHHOIO BPEMEHM, IOCTaBIIUK
AIIEKTPUYECKOW SHEPTUU W MOTPEeOUTENH JOJDKHBI MOJIaBaTh B CHCTEMY IPOTHO3 MOTPEOIeHUS
MOIIIHOCTH MBT., a TaKk)Ke€ MPOTHO3 CYyTOYHOI'O NOTPEOIEHUS SJIEKTPOIHEPTUU MBTHU.
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2. IloBTOpHBIE 3asBKM Ha pab0UYyI0 MOIIIHOCTH:

2.1 B moboe Bpems TPOM3BOAUTENh JJIGKTPUUECKOW HSHEPTHM MOXKET IOJaTh
NEPECMOTPEHHYIO 3asBKY pab0odell MOIIHOCTH OTHOCUTENIBHO YJIEKTPOCTAHIIHNH, paboyasi MOLITHOCTb
KOTOPBIX U3MEHUJIACh C MOMEHTA MOJIaYy NOCIEAHEN 3asIBKH;

2.2 TloBropHas 3asiBKa paboyeil MOIIHOCTH JOJDKHA BKIIOYATh OJIOK, KOTOPOrO Kacaercs
3asBKa, paCUETHBIC IEPUO/IBI K KOTOPBIM OTHOCUTCS IIOBTOPHAS 3as1BKa, IEPECMOTPEHHYI0 pabouyto
MOIIIHOCTb;

2.3 TPOU3BOJIUTEINH ANEKTPUUECKON SHEPTUU JOJDKEH 00ecrednTh, YTOOBI BCE TOJaHHBIC
3agBKM OTBEYAIH (DaKTUUECKOMY COCTOSIHMIO OOOpyZOBaHMA M 3amacaM TOIUIMBA Ha €ro
AJIEKTPOCTAHLINN.

3.IIporuo3 3meKTponoTpeOIeHuS:

3.1 IlomanHble 3asBKH 110 MOUIHOCTH M SHEPTHMHM BCEMH NOCTABIIMKAMHU U MOTPEOUTEISIMH
3JIEKTPUYECKOMN SHEPTUU;

3.2 Bce napyrue ¢axTopbl, KOTOPHIE pacIOpPAIUTENh CHCTEMBbl (PMHAHCOBBIX PacueTOB
000CHOBAHHO CUMTAET BIUSIOIIMMU Ha MOTpeOIeHuE.

4. IIporHo3 BhICILIUX [1EPETOKOB.

Ha ocHoBaHMHM MeXpETHOHANBHBIX KOHTAKTOB pAcCHOpsAUTENh (PUHAHCOBBIX pPAaCUYETOB
JIOJKEH COIJIacoBaTh C AMCIIETYEPCKUM IIEHTPOM IMPOTHO3 JAHHBIX MEPETOKOB Ui KaXKJ0TO
pacueTHOro mMepuoja CIeAyomuX CyToK. JlomkeH uMeTh (GopMy calb0 BHEIIHUX MEPETOKOB
(3KCIOPT MUHYC MUMIIOPT).

5.COop u mpoBepKa JaHHBIX:

5.1 Pactiopsutens cucteMbl (PMHAHCOBBIX PAcyeTOB JIOJDKEH COOpaTh JaHHbIE U3MEPEHUH,
MIPOBEPUTH UX JOCTOBEPHOCTh, YCTAHOBUTD [TOCTOSIHHBIE ITOITPABKH.

5.2 Jlnsg KaxIoro pacyeTHOro IE€pHOJa pPAaCUETHBIX CYTOK pacCHOpSAMTENb CHUCTEMbI
(UHAHCOBBIX PACYETOB JOJKEH BBIUMCIHTH C IENbI0 KCIONb30BAHHUS B pacueTHOM rpaduke
CJIEIyIOIINE MTapaMEeTPhl.

5.3 ®akTUuecKyto BEIPAOOTKY 3JIEKTPOCTAHIUH.

5.4 ®akTUyeCcKUi OTIYCK IEKTPOCTAHLINU.

-pakTHueckoe moTpedaeHrne MOCTaBIIMKa (TOTPEOUTENS) IEKTPOIHEPTUH;

5.5 IosiHOE TOYACOBOE PACYETHOE MOKPBITHE.

5.6 dakTUUECKN BHELIHUM NTEPETOK.

Bce nannble 10JKHBI OBITH pacrpeieseHbl 0 pacuyeTHbIM NEpHUoAaM JUIsl BKIIOUYEHHUS UX B
cucreMy (PMHAHCOBBIX pacueTOB.

6.IloTepu B MarucTpajgbHbIX U MEKIOCYIaPCTBEHHBIX 3JIEKTPOCETSX.

JUis KaXJ0r0 pacyeTHOTo MepHojia PACYETHBIX CYTOK PaCHOPSIIUTENb CUCTEMbI (PHHAHCOBBIX
pacyeToB JI0JKEH BBIUYUCIIUTD TOTEPHU B JIEKTPOCETSX.

7.[Jucrieryepckoe yrpaBieHue:

7.1 ucneTdyepckoe yIpaBieHUE TOJDKHO OCYIIECTBISATH (PU3MUECKOE YIPaBICHUE BCEMH
AJIEKTPOCTAHLIUSAMH B IIOJIHOM COOTBETCTBUH C MPABUJIAMH I1yJIa U AEUCTBYIOIIUMHI TEXHUYECKUMHU
HOpMaMHU | MpaBUIIaMH.

7.2 JlucneTyepckoe yIrpaBlieHHE JO0JKHO 101aBaTh PaclopsIUTEN0 CUCTEMbl (PMHAHCOBBIX
pacyeToB AUCIETYEPCKUN KypHaII, B KOTOPOM (PUKCUPYIOTCSI BCE KOMaH/Ibl, I0JJaBaeMble OJIOKaMu
B TEYEHUE CYTOK.

7.3 JlucieTuepckoe yrnpaBlieHHE TOJDKHO BECTH yUET BCEX KOMaH]I, MOJIJaBaeMbIX 10 OJI0KaMm,
KOTOpPbIE BKJIIOYAIOT 3aJlaHHYIO JMCIETUYEPOM Harpys3Ky Kaxaomy OJoKy. JlaHHBIE 3TOro yuera
NepeatoTCs PACIIOPAIUTENIO CUCTEMBI (PUHAHCOBBIX PACUETOB;

7.4 IlpaBuna He JarOT HUKAKOM TapaHTUHM IIPOU3BOJUTENIO 3JIEKTPUUYECKOM DSHEpruu
OTHOCHUTEIIbHO BKJIIOUEHHS €r0 B rpauK Harpy3ku B Cilydae MOJAaYd UM 3aBBILICHHOW 1I€HOBOM
3a51BKH.

Jlyis onTUManbHOrO (GYHKIIMOHUPOBAHUS YHEPreTUUYECKON CUCTEMBI JTOJIKEH COOTI0IaThCs
OanmaHc MEXIy IPOHM3BOJICTBOM 3JIEKTPOIHEPIUU U ee norpediaeHueM. /g Toro, 4ToObl onucarhb
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cucreMy, paboTarolryo 06e3 BMeIaTeIbCTBa YeIOBeKa B €€ (PyHKIIMOHUPOBAHHE, MTPEICTABIACTCS
HEOOXOIUMBIM  pa3paboTaTh MMHUTALMOHHYIO MOJENb, CHUMYJIUpYIOIIas MPOU3BOJACTBO MU
pacripeniesieHue IeKTposHeprud. Ho mpu cocTaBieHHMM MOJENW HEOOXOJUMO YYeCTh, YTO
IPOM3BOJICTBO SHEPrHMM 3aBUCUT OT OOJBLIOIO YKCIa BHEIIHUX (AKTOPOB, HE3ABUCSIIUX OT
IEepCOHaNa M IPOU3BOACTBO HJIEKTPOIHEPIMU HOCUT 3aMETHBIM Ce30HHBIM Xapaktep. [l
ONTUMAIILHOTO (YHKIIMOHMPOBAHUSI SHEPrOCUCTEMBI BHIPAOOTKA AIIEKTPOIHEPTHMH HE JOJDKHA
CHIJKATbCsSl HUXKE YpOBHS Xu. 3HAuU€HUs CpeAHel BhIpaOOTKH B PEaJbHOM MaclITade BpEeMEHU
MOXeET OBITh BbIpakeHO (yHKIMeH BpemMeHn Xcp=f(t) U B KakIbplii MOIENIUPYEMBIi MOMEHT
BpPEMEHHU IepecuuThiBaeTcs. JlaHHbIe A BBIYUCIEHUS CpelHed MOIIHOCTH OyIyT HaiiJeHBI
HKCIEPUMEHTAIBHO 10 OTYETHOCTU SHEPrOreHEPHPYIOIIMX CHCTEMHBIX areHTOB. JlaHHBIE MO
HOTPEOJIEHUIO 3JIEKTPO3HEPT UM HaXOAATCs B 0a3e JaHHBIX CUCTEMbI 3HEPTOCUCTEMBI.

NMutanronHass MoJiesb MEePUOJAMYECKH C BPEMEHHBIM IIAaroM '"pasbIrpbIBacT’ CUTYAIUIO,
KOTOpass MOXET CIy4YUTbCSl Ha YpPOBHSX 3HEProlpousBoacTBa U norpedieHus. Ecaum oObvem
POU3BOJMMON  3JIEKTPOIHEPTHH JIOCTAaTOYEH JJIsi TOKPBHITUS 3asBOK MOTpeOHTENeH, TO
JJIEKTPOIHEPIUs PACHpEeNsieTcss IO YCTAaHOBJICHHOM JOTOBOPHOM cxeMme: (QUKCHpyeTcs
KOJIMYECTBO AJICKTPOIHEPTUH, KOTOPOE OYJIET MPOU3BEACHO KaXI0W T€HEPUPYIOIICH yCTaHOBKOA;
Ha OCHOBAaHHUM IOJIAaHHBIX MOTPEOUTENAMH 3asBOK Ha IOCTABKY 3JIEKTPOIHEPIUU OIpPEIeIseTcs
TOYHOE KOJIMYECTBO OHEPrHMH HEOOXOAMMOE [UIs TOTPEOJCHHS KaXIOMy MOTPEOUTEIIO;
OIpesieNsIeTCsl CTOMMOCTh IIPOM3BEAECHHON 3JIEKTPO3HEPruM; YCTaHABIMBAETCS OTIYCKHas LieHa;
MIPOM3BOJISATCS B3aHMOPACUETHI.

Ecnu B cucreme Clokuinack cuTyalusi, 4To MpeUIo’KeHNe Ha MOCTaBKY 3JIEKTPO’HEPTUU He
MOKPBIBAET 3asBKH MOTpEOHUTENEH, TO paboTa SHEProCUCTEMBI OyIeT UATH IO CIEAYIOMIeH CXeMe:
OLIEHUBAETCs 00bEM IPOU3BOIUMOM SHEPTUH 10 KaXIOMY IPOU3BOJUTENIO; ONPEAEISETCS TOUHOE
KOJIMYECTBO DJICKTPOIHEPTHH HEOOXOJMMOE KaKIOMYy HOTPEOUTENI0; M3BICKHBAIOTCS PE3EPBHI
BHYTPH CUCTEMBI, JUIs IIOJIHOTO NOKPBITUS OTpebaeHus. Ecnu ux He1ocTaTtouHo, TO U3bICKUBAETCS
BO3MOXXHOCTh 3aKyNKH DHEPTUH 3a NpeAesiaMu CUCTeMbI. [Ipy OTCYTCTBHHM TaKOBOM, B KauecTBe
KpaiiHell Mepbl, IPOU3BOAUTCS cOPOC MOTPEOUTENBCKON HArpy3KH; OLEHUBAETCs ce0eCTOMMOCTb
SHEPTUU; ONpPEICIeTCS OTIYCKHAs IEHA; aHAIM3UPYETCS IPUUYMHA CIIOKUBIICHCS cuTyanun. Ecim
JeQUIUT JIEKTPOIHEPTrUM 00pa30BajICs [0 BUHE €€ MPOU3BOAUTEINS, TO K HEMY IPUMEHSIOTCS
mrpadHbIe CAHKIIUH; POU3BOISTCS B3aUMOPACUETHl MEKAY YHEPTOCUCTEMOM M €T0 CyOBEKTaMH C
y4eToM 1mrpad

O0beM MpOM3BOACTBA M MOTPEOJICHUS DIIEKTPUUECKON SHEPTrUH B 3HAYUTEIBHOW CTETICHU
3aBHCUT OT CE30HOB T0/la U KJIMMATHUECKUX YCIOBHH, a TaKkKe COIMaIbHO-?KOHOMHYECKUX
YCIIOBHIA JUTSl JAHHOTO Tieproa. st MpOrHO3upOBaHMs Ha/IE)KHOCTH CUCTEMBI YDHEPTOCHA0KEHUS
pPErruoHa HaJI0 HKCIEPUMEHTATbHO-CTATUCTUYECKH UCCIIEI0BATh ITY 3aBUCUMOCTbD.

ANTOPUTM MMHUTAIIMOHHOTO MCCIIEIOBAHUS MOKHO pa3eluTh Ha TPH OCHOBHBIE ATarna (puc.
2): yCTaHOBJIEHHE HKOHOMHMKO-MAaT€MaTHUYECKOM 3aBUCUMOCTH MEXIYy IPOU3BOACTBOM MU
NOTpeOJIEHUEM DJIEKTPOIHEPTHH C OJJHOW CTOPOHBI M BPEMEHEM T0/1a C JAPYToi; MOJECINPOBAHHE
IPOM3BOJICTBA M MOTPEOIEHHs 3JIEKTPOIHEPTHH BO BPEMEHH; MIPOBEPKa MOJyYEHHONW MOJIENN Ha
aJICKBaTHOCTB TIPOM3BOJICTBEHHOMY TIPOIIECCY.
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[ HAYAJIO }

l

OpraHn3yemM MacCHBBI 1
DOG(33,52)- noroBopHasi MOIIIHOCTh
GEN(5,52)- BeipaboTaHHasi MOIITHOCTH
IST(5,52)- rutaHupyemasi MOIIIHOCTh
SUMD(52)- cymMapHasi MOIIIHOCTE 1O HOTPeGUTEeIsIM
SUMG(52)- cymmapHasi BBIpaGOTKa MOILIIHOCTH

'

BBoa: ruIaHUPYEeMOii MOIIHOCTH 2
CpeaHeil MOIITHOCTH II0 TIPOU3BOIUTEIISIM
CpenHero KBaJpaTHYECKOTO OTKIOHCHUS

!

3anoJIHEHHEe MaccHBa I10 BhIpaGoTaHHON 3
mouHoctr GEN(5,52) GENERATOR
1=1,5; J=1,52; Xcpij

CyMMHpOBaHHE ITPOU3BEAEHHON MOILIHOCTH 4
10 BCEM IPOU3BOAUTEIISIM, ITOHEACIIBHO
1=1,52 SUMG(52)

l

‘IZl,cququ HEeaenb S ‘

;

na

Heob6x01uMo CHU3UTL 7
BBIPAOOTKY 3JI.9HEPrUu

na DEL=SUMG([I]-SUMD[I]
HIIN 11POJAAaTh U3JIUIIIKH

Pe3sepBbl ecTh 9

| |

Otximounts HegocTaromyio 10 Cucrema pabotaer 13
MomHocTb norpedureneit HOpMaJIbHO

N
13
’ Cucrema teprut yobiTku 11
na HET
A,
12

BeIBIIsIeM TeX IPOU3BOAUTE -
JIeH, KOTOpbIe HE 0/l

3J1.9HEPTHH JIO [UIaHA.
p KOHEI]
CrincpiBaeM yOBITKH HA HUX

Pucynok 2 — IMUTallMOHHBIN aIrOPUTM 3HEprodanaHnca TeppUTOpUATIbHOMN
AIEKTPOIHEPTETUYECKON CUCTEMBI

3aBUCHMOCTH BBIPAOOTKH M MOTPEOJIEHUS OT C€30HA BEChMa CJIOXKHA, TaK KaK HA JTUHAMHUKY
ATHX MPOIECCOB BIUSAET OONIBIIOE KOTUIECTBO MOCTOPOHHUX (PAKTOPOB (KITMMATUYECKUE YCIOBHSI,
TEHJICHIIUU B Pa3BUTUHU MTPOU3BOJCTBA, HECTAOMIIBHOCTH SKOHOMUKH, SHEpreTHIeckas 00CTaHOBKa
B JIPYTHX PETHOHAX, COCTOSIHUE 000PYAOBaHUS T€HEPUPYIOIIUX CTAHIIHMM, aBapUHbIC CUTYAIlUH U
Ip.). B pe3yibTaTe dTOrO (¢opMysa, BBIpAXKAIOMIAs B3aUMOCBA3b MEXIYy KOJIWYECTBOM
MPOU3BEICHHON ¥ TOTPEONEHHOW DIEKTPOIPHEPTUU U BpeMeHeM roja OyJneT HOCHUTH
NpuOKeHHBIH  xapaktep. JlamHas wmomens B O0miedl  cucteMe  TEppPUTOPHAIBHON
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AIIEKTPOIHEPTETUKU BBIMOJHACT (PYHKUHUIO MPEIUKTUBHOIO MOHHUTOPUHIA, KOTOPBIA HCIOIB3YS
pas3ziesl perpecCUOHHOrO aHajin3a B PEKHMME PEaJbHOTO BPEMEHH, ONEpPUpPYs C UCTOPUUYECKUMHU U
TEKYIIUMH JaHHBIMH, CTPOUT CIIpeJCKa3aTeNbHy0 Mojelnb. [IpenBapurenbHblil (yHKIIMOHATBLHO-
CTAaTHUCTUYECKUN aHalIu3 TEPPUTOPHAIBHBIX 3HEPrOCHCTEMHBIX IPOIIECCOB JTAET BO3MOXKHOCTD
BBIIBUHYTh THIIOTE3Yy, YTO B OCHOBE 3THUX 3aBUCHUMOCTEH JICKUT MOJMHOMHANIbHAS 3aBUCUMOCTD,
KOTOpasi BeIpaXkaeTcs cienyroniei Gopmymnoin

F(t)=apt+ait+ast?+. .. +ant" (2)

Ucnonb3ys nmaker Statistica**, B pasznmene KOppelsSIMOHHO-PETPECCHOHHOTO aHAIIN3a, ObLIN
HaWJeHbl YHWCJICHHBIC 3HA4YeHHs KOd(PUIMEHTOB BbIpakeHus (2) HMuHpopmanmonHon 06a30it
aHaJIM3a MMOCITY KU CTATUCTUYCCKHE JaHHBIE a[IMUHUCTPALIMU PETHOHA 32 TOCIeIHUE TISTh JeT. B
pe3yibTare 00padOTKH pErpecCHOHHBIC MOICIH IIPOU3BOJICTBA M TIOTPEOJICHUS UMEIOT CIICTY O
BU]I:

Jist mpon3BoOICTBA

Y=606,7+171,6x-55,4x>+5,57x3-0,169x* (3)
Jlist moTpeliieHus

Y=1132-172x+12,33x* 4)
Pe3ynbpTaThl 9KCHEPHUMEHTATBHO-CTATUCTUYECKOTO PETPECCHOHHOTO MOJICIUPOBAHUS B
rpadudeckoil popme MprUBEACHBI HA PUCYHKAX 3 - 6.

400

N
R
350 \

300 e
~
— () AKTHUCCKOC
~
TIPOU3BOJACTBO
N>~ P A

250 ~d
S ~
s~ . ! 0 0 | |==—-- MOJeINb

\
\ TIPOM3BOJICTBA
CY

MoiHoCTH, MBT

150 )

100
Tonbt \

50

PI/ICYHOK 3- I[I/IHaMI/IKa IMPOU3BOACTBA 3JICKTPOIHECPIUU
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Pucynox 6 — Mojenu npou3BojCTBa, OTIYCKa U MOTpeOIeHUs
AIIEKTPOIHEPTUU

A}IGKB&THOCTB Moneneﬁ MMPONU3BOJACTBCHHOMY HPOLCCCY OMPEACIIIEM C IMMOMOMIIBIO OLICHKHU
(91 (571474:0)11170,€ MoKa3aTeleil:
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-KoppensannoHHoe otHomeHue - Q. Ilpu Q>0,8 cymecTByeTr BbICOKas KOppEISLMOHHAs
3aBHCUMOCTbD:

-5t mpousBozcTBa Q=0,83;

-nist motpednenus Q=0,94;

Koaddunuent nerepmunanuu D- xapakTepusyeT B3auMOCBSI3b BBIOpAaHHBIX (AKTOPOB U
aprymenToB, 0<D <I1. Yewm BbImie K03(ppULIMeHT qeTepMUHAIIIH, TEM CYIIECTBEHHEE CBA3b:

-1 mpousBojicTBa D=0,7;

-1 motpebaennst D=0,9;

Kosdouuuent dumepa F- xapakrepusyer COOTBETCTBHE MOJEIH MPOU3BOACTBEHHOMY
npoueccy Fpacu> Frapn Yem Oousbmie pacdeTHoe 3Ha4YeHHE KOX(PQOUIIMEHTA TMPEBBIMIACT
TabnM4HOe, TeM P (HEKTUBHEE YpaBHEHUE PETPECCHU:

-ni1st ipou3BoACcTBa  Fpacy, =4 Frapn=3,65;

-5 moTpedaenus Fpacu. =9 Frasn=3,35.

Taxum 06pa3om, aHATIN3 BHIIIETIEPEUNCICHHBIX MTOKa3aTesel 1aeT OCHOBAHUE YTBEPKIATh 00
aJICKBaTHOCTU TMOJYYEHHBIX HSKOHOMUKO - MaTEMaTHUECKUX MOJENEeH, OTpa)arollUX CE30HHBIE
KOJICOAHUSI IPOU3BOJICTBA U TIOTPEOJICHUS SIEKTPOIHEPTHH.

Conocrapnsiss mofyuyeHHble Mojenu (puc.3 — 6), MOXKHO clelaTh CIeAyIoulie BbIBOABL. B
nepuo ¢ HOAOpS MO MapT B HHEProCUCTEME HAOIIOJACTCS MPEBBIINICHUE TOTPEOICHUS
JNIEKTPOIHEPTUH HaJ ee MpOu3BOACTBOM. [loaTOMy, 3Hast 3TO, HEOOXOAMMO 3apaHee K ITOMY
NEpUOJly BBIMCKHBATH JOMOJHHUTEIBHBIE PE3epBbl MOIIHOCTH BHYTPU CHCTEMBI, 3aKJIIOYaTh
JIOTOBOpA Ha MOCTaBKY AJIEKTPOIHEPTUU C SHEPTONPOU3BOJAUTEISIMH JIPYTUX PETHOHOB, MOBBIIIATH
3 PEKTUBHOCTD U HAJIE)KHOCTD UCTIOIB30BAHUS 000PYIOBAHMS.

KomnploTepHblil dKCIIEpUMEHT Ha 0a3e JaHHOW HporpaMMbl M CBEIEHUH O 3aTparax,
HEOOXOJUMBIX JJIi pacueTa OTIYCKHOM LeHbI, (B3sThl K3 0a3bl JaHHBIX SHEPrOCHCTEMBI)
MPEJICTaBUJI MPOTHO3HYIO OIICHKY Ce0eCTOMMOCTH M OTHYCKHYI0 IieHy Ha 2026-2027 roasl.
PesynbTaTsl pacuera cienyrouue:

CraTbH pacxoJioB CymMa, ThIC.TEHTe
1. 3arpaThl Ha TOIUIMBO : 29576.00
2. Yciyru npou3BOJICTBEHHOIO Xapakrepa :20792.00
3. BcriomoraTenbHbIE MaTepUalIbl : 6515.00
4. ®ounp omnatel TpyAa : 10342.00
5. AMOpTHU3alIMOHHBIE OTYUCIICHUS : 4818.00
6. [Ipoune 3aTparsl : 9723.00
7. Beipabotannas snektpodHeprus, (MBt/a)  : 100.94
8. dakTuyeckuit oTmyck anekTposHepruu, (MBt/4) : 58.01
9. Ilotpebnenue coctaBut, (MBT/4) : 286.46
Cebecroumoctsb 1kBT/4 anexTposHepruu : 1.16 Tenre
OtnyckHas neHa 1kBT/4 anexTposHeprun : 1.53 tenre

[IporHO3 OCHOBHBIX TEXHHUKO-DKOHOMHYECKUX TMOKa3aTelIel JESITeIIbHOCTH YHEPTrOCUCTEMBI
1o 2028 rona.

'O BBIPABOTKA OTIIYCK IIOTPEBJIEHUE

2026 100.94 58.01 286.46
2027 73.90 33.45 320.57
2028 46.86 8.89 361.04
2029 19.82 -15.67 407.87
2002 -7.22 -40.23 461.06
2030 -44.07 -74.60 510.80
2031 -120.17 -148.22 527.65
2032 -147.21 -172.78 599.92
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[To pesynbTaTaM KOMIBIOTEPHOTO SKCIIEPUMEHTA MOCTPOSHBI MPOTHO3BI MPOU3BOJICTBA U
oTpeOIeHUS AIEKTpoIHEpTrHH (puc.7).
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Pucynok 7 — [IporHo3 npou3BoacTBa U NOTPEOICHUS SIEKTPOIHEPTUU

B pesynbrate mporHosza BBISBICHO, YTO OOBEM MOTPEOJCHUS 3SJICKTPOIHEPTHH OyneT
MOCTeNeHHO pacTu. [Ipon3BoACTBO 3neKkTpodHeprun OyAeT mpoaokarth manate U B 2029 romy
ymanaet a0 Hyias. Ho Takas cuTyaiusl NpakTHYeCKd HEBO3MOJXKHA, TaK KaK YpeBaTa Cephe3HBIMHU
MOCIIEACTBHSIME Uil pernoHa. IlodroMy B Hacrosimee BpeMs PYKOBOICTBOM TIPEIIIPHSITHS
pa3padaThIBAIOTCS MEPOIPUATHS 110 YCTPAHCHHIO MPUYUH, MIPUBEIIINX K CHUKCHUIO BBIPAOOTKH
ANEKTPUYECKOU SHEPIUH.

B CBsI3U ¢ 9THUM MOXKHO TIPEJIOJIOKUTh, YTO B PE3YJIbTATE MPUHATHS HHBECTUIIMOHHBIX MEp
MIPOM3BOJICTBO 3JICKTPOIHEPTHH B OyaymieM OyeT yBeTHUUBATHCS U MOCTEIIEHHO TOKPOET 00BheM
notpebaenuss (puc.7). Takum oOpa3zoM, IeDHUIUT SIEKTPOIHEPTHH, JOHKEH THIOTETHYCCKU
yMeHbIaThes (puc.8).

Teopernueckas
A gedunura;
150 2JIEKT POIHEPT HH

O6bem peduuura, MBr

= = =DppucruycckKas
JuHus geduuuTa

Pucynok 8 — I'nnorernyeckas MOeb MPOrHO3a AePULINTA FTEKTPOIHEPTUU

TakuMm o0Opa3om, U3 MPUBEACHHBIX UCCICIOBAHUI MOXKHO CHIeNaTh CIEAYIONIUE BBIBOIBL. B
PETHOHE WCCIIeIOBaHUS HaOMI0MaeTcss ACPUIIAT DIECKTPOIHEPTUU, YTO CUHUTAETCS BPEMEHHBIM
aBieHreM. [ yJOBIETBOPEHUsI PACTYIIETO CIpPOCa Ha 3JIEKTPOIHEPTHUI0 CO CTOPOHBI HOBBIX
NMoTpeOUTeNeH CTPEMUTENBHO PACTYIIEH CPEebl pErHOHAIBHON O€CTTIIIOTHOM MOOMIIBHOCTH U J1aTa-
[EHTPOB - HAa JAHHON TEPPUTOPUU HEOOXOTUM PEHHKHUHHUPUHT CYIIECTBYIOIICH YHEPrOCUCTEMBI,
nmyTeM CO3JaHHuA aHBTepHaTHBHOfI MOACUCTEMBI JJICKTPOICHCPHUPOBAHMA Ha IIPHUHOHUIIAX
WHTETPUPOBAHUS PECYPCOB MaJIOil 1 BO3OOHOBIISIEMOM SHEPTreTUKU
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3akiaro4eHue.

B pabote uccnemnoBan KuOep-moaxoa K dHEProoOECHCUCHHIO CUCTEMbl TEPPUTOPHAITLHON
BO3AYIIHOM MOOMIBHOCTH Ha MPUMEpPE JIOKAIbHOW YpOaHU3UPOBAHHOW TEPPUTOPUH, TIPEITIOKEHA
KOHIICTITyaJlbHasE ~ IapajurmMa  3HEepProoOecreveHus:  JaHHOW  TEeppUTOpHMM  Ha  0ase
BOCCTaHABIIMBAEMbIX MUCTOYHHKOB YHEProoOecredeHrs. B kauecTBe METOI0JIOTHH HCCIIEIOBAHUI
pPECypCcOB pPErMOHAIBHON BO30OHOBIIIEMOW PHEPTETHKU B TOPOJCKOW BO3AYIIHOW MOOMIBHOCTH
UCTIOJIB30BaH F€OCUCTEMHBIN IMTOAXO0/T, B KOTOPOM F€OCUCTEMa pacCMaTPUBACTCS KaK THHAMHYECKAs
KOMITO3UIUS TIPUPOJHBIX M MCKYCCTBEHHBIX MOACHCTEMHBIX MEPApXUil M PECypCOB TAKHX Kak:
BETPOBBIC, COTHEUHBIC PECYPCHI, PECYpPChl MaJIOW TUAPOIHEPTETUKH, TEIUIOHACOCH M BOJOPOTHAS
JHEpreTuka. B pesynbraTe SKCHEpTU3bl CYIIECTBYIOUIMX M MEPCIEKTUBHBIX CHCTEM TE€HEepaIiy
AJIEKTPOIHEPTrur Ha TeppuTopru PK, ¢ 1IeNbI0 OIICHKH MePCTIEKTUB MPEICTOSIIETO MHBECTUPOBAHUS
B 3Ty 00jacTh, ObUIO BBISBICHO, YTO HAaWOOJbIIEE MPEANOYTECHHE SKCIEPTHI OTHAIOT MAJIOH
aToMHOU dHepreTuke. C [eNb0 ONTHMAaIBHOTO COIUAEHO -3KOHOMHYECKOTO PEIICHHS B 00JIACTH
pa3BUTUS DHEPTETUYECKOTO0 OOECIEUeHUs peruoHa Ha 0a3e BO30OHOBISEMBIX HCTOYHUKAX
AJIEKTPOIHEPIeTUKN  ObLIa pa3paboTaHa OpraHU3alMOHHO-TEXHUYECKas IiefieBasi KHOep-MoIelb,
COCTOAIIAsT W3 DHEPro-NPOU3BOAUTENICH Ha BO30OHOBISIEMBIX SHEPro-muiatpopMax B COCTaBE
TCHEPUPYIOIIUX YACTHBIX areHTOB C €IUHON aucrerdepusanued. s mporHo3upoBaHuUs
pe3yJIbTAaTUBHOCTH, HHTETPHUPOBAHHOW B EAMHYIO PETHOHAIBHYIO KHOep-Cpeay OOBEKTOB
BO300HOBIISIEMON  DJIEKTPOIHEPTETHUKH, OBUIM TIOCTPOCHBI PErpecCHOHHbIe Monenu. s
UCclieIoBaHus (YHKIMOHAJIa HEPrOCUCTEMBI, paboraromield 0e3 BMeNIaTelbCTBAa YEIIOBEKa B
yIrpaBiieHue, Oblia pa3padoTaHa HMUTAIIMOHHAS MOJEIb, IPOrPAMMHOE MPHIIOKEHUE U TIPOBEICH
KOMITBIOTEPHBIN JKCIIEpUMEHT. Pe3ynbTaTbl SKCHEpUMEHTa TPEACTaBICHBI B TpadUIecKoM
dbopmare.
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AYMAKTBIK ADPOMOBMWJIBAIJIIKKE APHAJIFAH ’/KAHAPTBIJIATBIH
JHEPI'USAHBIH KUBEPMOJEJIT

Anoamna. Maxanaoa Kananelx aye K03aIblCblHA APHANRAH UHMESPAYUATIAHEAH IHEPLUAMEH
AHCAOOLIKMAY JHCYUECIHIH MYAHCHIPLIMOAMATLIK MOOeNi YCblHblizaH. Makananvly maxcamol -
KaNanelK aye KO32anblCblHA apHanean dcyueniy oOepikmicin apmmuipy. UAM suepeemuxanvix
UHDPAKYPLLILIMBIHLIY, a2eHmmepine MulHanap scamaovl: eVTOL ywaxmapsi; dcozapul Kyammol
3apaomay CMmaHyusnapbiMer HcAOObIKMANAH GEPMUNOPMMAD, HCORAPLL  HCbLIOAMOBIKIIb
3apsaomay oicylienepi; sSHepaus cakmay Jucyuenepi, srcagapmoiiamein sHepeus kezoepi. UAM ywin
AUMAKMBIK HCAHAPMBLIAMbBIH dHEPSUIHbL YUPDPILIK MYpaeHOIpyOin Hezizei acnekminepi.: AKbLiObl
Jceninep:  ocacamovl  ummeliekm, 3ammap —ummepHemi,  3apaomay  UHQPAKYPbLIbIMbL.
Bepmunopmmapowviy snepeemuxanvix oicyiienepi Kaniaavlk 31eKmp HCenilepiMen JHcoHe MmoMeH
ouixmikmezi 9KOHOMUKameH Oipikmipineen. Kananvlx uH@pakypolivimobl  O0amvlmy  aye
KO32aIbICLIHA ~ APHANRAH — JICYUeHI  JJeKmp  DHepeemukKkacvl  CANACLIHbIY — JHCATNb
MYIACHIPBIMOAMACLIHA,  COHbIY  [WiHOe UHDPAKYpuLIbiMObl  Oakwiiayea — Oipikmipedi, 0yn
Kasaxcmanoa 2025-2031 oacvinoapza apuanzan azamammoslk NULOMCHI3 ABUAYUAHBL OAMbINY
arcocnapnapvinoa Kkepcemineenoell. Ieooicyiienep macini Kananvlk aye KO32ANbICbIHA APHANRAH
AUMAKMbIK  HCAHAPMBIIAMBIH  SHEP2UsL  PecypCmapulH  Maxblpblnmsl 3epmme)y  d0ICHAMACHL
peminde Koadauvliaovl. COHebl MYIAHCHIPLIMOAMATLIK HYCKAOA KOUBLIZAH ecenmepoil uleuimi
AyMaKmuolK, UHmMe2payusianean eekmopavik 2-D oscyiieci peminoe Kapacmulpvliasl: mik 6eKmop -
eeooicytie, an KolOeHeH 6eKmop - JleKmp 3SHepeemuxacvl canacvl. [llewinemin macenenep
BIKMUMATIOBbIK, MOOENbOey, dA2eHm, CApanmamaivlk Gopmanrbobl O0aHCAY KYpandapbl HCYMbLC
icmeumin kubepoicytienik mooenvoeyze Kkamvicmol. Makanadaewl 6013cay mooenvoey Kypanoapsl
9IeKmp dHEeP2emuKacblH 0aMblmyObly URMeSPAYUANAHEAH HCYlleCiHOe2] paHemiK OacbIMObIKMApObl
bazanay yuwin nauoanaHvliovl. JHepeemuKxa OdMYblHbIH Keleci cananapvl YuiH MAaHbl30bLIbIK
panemepi mabwvLnovl: Kenecinep sepmmendi: bazanaynap sepmmenoi. KomipmeH dHcymulc icmetimin
9eKMP IHEPRUACHL, ipi KONeMOI OPONbIK INIeKMP IHEPIUACHL, Ipi KoNeMOi 2UOPOINeKMPOCMAHYUL,
WaRbIH  2UOPOINEKMPOCMANHYUA, JHCeNl DNEKMP IHEPISUACHL, KYH DJIeKmp OSHEP2UACHL, HCBLIY
COp2bLIAPbl, WARLIH AMOM INeKMP IHEPISUACHL, UHMESPAYUSIAHRAH IHCAHAPMBLIAMbIH SHEP2Us
Ke30epi; cymeei snekmp suepeusicol. Lllazvin a0ponvik snepeusnea ey kon 6acvlMOblK 6epindi, an
eKiHWi OacbIMObIK UARbIH 2UOPOITeKmpocmanyusea bepindi. Byn nomuowcenep aiimaxmuoly mabuau,
KAUMAMMDBLK, 271eYMeMMmIiK-9KOHOMUKATILIK HCIHE AYMAKMbBIK-2e02PaADUANbIK CUNAMMAMALAPbIMEH
mbviebl3 OAUNAHBICbI.

Tyiiin ce30ep: oicyiie, dHepeemuxa, KuOepmMexHoio2us, mayeKel, MamemMamurkanibly
06a20apramanvly KAMmamacsl3 emy, mexHuKaIblK Koioay, mooeiboey mMooeiboepi.

CYBER-MODEL OF RENEWABLE ENERGY FOR TERRITORIAL AIR MOBILITY

Abstract. This article proposes a conceptual model for an integrated energy supply system for
Urban Air Mobility (UAM). The aim is to enhance the robustness of the UAM system. UAM energy
infrastructure agents include eVTOL aircraft, vertiports equipped with high-capacity charging
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stations, high-speed charging systems, energy storage systems, and renewable energy sources. Key
aspects of the digital transformation of regional renewable energy for UAM include smart grids,
artificial intelligence, the Internet of Things (loT), and charging infrastructure. Vertiport energy
systems are integrated with urban power grids and the low-altitude economy. Urban infrastructure
development integrates the air mobility system into the broader electric power framework—
including infrastructure monitoring—in alignment with Kazakhstan’s civil unmanned aviation
development plans for 2025-2031. A geosystem approach was employed as the methodology for
examining regional renewable energy resources within the context of urban air mobility. In the final
conceptual model, the solution is framed as a spatially integrated 2D vector system: a vertical vector
representing the geosystem and a horizontal vector representing the electric power sector. The tasks
addressed fall within the realm of cyber-system modeling, utilizing probabilistic, simulation, agent-
based, and expert-driven formal foresight tools. Foresight modeling tools were applied to assess
priority rankings within the integrated power sector development system. Significance rankings
were determined for the following energy development areas: coal-fired power generation, large-
scale nuclear power, large-scale hydropower, small-scale hydropower, wind power, and solar
power. heat pumps, small-scale nuclear power; integrated renewable energy sources, hydrogen-
based power generation. Small-scale nuclear power was given the highest priority, followed by
small-scale hydropower. These results are closely linked to the region's natural-climatic, socio-
economic, and geographical characteristics.

Keywords: system, energy sector, cyber-technology, risk, mathematical support, technical
support, simulation models.
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TOMEH KEP OPBUTAJIAPBIHJIA IIAYBIH FAPBILI AIIITAPATTAPBIH
BACKAPY/IbIH HAUJIAJIBIL )KYKTEMECIH )KOHE BOPTTBIK KEIIEHIH
OHEPI'UA TYTBIHYIbI OHTANJIAHABIPYIABIH 3AMAHAYHU TOCIUIIEPI

Anoamna. [llazein 2apviu annapammapul, acipece CubeSat mapizoi nanocnymHukmep,
wiekmeyni oauemoepi MeH Kyam Ko30epiHiy a30bleblHa OauniaHblcmbl SHep2usi OANIAHCHIH CaKkmay
Macenecine dcui man 6onaovl. Mynoail annapammapowvly He2izel apmblKULbLIbIZbL — ONAPObIH
CanblCmulpMansl mypoe MmeMeH KYHbl, JHCblI0AM d3IPLeHyl JHCoHe @blIblMU 3epmmeyiep MeH
MEXHONIO2USNBIK CHIHAKMAapPObL Jcy3e2e acblpy2a Kolativl 00mybl. Anaiioa onapoviy wagvlih Kejiemi
MEH Maccacvl dHepeUsMeH KAMmMamacwls emy odicyiecine xamay uiekmeynep Koaowl. Ocvl2aH
batinanvicmol SHEpeUsHbL MUIMOI NANIOANAHY WARLIH CHYMHUKMEPOL dHcobanay MeH Natloaiany
Ke3iHOe He2i32l UHMCeHepiK MiHOemmepOiy Oipi 601bln CAHANAObL.

byn makanaoa memenei Kep opbumacevinOa Kvizmem ememiH WIARbIH CHYMHUKIMEPOIH
natioansl HCykmemeci MeH OOpmmulK 0AcKapy KewleHiHiH dHepeus MYMbIHYblH MoMeHOemy
OolibIHWA 3aMaHayu macinoep mandanaovl. AnNObIMeH WAgblH eapblil annapammapulHbly
KYDOLILIMObIK  epeKulenikmepi, 0onapovly Hezizei dcyuenepi JHcoHe IHepeemuKkdaIblK 0anaHcol
Kapacmuipvinaovl. COHbIMEH Kamap 3SHepeus MYmvlHY KYPuLIbIMbIHA acep ememin He2iel
¢daxmopnap, comvly iwiHOe OpOUMANBIK HCALOAUNAp, KYH HAHENbOEpiHiy MUiMOiniel dHcoHe
AKKYMYTSAMOPIBIK JHCYUeNepOiy CUNAmmamaiapsbl maidanaosi.

Ooan  Kellin — nauvoanwl  AcyKkmemenepoiy,  MblCanbl, ONMUKAILIK — KAMEpPAalapobly,
Paouodatinanvic  MOOYIbOepiHiYy JHCoHe MYPIi EbLIbIMU CEHCOPILApOblY IHEPUSCHIH YHeMmoey
a0icmepi cunammanaowl. byn adicmepee depexmepoi onoeyoiy muimoi arcopummoepin KoioaHy,
KYDbLIbLIAPObL Ke3eHOIK Oelcendipy, moemeH Kyammovl pexcumoepoi NatioaiaHy HCoHe IHepIus.
YHeMOeumin 31eKmpoHObIK KOMHOHEeHMmMepPOi eHei3y Heamaobl.

Conoati-ax  6opmmulK backapy oicyuenepiniy dHepeus MuimMoi apxumexmypanapbol,
MUKDOKOHMPOJLTIEPIiep MeH apHalibl NPoyeccopiapovl KONOaHy MYMKIHOIKmepi Kapacmulpoliaobi.
DHepeusmen  KaMmamacwi3 emy oicyuenepinoeci  COHbL  MEXHONO2UAILIK — HCAHATLIKMAP,
UHMeNTeKmyanobl IHepeUus OAcKapy areopummoepi Hcaune Kyammol OUHAMUKATLIK 061y maciioepi
manksiianaovl. Haxmur CubeSat orcobanapvinvly Oepekmepine cylieHe OMbIpbin, HEPIUSIHbI
OHMAUNAHOBIPYObIY MadCcipubenix muicardapvl kenmipinedi. CoHnbiMeH Kamap CaibiCmblpMaibl
Kecmenep apKblibl JPMypii MEeXHUKAIbIK WeiM0epoiy CUunammamanapsl maioaHvin, 6onaumaKma
WARbIH CHYMHUKMeEPOIY 9Hepeus muiMOLliciH apmmulpy 0Oablmmapel OOUbIHULA YCLIHLICIAD
aHcacanaobwl.

Tyiiin  ce30ep: wazvin eapviut  annapammapsl, CubeSat, dHepeuss MYMbIHYbIH
OHMAUNAHOBIPY, NAIOATbL JHCYKmeme, bopmmulK, 6acKkapy sHcyueci, anekmp Kyam jcyieci, IHepeus
muimoiniei, momenei JKep opoumachoi.
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Kipicme.

CubeSat canaTbIHaFbI HAHOCITY THUKTEP FAPBIIITHI 3¢PTTEY MEH JKEpJli 30H/ITay caajapblHIa
KeH KoJ/1aHbICc Ta0yma. JlereHMeH, olap IbIH IIaFbIH KOPITYChI MEH IIEKTEYIT1 O€TKI ayaHbl opOuTaga
JKETKUTIKT1 3JIEKTp JHEPTUACHIH OHJIpyTe oHE caKTayFa Kypaeli mekreyiaep Kosubl. [llareix
anmaparTapblH ap3aH, XKbUIIaM JaibIHAATYbl KOHE JKalllail YIIBIPhLUTYbl MYMKIHJIT KONTEereH
FBUIBIMHM, KOMMEPLHUSJIBIK JKOHE OCKEPU MHUCCHSUIApAbl KBI3BIKTHIPAAbl. bipak mom  ochbl
apTHIKIIBUIBIKTAP asAChIHIA YHEPTUAMEH KaMTaMachl3 €Ty 0acThl IIeKTeylnl (akTopiapablH Oipi
OOJIBIN KaJbI OTHIP — MAFBIH CIIyTHUK OOPTHIHAA MUCCHS TaJIATAPBIH OPBIH/AY YIIIH JKeTKITIKTI
KyaTThl OHJIIPY KOHE caKTay 0acThl KUBIHABIK caHanajbl. Mbicanbl, CubeSat rutatgopmacsina tanamn
eTUICTIH KYpZemi >KYKTeMenep/i (ONTUKAaJIbIK JIAAp, KOFapbl eHiMII OailiaHbic xyiienepi, T.0.)
OpHAJIACTBIPFAH]Ia, AIEKTP KyaThIH TYTHIHY €H ©3€KTi MOCeJIe PETiH/Ie TYbIHIaMIbI.

Byn monyna angpiMeH MIAFbIH CIYTHUKTIH TUNTIK KYPBUIBIMBI MEH DHEprusl OaraHChIHA
TOKTAJIBIN, OJaH Opi Maimanbl KYKTEMelep MEH OOpTTBHIK JKYWENepHiH JHEPIus TYThIHYBIH
TOMEHJICTY TOCUIAEpl KapacThIPhUIAAbl. DHEPTHSIMEH KaMTaMachl3 €Ty JKyHWelepiHmeri Kasipri
3aMaHFbl menrmaep (MpIcalibl, €H IIEKTI KyaT HYKTECiH Kajarajay, jkKaHa »KOFapbl THIMII KYH
Oarapesttapsl, GaN-TpaH3UCTOPIIBI TYPIACHIIPTIIITEP K9HE T.0.) JKOHE MHTEIUIEKTYal bl OacKapy
omicTepi cunarranaabl. HakTel s)xo0aiapaad aJlbIHFaH MAJIIMETTEP HETi31H1e MbIcaaap KeATipiimn,
COHBIHJIA 3ePTTEY HOTHIKENIEPl KOPBITHIHABUIAHBII, OoJamaK OarpITTapFa YChIHBICTAp Oepiiei.

3epTTey MaTepuaiapbl MeH JicTepi.

Hlarpin fapeiu annapattapeiHblH (IHA), aran aiitkanna CubeSat miardopmanapblHbIH
SHEPTeTHKAIBIK THUIMAUITIH 3€pTTey VIIIH JKYHeTiK Tainaay >KOHE MaTeMaTHKAJBIK MOJCIbICY
omicTepl KOJMAAHBUIIBL. 3epTTeyAiH Herisri HeicaHbl periHae 3U QopmarbiHIaFbl HAHOCIYTHUK
QNBIHIBI, OUTKEeHI OyJl KOH(HTrypamus SHEprus OHIIpy MEH Nainanbl >KYKTEMEHIH KeJeMmi
apachIHIaFbl OHTAMIIBI TEMe-TeH IIKTI KAMTaMachI3 eTe/ll.

CryTHUKTIH KYPBUIBIMIBIK MOJIEINI XKoHE Kylenepi

3eptrey Oapbichinna LIA-HBIH Kallbl KYPBUTBIMBI KeJIeCl HEri3ri 11K KyienepeH TypaThiH
MOJIEJTb PETiH/IC KAPaCTHIPBLIIbL:

- Ilaiimanel )KyKTeMe: ONTHKAIBIK KaMepa >KoHe FHUIBIMU CEeHCopIap;

- boprreik ecenrteyim kemeni (OBC): ARM Cortex-M Heri3iHaeri >Heprust THIM/II
MHUKPOKOHTPOJLIED;

- DOmnektp kyar xyieci (EPS): Kyn manenbnepi, MPPT konTpomiepi >xone Li-ion
aKKymyJsiTopiap omorst [1].

CnyTHUKTIH 1IIKI apXWUTEKTypachl MEH KOMIIOHEHTTEepiHiH opHaiacysl SolidWorks
opTachiHa kobanaHabl (1-cyperTi KapaHbl3). byn Mozenbs anmapaTThlH MaccCalbIK-HHEPIUSIIBIK
cUnaTrTaMajapblH JKOHE KYH MaHeJbJACpPIHIH THIM/I ayJJaHbIH JIOJI aHBIKTayFa MYMKIHIIK Oep/i.

Cyper 1 — I1laFpIH Fapbllll anmapaTbIHbIH XKaJIbl KYPHUTBIMBI
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OHepeemuKanvlx 6aNAHCMbIHY MAMEMAMUKANbIK MOOEJ.

DHEpPreTUKaIbIK OamaHC — CIYTHHUK XYMBICHIHBIH MaHbI3AbI Oeiiri. OpOuTagarbl opraria
renepauus (Oprama opOutansik Kyatr, OAP) ciyTHHK TYTHIHATBIH OpTallla KyaTTaH acybl HeMece
TeH 6omysl Thic. CubeSat popm-pakTOpbIHEIH KyaT MyMKIHAIKTEP1 IIEKTEYIIi:

Kecte 1 — CubeSat miardopmanapblHbIH YHEPT€THKAIBIK CUIIATTaMAJIAPBIH CATBICTHIPY

ITapamertp 1U CubeSat 3U CubeSat 6U CubeSat
Onmemi 10 x 10 x 10 cm 30 x 10 x 10 cm | mamamen 10 x 20 x 30
cM
Kyn naneninix 6ip ~100 cm? 1U-ra kaparanga 3—4 | AmbuiaTblH
YKaFBIHBIH ayJaHbl €ce YJIKeH MaHeIbAepPMEH
aNuTapIIBIKTAl YIKEH

DOTO3IEMEHT 25-30% (GaAs 25-30% 25-30%

THIMIUTIT] KOIKa0aTThI)

bip manenbaen ~2 Bt ~7-8 Bt OipHelle rmaHesnb

MakcuMal KyaT apKbLIbl OHJIaFaH BATT

OpOuTanslk opramia ~1.9-2.3 Bt oipueme Bart (1U-nan | XKep mansinga ~35 Bt

Kyat (OAP) onyeKanga >Koraphbl)

Mapc opOuTachH/IaFbl — — =17 Br

Kyar

[Taiirane! )xykreme Tex Kkapanaibim Kypaenipek reumbiMu | JKorapsl 2HEpPTUs KaXeT

MYMKIHJIT1 JATYUKTED xKaOabIKTap €TeTIH MHUCCHUSIIAP

Kyatts! apTTHIpY TypakTel nanenbaep | YIKEH HaHeNb ayJaHbl | AIIbUIAThIH KYH

omicTepi KaHATTaphl

DHeprus cakray JIutuii-uon JIutuii-uon JInTuii-uon
aKKyMyJIsITOpIap aKKyMyJsITOpIap aKKyMyJsITopIap

Temenri XKep opburacsinaarel (LEO) IIA >xyMmMbICEIH MOJ€NbJEy YILUIH KeJecl ecentey
omicreMeci KonaaHbabl. OpOuTaHbIH TONBIK TEPUOABI (T pir) 94 MUHYTKA TEH J€T abIHbI, OHBIH
iminie KyH cayneci tyceTin ¢asa (T, ) 60 munyTtsl, an XXepain kenenkecinaeri ¢asa (Tegipse) 34
MUHYTTBI KYpailbl.

Oprara opOUTAaNBIK KyarThl (Fyyg) aHBIKTAY YIIIH KEHEUTLITEH (GOpMyIIa KOJIIaHbLIIbL:

Bsa " Tsun " Nsot Nreg

Torbit

Pavg =

MYH/JIaFbl:

P, — KYH naHenbepiHiH MaKCUMaJIbl KyaThl;

Tsun " Nsor — OPOUTAHBIH KYH TYCETIH OOITIHAET] YaKbIT;

Nso1 — 3apsaaTay KouTpoepiniyg [TOK-1 (MPPT);

Nreg — KepHEY perTerimTepinin [TOK-i;

Torpit— TOTBIK OPOUTAIIBIK IEPUO.

Bys1 Monens SHEprusiHbI TYTHIHYABIH JUHAMHKAIBIK TPOQIIBIACPIH KypyFa jKOHE Maiianbl
KYKTEMEHIH XKYMBIC PeXHUMJIEPIH OHTAMIaHABIpyFa MYMKIHIIK Oeperi.

Kyar tyTteiHy Oromxkeri. CIyTHUKTIH opOip 1IIKi >XKyieci TYTBIHATBIH KyaTThIH HaKTbhI
OaJlaHCBIH ecenTey — *kobanay Ke3eHiHIH MaHbI3/bl Oeuiri. OpouTtanarsl KYMBIC Ke31HE XKyilenep
Op YaKbITTa 9pTYpii pexumie OOdybl MYMKiH, COHJBIKTAaH oOajaylislaap KyaT OMOKeTi Jemn
aTajaThlH KeCTe jKacalabl — OHJIa 9P ONEPAIHMSUIBIK PeXUMIEe (KaJbIIThl YIITy, OaliJIaHbIC CEaHCHI,
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FBUIBIMH JIEpEK KHHAY, TOTCHIIE Xardail koHe T.0.) opOip imIki *KYHEHIH KyaT TYTBIHYBI >KOHE
JKYMBICBIHBIH Mep3iMi (KYHI13/TyHAe, naibiablk duty cycle) eckepineni. Meicanbl, 2U ¢opMaTTh
SOC-i HaHOCTY THHUTIHIH €CeNTiK KyaT OIO/KETIHIH Y31HIicl TOMEH/ e KenTipiareH. by anmapartein
HETI3ri TYTHIHYIIBUIAPE — OalIaHbIC PaJMOKYpabl, PEaKIUsUIBIK JoHFanakTap Omorel (ADCS
aTKapylibUIapbl) KOHE OOPTTHIK KOMITBIOTEP CKCHI KOpIHE/i; OJapiAblH OPKANCHICH 63 IIBIHJIBIK
KyaTblHa ue, OipaK opOWTaga opTaila ajaraHia TOMEHACY YJeCiH FaHa KoimaHaisl (cebebi yHemi
KOCYJIBI eMeC HEMece YHEMI TOJIBIK KYKTemeze emec) [2].

Kecre 2 — 2U CubeSat (SOC-i muccusichl) Kyar OIDKETiHIH YITicl

ki xyiie OpOutanblk opraiia Kyarsl (MBT)
Baitnaneic xxylieci (paguo) 652

barnapnay xyieci 600

BoptThiK KOMITBIOTEP (OBC) 398

Jaruukrep (KyH, MarHUTOMETp T.0.) 104

barapest KbI3IbIPFBILIBI )KOHE T.O. 425

Typnennipy THIMIUTITIHIH KOFaTybI 308

BapibIK *KYKTeMeHiH CyMMachl ~2487

OpOuTa GoiibiHIIA OHIIPY (OpTalia) ~3182

OpOuranarel opraiia renepauus ~3,18 BT, an oprama TyTeiHy ~2,4 BT Kypaiiasl, nemek 28%
apThIK Mapka Oap ekeHi ecenrenreH. byyn Mapika OarapesHbl TOJBIK KyarTan, OoipKaHOaraH
KOCBIMIIIA TYTBIHY Taii1a 60Jica eTeyre KaxeT KOp PeTiHae Kaaappbuta el Kyar OromKkeTi CIry THUK
MHCCHSCBIHBIH 9p CaThIChIH/A KaiiTa Kapasblll, HAKThLUIAHBII OTHIPA/IbI )KOHE OOPTTHIK KYpasaapabl
KOCYy-KeCy KeCTeCi Jie OChl ecenTepre HeTi3elin xacanaapl. KopeiTa aiiTKaHaa, MaFblH FAPBIII
anmnapaTTapblHIa KOJDKETIMII DHEpPrusl oTe HIEKTeyli OOJFaHIbIKTaH, opOip MUJUIMBATT KyaTThl
€CeIKe aJbII, )KYHeIepAiH )KYMBIC yaKbITBIH MYKHUST KOCTapiay tanarn eriieni. Keneci Gemimaepne
OCBI KyaTThl TUIM/II TTaii1aaHyAbIH 9/IiCTEPl KapacThIpbLIaab! [3].

Tatioanet scykmemeniy snepeusi mymvlHyblH momeHoemy a0icmepi.

[Taiiganel >kyKTeMe — CIy THUKTIH HET13T1 MUCCHUSICBIH OPBIH/IalThIH KYpPBUIFbLIap (KaMepaiap,
FBUIBIMH JIaTUUKTEDP, OaliaHbIC MOYJIb/IEP], SKCIEPUMEHTTIK KYpbUIFbLIap). by xxyitenep ogerre
CIIYTHHUKTET1 €H KOIl DJHEePTHUs TYTHIHATBIH 3JIEMEHTTEP OOJBIN TaOBLIA b, OMTKEHI OJap JIepeKTep
KHUHAY, OHJCY KoHE ’Ki0epy CHUSKTHI Kypelli onepanusuiapibl OpbIHIANIbI.

[IaFbIH CIYTHUKTEp/E DHEPTUS PECypChl HMIEKTEYNi OOJFaHIBIKTAH, Maiaaibl )KYKTEeMEHIH
KyaT TYThIHYbIH a3aliTy MaHbI3/1bl. By yIIiH OipHele Herisri Tocil KOJAaHbLIa/lbl: )KYMbIC IUKITIH
(duty cycle) mexrey, )yienepIiH *KYMbIC YaKbITbIH AYPBIC )KOCHapiiay, TOMEH KyaTThl alnapaTThIK
nIenriMaepl naianany xoHe Kyhenep iy Kayirnci3 opi THIMII KYMBIC peXKUMIEPiH Koiaany [4].

Duty cycle omici OoifpiHINa Taigambl )KYKTeMe TeK KaKETTI yaKbITTa FaHa 1CKe KOCHLIAJbI.
MeIcanbl, onTHKAIBIK Kamepanap JKepliH KapblK kaFblHIa OOJIFaH[a FaHAa CypeTKe Tycipeai, ai
KaJIFaH yaKbITTa eLliplie/i. ONeTTe olapAblH OeJICeH 11 XKYMBIC YaKbIThl OpOUTaHbIH I1aMaMeH 10—
30% Oemnirin raHa Kypaiabl. Con CHUSKTBI paguoOaiiaHbIC XyHenepi e TeK >KepycTi CTaHLUs
KOPIHTEH Ke3/1e FaHa KOCHUIAIbI.

CoHbIMEH KaTap CIIyTHUKTET'1 KyaTThl KOIl KayKeT eTeTiH Kyiernep Oip yaKbITTa eMec, Ke3eKIIeH
KYMbIC icTeiiail. Mpicanbl, cypeTke Tycipy Ke3iHzae Oacka Kylernep yakbITIIa KYTYy peXHMIHE
ayBICTBIPBUIBIIN, OapJbIK SHEPTHs KaMepara OaFbITTalybl MyMKiH. MyH/all )kocniapiiay SHepIrUsHBbI
TUIMII TNaijjanaHyFa MYMKIHAIK Oepemi. DHeprusi TUIMIUIITIH apTThIpy YIIIH TOMEH KyaTTbl
SNEKTPOHMKA Ja mNaijananbiianel. Mpicansl, skaHa CMOS-kamepanap, peTTeNeTiH KyaTTbl
pamuoOMOIYIbJep KOHE OJHEepPrus YHEMICHTIH Jardukrep KoimaHbuianbl. COHBIMEH KaTap
KypbUIFbUIap standby pexxuMiHe aybICHII, KQKET eMeC Ke3/1€ YHEPIUs TYThIHYAbI a3aiTabl.
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DOHeprust YHEMJEy oJicTepi CHYTHHUKTIH KbI3BIIT KETYiHIH aJJblH allyFa Ja KeMEKTece[i.
COHIIBIKTaH SHEPrUsHbl THUIMJI TMaigagaHy CIYTHHKTIH CEHIMII JKOHE Y3aK JKYMBIC ICTEYiHIH

MaHBI3/IbI MAPTHI OOJIBIT TA0BLIAABI [5].

Kecre 3 — [Taiiganbl )kyKTeMeH1H SHEpPIysi TYTHIHYBIH a3aiiTy aaicTepi

9ic

Cunarramachbl

Mpbicag

Duty cycle (xymbic
IUKITIH EKTEY)

KypbLIFbIHBI TEK KOXKET KE3/1€
KOCBIII, KaJIFaH YaKbITTa OIIipy

Kamepa Tek XKepniH kapbiK
OemiriHe )KYMBIC icTeial

Kytienepai yakpIT
OoMBIHIIIA )KOCTIApIIay

KyarTsl ken KaeT eTeTiH
XKy#enepai O6ip yakbITTa eMec,
KE3EKIIeH i1CKe KOCYy

Kamepa xymbic icrerenge ADCS
HeMmece Oacka xyienep KyTy
peXUMiIHE OTel

TemeH KyarTbl
anmapaTThIK MIemiMIep

DHeprust THIM/1 AIEKTPOHUKA
MEH JTaTYUKTEp KOJAaHy

CMOS kamepanap, TOMEH KyaTTbl
panuoMoyNbaep

Perrenetin xxymbic
pexxumaepi

Kypbutrsutapasiy 6ipHene Kyart
PEXUMICPIH Maiiganany

Pagno6aiinanbic Moyl TOMEH
KyaTThl peXKUMJIC )KYMBIC iCTEHI1

Tepmanabik Oackapy

Kyppurrpuiapas! y3aK yakbIT

OnTuKaIbIK Kypainap/asl MeKTeyi

KOCTIay apKbLIbI KBI3BII KETYI
OonpIpMay

YaKbIT KOJJIaHy

Hotu:kesiep skoHe o1apabl TAJKbLIAY.

BopTThlKk 0ackapy KeIIEHIHIH SHEeprus THIMII apXUTEKTypachl MEH TEXHOJIOTHSIIAPHI.
BopTThIK 6ackapy KelleHi — CITy THUKTIH KOMaHJAJIbIK KOHE JIePEK OHJICY JKYHeNnepiHiH )KUBIHTHIFBL.
OraH OOPTTHIK KOMIIbIOTEP, MUKPOKOHTPOJUIEPIIEp, NaTUUKTEPAl Oackapy cxemalapbl, HaBUTallHsl
mporeccopiapsl JkoHe Oacka Oackapymibl Moaynbaep kKipemi. LIIaFblH CITyTHUKTEpIE SHEPTHS
pecypceTrapbl IIEKTeyai OOJIFaHIbIKTaH, KyaTThbl KOl KaKeT €TeTIH MpOoLeccopiiapJblH OpHbIHA
SHEPTHUS THIMJII MEKPOKOHTPOJUIEPIIEP KOJAAHBLIA/IbI.

Kasipri CubeSat anmapartapbinaa 60pTTeiK KoMiibioTep kebine ARM Cortex-M Heri3iHeri
MUKpPOKOHTpoJIepiaepre cyeneni. MyHnai yienep MIIJITHOHIAaFaH ollepalys OpbIHIaca J1a eTe
a3 sHeprus TyThIHaAbL. Mpeicansl, NanoMind nemece CubeComputer momymnbiepi 0,1-0,5 Bt
[IaMachIH/a FaHa KyaT TYTbIHaAbl. An aMOeOan mpoueccopnap (Mmbicansl Raspberry Pi) 2-3 Bt
TYTBIHYbl MYMKiH, OYJ IIaFblH CHYTHUK VINIH ThIM Ofapbl Kepcerkiml. COHBIMEH KaTap
paavanusFa Te31MI1 XKoHE SHEPrus YHEMIEUTIH MUKPOKOHTpoJsuiepiiep (Mbicansl, Vorago VA10820)
Jie KoJ1aHblIa 6acrasl [6].

OHeprus TUIMAUITIH apTThIpyAa OarqapiaaMaliblK apXUTEKTypa /1a MaHbI3bl PO aTKapabl.
BopTTHIK KOMIBIOTEP YHEMI TOJBIK JKYKTEMEJEe *KYMBIC icTeMeil, Tarncelpmanap OoilmMaraH KesJe
sleep nHemece standby pexxumine aysicasbl. [Ipoiieccop Tek KaXXeTTi CUTHAI HEMeCe Y31TiC KeTeHIe
FaHa icke Kocelnanabl. KeilOip »xobanmapia sHeprus yHeMzey YILUIH €Ki JEHIeisli apXUTeKTypa
naiijanaHpliaabl: Olp TOMEH KyaTTbhl MHMKPOKOHTpOJUIEp JKyHeH1 Oakbuiam Typaibl, ajl Herisri
IpoIeccop TeK KYpAesi ecenteynep KaxeT OosiFaH/a FaHa KOChLIa bl

CryTHUK 53JIEKTPOHUKACBIHIA OPTAJBIKTAHIBIPBUIFAH JKOHE TapaTBIMIBI apXUTEKTypaiap
Konganbuiaabl. OpTalbIKTaHIBIPBUIFAH JKyiene OapiblK KYpbUIFbLIap Oip OOPTTHIK KOMIBIOTEP
apKpUIbl OacKapbuiaZbl. AJl TapaThbIMIbl apXUTEKTypaaa opOip MOIYNbJIH KeKke OacKapyLIbIChI
HeMece KyaT TYpJeH iprii 0oaabl, Oy KaXeT eMec XKyHenepi TOIbIK eIlipyre MyMKIHIIK 6epei
KOHE dHEpTusl MBIFBIHBIH a3aiTansl. Kazipri CubeSat sxobamapbiHaa oChl €Ki TOCUIIAIH THOPUITI
HYCKaJIaphl Ui KOIJaHbUIa b [7].

BoptThik Oackapy kemieHiHe OaFaapay ’oHe OpHBIKTBIPY kyieci (ADCS) cusKTsl KochIMIIIa
xKyHenep e kipeni. by xyiiene rupockontap, MarHUTOMETPIIEP, PEAKIUSUIBIK JOHFaIaKTap ’KoHe
MarHUTTIK KaTylIKajap Kojaaneuiaabl. KeiOip KOMIOHEHTTEp e19yip SHEeprHsl TYTHIHATHIHABIKTAH,
SHEPrus YHEMJEY VIIiH MacCUBTI TypaKTaHABIPY dJicTepl HeMece THIMII Oackapy aaropuTmiaepi
nmafgalaHblIIa b,
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Kanmer anranma, OOpPTTHIK Oackapy KeUIEHIHIH JHEpPTrHsl THIMAUIT ammaparThK KOHE
OarnmapiiamMalibIK MIEHNMACPl AYPHIC YHIECTIPY apKbUIbl KaMTaMmachi3 eTiieni. TemMeH KyaTTbl
MUKPOKOHTPOJUIEPIEPI KOJAAaHY, YUKbl PEKHUMIEPIH TMaiJanaHy >KOoHE JXyHeleplai KaKeTTi
yaKpITTa FaHa iCKe KOCY IIaFblH CIYTHUKTEPAIH SHEPreTHKANBIK THIMIUIITIH adTapibIKTan
apTTHIPAIBL.

SHepras THIMIimri

KomxeTiMIi SHEpTHARED
THIMTL SHAIPY, CAKTay, TapaTy

DHepreTHKATLIK GaTanc

SHepPTHAHE] YHEMAEY
AREITIET OacKany

ZKama TexHOIOrEATAD HHTeLIeKTYanAkI fackapy

Korape! adderT KyH naseIsgep1 T T OHTafiEl HYKTeMenep KecTecl

GaN Heriz1H1er TYPISHIIPTIITED xyHecine SHeprusHLI aKEUIE 0acKapy
HHHOBANMAIAD
€Hrizy

Cyper 2 — CubeSat sHeprusuibIK THIMALUTIT calachIHIAFbl HET13T1 OaFbITTap MEH LISIIiMIep

OHeprusiMeH KaMTaMachl3 €Ty *KyHecl: 3aMaHayH IIelliMIep MEH HHTeJUIEKTyal bl bacKapy.

Onektp Kyar xyieci (EPS) — crmyTHHKTIH OapibIK >KyHenepiH SHEprusMeH KamTamachi3
eTeTiH Herisri 6eiri. On 3HeprusiHbl OHIIPE/ll, CAKTalIbl, TYTHIHYIIBIIIAPFa TapaTaabl )KoHE OYKiI
npouecti Oakputaiiasl. EPS  THIMAUNCIH apTThlpy IIAFblH CIYTHUKTEPAIH 3HEPreTHUKaJbIK
MYMKIHJIT1H KeHEeHUTY/1H MaHBI3/IbI KOJBI OOJIBIN TaObLTA b [8].

Kazipri HaHOCITyTHUKTEp/E PHEPrusl eHAlpYy YIUIH Heri3iHeH kemnkaOaTrTtel GalnP/GaAs/Ge
KYH SJIEMEHTTEepl KOJIaHbLIa/bl, olapAblH THiMAulri mamamed 28-30%. XKana 3eptreynepne
taimautiri 32-35% O6onateiH 4—5 KabaTrThl KYH 2JIeMEHTTepl KapacThipbuiya. COHBIMEH Karap
alllbIAThIH KYH HaHeJbAEPiH KOJNAaHy kKoHe clyTHUKTI KyHre OarbITTay apKblIbl SHEPTHUs OHIIPY/I
aptTeipyFra Oonaasl. KyH manenpaepinid THIMALTITIH apTThipy yiuiH MPPT (Maximum Power Point
Tracking) TexHONOTHUSCHI KOMAAHbUIAABL. byn omic maHenbiH KepHEyli MEH TOTBIH ONTHMAJIbI
JIEHTeIIe yCTarl, pTYpIIl KapbIK >KarJaibIHIa MaKCUMAJIbl KyaT allyFa MyMKiHJIK 6epeni. MPPT
KOJIZIaHy 3Heprust eHaipicin mamamen 20—40% apTTbipa anajibl.

OHeprusHbl TYTHIHYIIbUIApFa >KeTKI3y yIIH korapel THiMal DC-DC typaenaiprimrepi
naiinananeaael. Kasipri umMnynecTik TypiaeHaiprimrepaiy taiMauiri 90-95% neitin sxeteni.
Conrbl xpurgapbl ramnuil HuTpual (GaN) Herisigaeri TpaH3UCTOpIapAbl KOJAAHY AapKbUIbI
TYPJICHAIPTIIITEPAIH TUIMAUIIIT MEH YMBIC XHUIII apTTBIPbUTyAa . DHEPrusiHbl CaKTay YILIiH
IIaFbIH  CITyTHHUKTEpJE KoOiHece JMTUH-MOH HeMece JUTHH-TIONUMED aKKyMYJISTOpIIaphl
naiinananeiaasl. Omap *KorFapbl SHEpIrUs THIFBI3JIBIFbIHA He jKoHE y3aK Kbi3MeT eteni. EPS xylieci
AKKyMYJISITOp KEpHEY1H, TeMIEpaTypachlH >KOHE 3apsi/l JEeHreiH Oakplian, apThIK 3aps]l HEMece
TepeH pas3psaTaH Koprainel. CoHbIMeH Karap Oarapesuiapasl TeHecTipy (balancing) xoHe
aBTOMATTHI JKYKTEMEH1 a)KbIpaTy QyHKIMsUIapbl Koganbiiaasl [9-11].

Kazipri  cnyTHHKTepIe MHTEIUIEKTyalibl  KyaT  MEHEIKMeHTI  eHrizimyme. EPS
MUKPOKOHTPOJIJIEP] MaHEeNbAEPAIH TOThIH, OaTapesiHbIH KYHIH jKOHE KYKTeMe JeHrediH Oaxpliar,
SHEPrusl TANIIbUIBIFBl Ke31HJe Kei jKyienepal yakpITIIa eIlipe/i HEMece SHEPrUsHbl YHEMIEY
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pEeKHUMiHE aybICTBIPaAbL. JKalmbl anFana, KyH HaHeIbIepiHiH )kaHa TexHonorusuiapel, MPPT omici,
JKOFaphl THIMII TYPJICHIIPTIIITEp >KOHE WHTEIUICKTyalbl OacKapy aJropuTMIepl IIaFblH
CIIYTHUKTEP/IiH YHEPrusl )KYHeCiHIH THIMIUIITIH eoyip apTThIpyFa MYMKIHIIK Oepe/i.

HakTpl xo00anapian sHEpPryus OHTalIaHIABIPY TIKIpUOEIepi.

SOC-i (2U CubeSat, 2021) — AKIII-Ta »xacanrad CTyJ€HTTIK TEXHOJOTHUSIIBIK JEMOHCTPATOP.
CryTHUKTIH OpTalla SHEprHs TYTHIHYBI IIaMaMeH 2,5 BT, an KyH nmaHenbaepi eHaipeTiH Kyar 3,2
Bt 6onnpr (mmamamen 28% nsHeprusi Kopbl). JHeprusi OaJaHCBIH CakTay YIIIH OipHeIle Tocia
Kosnanbeuibl: ToMeH KyarTsl UHF panno6aiinansic (0,5 BT), xyiienep/IiH ®KYMbIC YaKbITBIH IIEKTEY,
peaKUUsIBbIK JOHFAIAKTapAbl TeK KaXKeT Ke3le MaiijanaHy, SHEprusi TUIMII MHUKPOKOHTPOJLIEP
Herizingeri OBC konnmany. Hotmkecinze CIyTHUK SHEPIUs TalIIbUIBIFBIHCHI3 TYPAKTHI JKYMBIC
icremi [12].

Mars Cube One (MarCO-A/B, 6U CubeSat, 2018) — NASA-#upiH Mapcka yIIKaH ajaFaniKsl
CubeSat anmmaparsl. XKep maHbpiHAa KyH ma"enbaepi 35 BT kyat engipce, Mapc opOuTachiHaa TEK
17 Bt rana enipai. baitnansic ke3ine CIiyTHUK aHTeHHaHbI JKepre OarbITTaraHIbIKTaH, TAaHEIbAEP
Kynre ayprsic 6arpitTanmaiinel. COHIBIKTaH OaillaHbIC anbIHIa OaTapesuiapabl TOJBIK 3aps/aTarl,
OaiiyaHpIC Ke31HJE COJl SHEPTHSHBI MaiJajgaHy CTPATeTUsChl KOJAAHBULABL. Byl MuCcCHS MIarbiH
CIYTHUKTEP/IiH MJIaHEeTaapalibIKk MUCCHIIap/a Aa KYMBIC iCTeH aJaTbIHbIH KOPCETTI.

Planet Labs «Dove» (3U CubeSat) — Xepai 6akputayra apHaIFaH KOMMEPLHUSIIBIK CITy THUKTED
HIOKXKYJIIBI3BL. ATmaparTap/a albliaThlH KYH MaHenbAepl KoinaHbuibi, opTama ~10 Bt kyar
eHipinai. Kamepanap Tek KYHII3 )KYMBIC iCTel, TYHAE AEPEKTEpi Kibepy pexumi KOITaHbUIIBI.
Opraia sHeprus TyThiHy mamamen 5 Bt 6onsr [13-15].

backa muccusiiap 1a SHEprusiHbl YHEMJICY 9/IiCTEpiH KoAaHaabl. MbIcasbl:

1. LightSail-2 — xyH >kelKeHi SKCIIEPUMEHTI;

2. QB50 — FBUTBIMU TaTYHKTEPl KbICKA YaKbITKA FaHA KOCY;

3. Lunar IceCube — KyaTTbl HOH/IBIK KO3FAJITKBIIITHI TEK KYH apbIFbIH/IA 1CKE KOCY.

Kammer anranga, op CubeSat MuCCHSCHI SHEPrUSHBI THIMJII [MaWJaTaHy YIIH 63
CTpaTerusiChlH KoJjaHajbl. Herisri makcar — HIEKTEyJi SHEprus pecypcTapblHaH MaKCHMaJlbl
THIMIUTIK amy [16].

MATLAB/Simulink oprackiHaa xypri3iireH ecenreyep.

3eprrey 6apbichinga 3U dhopMaTbiHAAFkI IaFbIH Fapbliil annapaTbiHbiH (ILIA) sHepreTukambik
teHrepimin Bepudukanusuiay yiuiH MATLAB/Simulink oprackiHaa MMHUTaUSATIBIK MOAETBICY
Kyprizunai. Mojenbaey/iH Heri3ri MakcaTbl — Haiganbl KYKTeMeH1H xyMbIc 1ukiiH (Duty Cycle)
OHTAMIaHABIPY apKbUIBI AKKyMYJIATOPIBIH 3apsan AeHreiin (SoC) Kayinci3 IIeKTe cakTay
MYMKIH/ITIH JI9JIENIEY.

XKyprizinren ecenteyinep Hotuxecinae FA-HbIH 6ip opOuTanbk BUTOKTaFbl (94 MUHYT) Kyar
OromkeT1 KelecigeH aHbIKTalabl:

- Tenepamus: KyH ¢dazaceinga (60 mun) oprama Kyat 8 Bt kypanel, Oy xanmsl 8 Br*car
sHeprus Oepei.

- TyreiHy (oHTalnmannelpyra aeiiin): [laiimansl sxykTeme MeH OainaHbic Kyieci yHewmi
KOCYIIbI OOJIFaH jKar/iaiiia oprama TyTeiHy 4.5 BT-TBI Kyparl, akKyMyJISTOP/BIH T3 pa3psiITarybiHa
JKeJILl.

TyteiHy (OHTalIaHbIpyaH Keilin): MHTemekTyanasl 6ackapy ajaropuTMi apKblibl Haiaasbl
KYKTEMEHI TeK KYH (a3achiHaa 15 MUHYTKa KOCy pexuMmi eHri3inai. byn oprama opOuTanmbik
TYTBIHYABI 2.4 BT-Ka 1efiiH TOMEeHJETT.

Mopnenbiey HOTHXKENEpl KOpCEeTKeHAEH, OHTaMIaHIBIPBUIFAH PEXUMIE aKKyMYJISTOPIbIH
3apsan aeHreii (SoC) ex temenri HykTene 74%-man actiaidipl, OVJI JIMTHH-UOH/BI OaTapesuiapabiH
KbI3MET €Ty MEP3iMiH Y3apTy YIIiH OHTANJIbI KOPCETKIILI OOJIBIN TaObLIa/IbI.

Temenne IIIA-HBIH Oip BUTOKTAFbl YPHEPTETUKAIBIK TUHAMUKACHIH €CENITEHTIH alTOPUTMHIH
OarapiaManblK KOAbl KENTIpiIreH:

t=0:1:94;

P _max = 8.0;
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Eff sys = 0.85;

P gen = (t <=60) * P_max * Eff sys;
P load = 1.8 * ones(size(t));
P load (70:85) = P _load(70:85) + 4.5;

Net Power = P _gen - P_load;
SoC = 80 + cumsum(Net_Power)/60/20*100;
SoC = min (SoC, 100);

plot (t, SoC, 'LineWidth', 2, 'Color', [0 0.447 0.741]);

grid on;

title ("Axxymynsamopoviy 3apso oeneetiiniy (SoC) ounamuxacst'),
xlabel("Vaxpim (munym)');

viabel('3apso (%)');

yiim([70 105]),

A:‘ll}(rl)tyuynmopnhm 3apan AeHreniHiy (SoC) aMHaMmUKachl

)
=
=4
x
Q
0
™

40 60
YakbiT (MUHYT)

Cypert 3 — OHTalIaHABIPBUTFaH )KYMBIC PEKUMIHICT] aKKYMYJISTOPIBIH 3apsi/l JCHICHIHIH
(SoC) nmHamMUKaChI

Monenbaey Hotmkeci KyH maHenblepiHEeH KeJNeTiH SHEprusiHbIH OOpTTHIK KyHenepai
KaMTaMachl3 €Tyre >KOHE aKKyMYJSTOPAbI TOJNBIK 3apsiTayFa >KETKUIIKTI eKeHIH kepceTTl. KyH
dazaceiabiH, S0-muHyThIHAA 3apsia geHreiti 100%-ra sxetin, DKXK-HBIH KOFapel OHIMAUIITIH
nanenaeni. Kenenkeni ¢azanarbl OeJCeH/Il )KYMBIC PEKUMIHE KapaMacTaH, aKKyMYJISITOp 3apsijibl
94%-naH TeMeHJAEreH KOK. TYThIHY PEeXKUMJEPIH KE3EKIEeH KOCy 9fici aKKyMYJSTOPIbIH TE€pPEeH
paspsATallyblHa )01 OepMeil, MUCCHUSIHBIH OMIPIIEHIITIH CaKTa bl. AJIBIHFAH JEPEKTEp annapaTThiH
HHEPreTHKANIbIK OO/KETIHIH OH OallaHCBIH OHE TaHJaJFaH 0acKapy aJrOpUTMIHIH THIMIUIITIH
TOJIBIK pacTanabl.

KopbIThIHABI.

[IaFbIH Fapblll annaparTapsl YIIH 3JIEKTP SHEPTHUACH €H LIEKTEYl KOHE MaHBbI3Ibl pecypc
6ombin TaObuTabl. CubeSat xoHe 0acka HAHOCHYTHUKTEPHIH THIMAL JKYMBIC 1CT€Yl OJIapbIH
SHEPIusl >KYHeciH AypbIc jkoOanayblHa >KOHE SHEprHsl TYTHIHYBIH THIMAI OacKapyblHa TiKeJeH
OaitnanpicThl.  COHABIKTAH  CHOYTHUKTIH  JHEPreTUKAIBIK  MYMKIHJIKTEPIH  MHCCHSHBIH
MaKcaTTapbIMeH YiecTipy xobasayablH OacTankbl Ke3eHiHEeH OacTarl ecKepiityl THiC.

DHepreTuKasblK 0aJaHCKa KOJ JKeTKi3y — CIYTHHK jK00aChIHBIH HET13r1 TajllanTapbIHbIH O1pi.
OpOutana eHIIpIIETIH opTamia KyaT IeH TYTHIHBUIATBIH KyaT apachlHAarbl Tere-TeHJIIK
caKTajmMaca, amrmapaTr TYPaKThl KYMBIC icTei anmMaiinbl. Ocbl ce0enTi maiaanbl KyKTeMelepaiH
CaHbl MEH TYP1 KOJKETIM/II HEPrHusl KeJieMiHe colikec TaHAamybl KaxeT. Kaxer OonraH xaraaiaa
COYTHHUK OJIIIEMIH YJIFalTy, KYH @aHENIbJEpiHIH ayJaHblH apTThIpy HeMmece OpOuTasbIK
napameTpiepli OHTAWIaHIBIPY CHUSKTHl IIEMIMACpP KOJJAHbUIAABl. JHEPrHsHBl YHEMIEY
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TOCUIZIepiH KeIIeH Al TYp/e KOJIAaHy MaHbI3/bl. [Taliaansl skyKTeMenepIiH AKYMBIC YaKbIThIH LIEKTEY,
KyHenepai Ke3eKIeH iCKke KOCy JKoHE TeK KakeT OOJFaH JKarjaija raHa maiijanaHy CITyTHUKTIH
JKaIMbl SHEPIUs TYTHIHYbIH aWTapiibIKTall a3aiTajabl. 3amMaHayd TEXHOJIIOTHsUIAp MEH KaHa
AJIIEKTPOHIBIK KOMIIOHEHTTEPA1 KOJJaHy SHEPrus THIMAUIIIH apTThIpyFa Kemekrecemi. JKorapsl
taiMai kyH Oarapestiapel, GaN Heriziggeri DC-DC typrenuiprimrepi XoHE KOFapbl dHEPruUs
TBIFBI3JBIFBIHA W€ JIMTHH-UOH aKKyMYJSTOPJaphl CIYTHHKTIH SHEPTEeTHKAJIBIK MYMKIHAITIH
KeHelTenl. MyHaail TeXHONorusuiap a3 KyaTleH KYMBIC 1CTeHTIH IIaFblH anmnaparTap YUIiH epekiie
MaHBI3/IbI.

CoHbIMEH Karap, MHTEIUICKTyallbl dHEprus Oackapy >KyHelepiHiH JaMybl CIyTHUKTEPAiH
AaBTOHOMJIBI JKYMBIC KaOinerin aptreipyna. EPS xyiienepi Oarapes KyiliH, *YKTeMenepi >KoHe
SHEPrusl OHJIPICIH OakpLIam, KaKeT >Karaaima KyHenepiH KYMBIC PEKHMIH aBTOMATThI TYpPIe
e3repTe anaapl. bonamakta MyYHIAH OKydenep KacaHIbl HMHTEIUIEKT JJIEMEHTTEPIMEH
TOJIBIKTBIPBLIBIN, CITYTHUKTIH SHEPTHs peCypcTapblH OJaH Ja THiIMIlI O0acKapyFa MYMKIHIIK Oepyl
BIKTUMAUJL.

Kanmel anranga, MWArblH Faphllll annapaTTapbIHBIH SHEPTUs TYTHIHYBIH OHTAWIAHABIPY —
naiaael )KyYKTeMeIeH 0actamn OOPTTHIK apXUTEKTypa MEH Kyar jKyHeciHe NeiiHT1 OapIibIK IeHT e e
KapacThIpbUIaThIH KemleH a1 MiHzaeT. [lypeic jxo0anmaHFaH 3Heprus Kyhecl MEH THIMAlI Oackapy
omicTepi apKbUIbI IIAFBIH CITYTHUKTEP JIe KYPAEi FBUIBIMU, TEXHOJIOTHUSIIBIK )KOHE KOMMEPIIUSIIBIK
MHUCCHSIIApABI COTTI OpbIHAal anaapl. COHAOBIKTAH SHeprus THimMaLtiri Oomamak CubeSat xoHe
0acka HAaHOCITYTHHUK YK00aTapbIHBIH HETI3Ti 1aMy OaFbITTapbIHBIH Oipi 00k Kana Oepeni
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COBPEMEHHBIE TOAXOJbI K OIITUMHN3AIIMA SHEPTOIIOTPEBJIEHNA
ITOJIE3HOU HAT'PY3KHU U BOPTOBOI'O KOMIUVIEKCA YITPABJIEHUSA MAJIBIMH
KOCMHMNYECKUMU AIIITAPATAMU HA HU3KUX OKOJIO3EMHbBIX OPBUTAX

Annomauun. Manvie kocmuueckue annapamol, ocobenno Hawocnymuuxku muna CubeSat,
yacmo  CMAaniKuealmcsi ¢ NpooiemMol  NOOOEPHCAHUS  IHep2emu4ecko2o  banranca u3z-3a
O2DAHUYEHHbIX — pA3Mepo8 U MALOU  MOWHOCMU — UCMOYHUKO8  dHepeuu.  OCHOBHbIMU
npeuMyujecmeamu makux annapamos saeistomcs ux OMHOCUMENbHO HUZKASL CIMOUMOCTb, ObLCMpPast
paspabomka U BOIMONCHOCML NPOBEOCHUSI HAYYHBIX UCCIEO08AHUL U  MEXHOA02UYECKUX
ucnvimanuti. OOHaKo ux HeOONbUIOU pazmep U MAcca HAKIAO0bl8Aon cmpo2ue 02PaHuyeHus: Ha
cucmemy sHepeocHabdicenus. B ceszu ¢ smum 3¢hghekmugroe ucnonib3osanue dHepeun CHumaenmcst
OOHOUL U3 OCHOBHBIX UHIICEHEPHBIX 3a0at NPU NPOEKMUPOSAHUU U IKCIIYAMAYUU MATbIX CHYMHUKOS.

B oannoil cmamve ananuzupyromes cogpemenibie Memoobl CHUNCEHUsL FHep2onompediens.
NOJLE3HOU HA2PY3KU U DOPMOBO2O KOMNLEKCA YAPAGIEHUS MALbIX CHYIMHUKOS, (DYHKYUOHUDPYIOWUX
HA HU3KOU OKoNo3eMHoU opoume. CHayana paccmampusaomcst KOHCMpYKmMusHvle 0CODeHHOCmU
MAIBIX KOCMUYECKUX annapamos, ux OCHOGHble Cucmemvl u dnepeemudeckutl oanarc. Kpome moeo,
AHAUBUPYIOMCSL OCHOBHBIE (DAKMOPbL, GIUSAIOUUE HA CMPYKIYPY dHEP2ONOmpedieHus, GKI0oYds
opoumanvHvle  YCuosus, — dQP@OEKMUBHOCMb  COTHEUHbIX  Nauenell U XAPAKMepUCmuKu
AKKYMYTISIMOPHBIX CUCTEM. 3amem Onucbleaomcs Memoobl IKOHOMUU IHeP2UU NOTIE3HbIX HA2PY30K,
MAKUX KaK onmudecKue Kamepvl, paouoMoOyiu C813U U paziudhvie HayuHvle ceHcopul. K amum
Memooam OMHOCAMCS — NpUMeHeHue IPGexmuenvix  areopummos 00pabomKu  OAHHLIX,
nepuooudeckas akmusayus yCmpoucmas, UCHOIb308aHUE PEHCUMOB8 HUZKO2O IHEP2ONOmMpeOieHUs U
sHeOpeHUe IHeP20IPDHEeKMUBHBIX ILEKMPOHHBIX KOMIOHEHMOB.

Takoce paccmampusaromes dHepeodppexmusHvle apxumexmypsvl OOPMOSbIX CUCmem
VAPAGNEeHUsl, — BO3MONCHOCMU — NPUMEHEHU.  MUKDOKOHMPOLEPO8 U  CReYUAIUUPOBAHHBLX
npoyeccopos.  OQbcysxcoaromess  NocleOHue  MexHONo2U4ecKue HO8Ulecmea 6 — CUCeMAax
9HEPeOCHADIICeHUs, UHMELIeKMYANbHble —AN2OPpUmMMbl  VIPAGIEHUs dHepauel U  Memoovl
OuHamuvecko2o pacnpedenenuss mowHocmu. Ha ocnose oannvix peanvuvix npoexmos CubeSat
NPUBOOAMCsL NpaKmuieckue npumepvl onmumuszayuu sHepeuu. Kpome moeo, ¢ nomowwio

43


https://doi.org/10.1016/j.actaastro.2023.11.012
https://ieeexplore.ieee.org/document/9091123
https://doi.org/10.1016/j.spacepol.2022.101492
https://doi.org/10.2514/1.A35821
https://ieeexplore.ieee.org/document/10123456
https://doi.org/10.1016/j.eswa.2024.122000
https://doi.org/10.1016/j.ast.2022.107612

Ne3(42) AAA XKAPLLbICHI

CPABHUMENbHBIX MAOIUY AHATUIUPYIOMCA XAPAKMEPUCMUKU PAZTUYHBIX MEXHUYECKUX peuleHull u
0aromcst NPeOIoNCeHUsL NO NOBLIUUEHUTIO dHEP20IPHEeKMUBHOCU MATBIX CNYMHUKO8 8 OYOyuleM.

Knwouesvie cnosa: manvie kocmuyeckue — annapamsei, CubeSat, onmumuzayus
9Hepeonompebnenus, NONe3HAs HacpysKka, Oopmosas cucmema YNpaeienus, — cucmema
ANEKMPONUMAHUSL, FIHEP2OIPHEKMUBHOCb, HUZKASL OKOJLO3EMHASE OpOUmA.

MODERN APPROACHES TO OPTIMIZING THE PAYLOAD AND ENERGY
CONSUMPTION OF THE ONBOARD COMPLEX FOR CONTROLLING SMALL
SPACECRAFT IN LOW EARTH ORBITS

Abstract. Small spacecraft, especially CubeSat-type nanosatellites, often face the problem of
maintaining an energy balance due to their limited size and low power sources. The main
advantages of such spacecraft are their relatively low cost, rapid development, and suitability for
conducting scientific research and technological experiments. However, their small size and mass
impose strict limitations on the power supply system. In this regard, efficient use of energy is
considered one of the main engineering tasks in the design and operation of small satellites.

This article analyzes modern methods for reducing the energy consumption of payloads and
onboard control complexes of small satellites operating in low Earth orbit. First, the structural
features of small spacecraft, their main systems, and their energy balance are considered. In
addition, the main factors affecting the structure of energy consumption are analyzed, including
orbital conditions, the efficiency of solar panels, and the characteristics of battery systems.

Then, methods for saving energy in payloads such as optical cameras, radio communication
modules, and various scientific sensors are described. These methods include the use of efficient
data processing algorithms, periodic activation of devices, the use of low-power operating modes,
and the introduction of energy-efficient electronic components.

Energy-efficient architectures of onboard control systems, as well as the possibilities of using
microcontrollers and specialized processors, are also considered. The latest technological
innovations in power supply systems, intelligent energy management algorithms, and dynamic
power distribution methods are discussed. Based on data from real CubeSat projects, practical
examples of energy optimization are presented. In addition, comparative tables are used to analyze
the characteristics of various technical solutions and to propose recommendations for improving
the energy efficiency of small satellites in the future.

Keywords: small spacecraft, CubeSat, energy consumption optimization, payload, onboard
control system, electrical power system, energy efficiency, low Earth orbit.
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DIGITAL TRANSFORMATION OF PROFESSIONAL AVIATION
MULTILINGUAL COMMUNICATIONS: A CORPUS-BASED STUDY

Abstract. Digital transformation is influencing linguistic communication within the aviation
industry; however, linguistic data remains limited. This study examines these changes based on
120 publicly available trilingual texts related to the aviation sector, comparing two time periods:
2018-2019 and 2024-2025. Preprocessing revealed cross-linguistic similarities. Text processing
was carried out using a rule-based, Unicode-aware pipeline. Lexical richness was assessed using
the MATTR-50 metric, while sentence length and digital terminology were analyzed via five
conceptual categories and document-level variance analysis. Independent sample assessment
involved Mann-Whitney U-tests with the Holm correction applied across the entire text. Variance
analysis of terminology was conducted using Fisher's tests. The results indicate that sentence
length decreased in both Russian and English—though the changes remained statistically
significant after the Holm correction—whereas no changes were observed in Kazakh. While
digital terminology was present in the earlier period, modern terms place greater emphasis on
digital concepts such as AI, modeling, and learning.

Keywords: digital transformation, aviation discourse, multilingual corpus, digital aviation
terminology, professional standardization.

Introduction.

The digital transformation of the aviation industry represents a modern approach to the
advancement of scientific research. Currently, the implementation of digital systems involves the
use of Al, modeling, and decision-support tools across virtually all critical aspects of aviation [1].
These changes are transforming not only the technological processes themselves but also the
specialized discourse through the description, regulation, training, and coordination of
professional activities. This study examines these linguistic shifts as a consequence of the
industry's intensive digitalization.

The aviation industry is one of the most suitable fields for such research, given that
professional communication within it is standardized and multilingual. The international aviation
environment encompasses shared concepts, globally used abbreviations, and regulated
terminology. English serves as the language of international aviation communication, establishing
requirements for safety, precision, brevity, and mutual understanding [2]. The International Civil
Aviation Organization (ICAO) mandates a high level of English proficiency for flight crews and
air traffic controllers [3]. Corpus-based studies of aviation English reveal specific functional and
linguistic characteristics, as well as a procedural function [4].

However, aviation communication is not limited to radio exchanges. Professional
communication also encompasses news, safety-related messages, aeronautical documentation,
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regulatory documents, and educational matters. Regarding adherence to national standards, most
English-language terms are adopted through loanwords, abbreviations, and linguistic adaptation.
A study conducted in the Republic of Kazakhstan on the interplay of trilingual terminology
revealed that establishing equivalence and standardization across these languages is challenging
[5].

Consequently, Kazakhstan offers a convenient multilingual environment for professional
aviation communication. Kazakh and Russian serve as the languages of national professional
communication, while English is used for professional training, radio communication, and global
terminology. National regulations permit trilingual radio communication. This linguistic
configuration creates an environment in which the same process can be represented using different
linguistic structures [6].

Most previous studies have focused primarily on the use of aviation English, radiotelephony
phraseology, proficiency assessment, training strategies, and terminology. For instance,
Bieswanger (2016) identifies specialized aviation registers in his work [7], while Ishihara and
Prado (2021) highlight English as a language critical to safety [8]. Subsequently, the research focus
shifted toward the study of specialized vocabulary, the development of specific practical tasks, and
the analysis of multilingual document structures. Drayton and Coxhead (2023) demonstrated the
importance of aviation vocabulary in enhancing safety systems through language training
methodologies [9]. Pacheco et al. (2023) showed the feasibility of teaching aviation English using
authentic corpora and outlined the limitations involved in compiling such corpora [10]. Carvalho
et al. (2023) examined corpus-based methods through the study of multilingual documentation in
the context of lexicographical and professional training [11]. Rigaud Peixoto et al. (2023)
illustrated how aviation terminology can differ between institutional and specialized literature
[12].

A review of the literature relevant to this study reveals a specific gap in knowledge: a lack
of corpora that adequately reflect the growing role of digitalization within the multilingual aviation
environment. This article addresses that gap, recognizing that digital transformation entails more
than merely an increase in the frequency of these terms in texts. The aviation sector was already
high-tech prior to the widespread adoption of artificial intelligence; early studies examined
automated air traffic control systems, electronic navigation databases, cybersecurity measures, and
decision-support systems. Contemporary developments are characterized by the reorientation of
these technologies toward the use of artificial intelligence.

Another issue addressed in this article is the use of direct translation—specifically, identical
identifiers—on the multilingual websites of official bodies. Analyzing such texts can result in an
inflated measure of interlingual similarity. To address this challenge, the study proposes
distinguishing between the diachronic analysis of a single language and descriptive methods of
cross-linguistic comparison, while also incorporating a check for dependencies between identifiers
and events.

The aim of this study is to identify and quantify diachronic changes in trilingual aviation
discourse - specifically those linked to the digital transformation of the aviation industry at the
institutional level. To achieve this aim, the researchers address the following objectives:

1. Assessing lexical and structural changes characteristic of institutional aviation discourse
across two time periods: 2018-2019 and 2024-2025.

2. Assessing changes in the distribution of digital aviation terminology and technical
concept groups for each language.

3. Assessing structural and terminological trends within the trilingual corpora.

4. Assessing indicators of the international standardization of aviation terminology within
institutional trilingual discourse.

This study combines an analysis of diachronic structural indicators with an assessment of
the variance of concept groups, incorporating controls for multiple comparisons and group

46



Ne3(42) AAA XKAPLLbICHI

variance. To this end, it employs multiple comparison controls and examines dependencies
influenced by translation quality and specific events.

Materials and research methods.

The study employs a comparative diachronic corpus analysis method. The research material
consists of texts related to professional aviation activities from two time periods: 2018-2019 and
2024-2025. These periods were selected to reflect the onset of the industry's digital transformation
and its current stage of development. The texts were compiled into three language datasets: KZ,
RU, and EN. Based on this design, six sub-corpora were created: KZ-1, KZ-2, RU-1, RU-2, EN-
1, and EN-2. The final collection comprises 120 aviation articles - specifically, 20 articles per sub-
corpus. The total size of the corpus is determined as follows:

N=LXPXCxn, (1)

where L is the number of languages, P represents time intervals, C denotes thematic categories,
and n is the number of documents per category.

The target metric is the number of documents rather than the volume of text. This is primarily
due to the fact that the institutional texts are limited to corporate news or professional informational
updates; consequently, word count is treated merely as an empirical characteristic of the corpus,
while statistical analysis relies on metrics calculated for each individual document.

The dataset was sourced from the public archives of RSE "Kazaeronavigatsia." A single
information source was deliberately chosen to ensure a unified publication environment, thereby
eliminating the influence of varying editorial policies across different institutional bodies. This
approach also facilitated the balancing of language samples based on temporal and thematic
criteria. Nevertheless, the results obtained cannot be automatically generalized to the entire
spectrum of aviation communication in Kazakhstan.

To mitigate the impact of thematic variations, the composition of each sub-corpus was
balanced across four thematic categories: air traffic management and navigation; flight safety and
regulatory compliance; professional training; and digital aviation technologies. Five documents
were selected for each category, resulting in a total of 20 texts per time period and language.

Corpus quality assessment was conducted via a two-stage verification process. In the first
stage, parallel records sharing identical identifiers were identified and marked by comparing
identifiers across languages. The second stage involved a manual review of events; this helped
identify events belonging to the specified time period that nonetheless had unique identifiers for
each language. Thus, it can be concluded that identical identifiers do not equate to statistical data
independence.

Due to the parallelism of events across language samples, direct statistical tests could not be
employed in the final analysis. The unit of inference in the model is the document, and statistical
analysis i1s based on comparing early and late periods for each sub-corpus. Convergences and
divergences are assessed descriptively using models of direction, magnitude, and scope.

Articles were stripped of non-textual page elements, and a deterministic rule pipeline was
applied to them. A token was defined as a contiguous sequence of letters and digits, preserving
hyphens and apostrophes, though individual punctuation marks were removed. Sentence
boundaries were determined by terminal punctuation marks. A unified set of rules was applied to
all three languages to avoid dependencies on inconsistent language-specific taggers or
morphological analyzers. Lexical diversity was assessed using the Moving-Average Type-Token
Ratio (MATTR), a metric less sensitive to text length than traditional measures [13]. MATTR
calculations were based on case-insensitive word surface forms, using a 50-token window and a
step size of one token.
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TTR, = 2. 2)
w
The final MATTR value is calculated as follows:

MATTRgo = -3k, 2L 3)

If a document's length fell below this threshold, the type-to-token ratio calculated for the
entire sequence was used for segmentation. This rule applies across the entire range of languages.
Average length is calculated as the ratio of the number of tokens to the total number of segmented
sentences. Surface word forms are used as lemmas to avoid inconsistencies in lemmatization
quality.

Given the morphological structure of the languages, MATTR values were interpreted with
caution. For instance, the nature of Kazakh morphology can lead to increased variation in surface
forms. Consequently, conclusions are drawn based on diachronic changes within a single
language, rather than by comparing MATTR scores across languages.

Statistical metrics were calculated at both the document and sub-corpus levels. For each
level, MATTR-50 values and average sentence lengths were compared using the Mann-Whitney
test. Effect size was determined via rank-biserial correlation, noting the observed direction of
change across the two time periods. Result robustness was verified using the Holm correction. To
ensure model transparency, p-values adjusted by the Holm correction were used.

An analysis of terminological variance compared the proportions of documents present in
the early and late periods for each language set using Fisher's tests. In the analysis of concept
families, no p-values exceeding 0.05 were observed; consequently, the findings are interpreted as
descriptive shifts in terminology. Direct Kruskal-Wallis tests were excluded from the final analysis
because preliminary results indicated partial cross-linguistic dependency.

Results and their discussions

The experiment is built around a data set including 120 professional aviation texts taken
from the official resource of the RSE “Kazaeronavigatsiya”. The six sub-corpora are balanced and
have the same number of documents, as well as thematic composition. Preliminary analysis
showed partial cross-language parallelism. As a result, the conclusions are limited to the
framework of intralingual diachronic comparison.

As a result of the tokenization, the data set is presented in Table 1. It also presents the main
structural indicators: MATTR-50 and the results of the Mann-Whitney test (without corrections)
for each of the subcorpora. After introducing the Holm correction into the model, the parameters
did not retain statistical significance. As a result, the data obtained indicate a change in lexical
diversity within the subcorpora. The values of the MATTR indicator do not reflect the large lexical
diversity of the subcorpora due to different morphological structures.

Table 1 - Structural characteristics of subcorpora

Language Period Tokens MATTR-50 Mean sentence
length

English 2018-2019 4266 0.740 29.91

English 2024-2025 5009 0.758 24.90

Russian 2018-2019 3301 0.886 27.19

Russian 2024-2025 4821 0.896 19.93

Kazakh 2018-2019 1715 0.903 18.03

Kazakh 2024-2025 2578 0.915 16.90

Figure 1 illustrates the shift in the directions of diachronic changes.
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Figure 1 — Diachronic variation in MATTR-50 for multulanguage aviation discourse

MATTR-50 shows an increase across all language corpora. However, it is worth noting that
the magnitude of change and the statistical significance vary for each of them. For the Russian
language, the p-value is quite close to the standard threshold, whereas for the other languages, the
results remained statistically insignificant. Corpus-based studies demonstrate that English
possesses a specialized register characterized by specific lexical, functional, and discourse
features. This study extends that approach by moving beyond the established research questions
surrounding radiocommunication, thereby allowing the structural dynamics of institutional texts
to be measured as well.

The most notable change concerns sentence length. For instance, in English, the figure stood
at 29.91 words in 2018-2019 but dropped to 24.9 words in the second period. Russian showed a
more substantial shift, with the average length falling from 27.19 to 19.93 words, while Kazakh
exhibited only minor changes, moving from 18.03 to 16.9 words. Table 2 presents these changes,
incorporating additional statistical analysis.

Table 2 — Structural characteristics of subcorpora

Language Undicator U-mean Raw p Holm p Trb Interpretation
English MATTR-50 | 130.0 0.060 0.212 0350 | Inerease, not
robust
Mean Decrea
English sentence 275.5 0.042 0.212 0.378 cerease,
nominal only
length
Russian | MATTR-50 | 127.0 0.050 0.212 0365 | Mnerease, not
robust
Mean Deer
Russian sentence 314.0 0.002 0.013 0.570 eerease,
robust
length
Kazakh MATTR-50 | 156.0 0.239 0.479 0220 | nerease, not
significant
v Decrease, not
Kazakh sentence 182.5 0.646 0.646 0.088 e
significant
length

Applying the Holm correction affects the scope of the conclusions drawn. The effect of
sentence length remains significant for Russian but not for English. The MATTR result for Russian
1s nominally close to 0.05. Thus, the statistical results are primarily linked to changes in sentence
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length in Russian; a similar trend with nominal statistical significance is observed for English,
whereas the indicator remains stable for Kazakh.

This shift in sentence structure aligns with the current trend toward brevity in
communication; however, the diachronic nature of the study does not account for technological
causal factors. Based on the document analysis, it can be concluded that aviation discourse
prioritizes precision, clarity, and conciseness. Consequently, the observed linguistic reductions can
be interpreted as language changes driven by the extensive adoption of digital technologies.
Diachronic changes in sentence length for each corpus are shown in Figure 2.

;ggﬂ_ ; ;;D.IIIE = A024-2025

EZS_ 2.9 7

;EIZ]— % % 199 5; D.E.:EE;

0 A 7

o / / /

i / / /
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Figure 2 — Mean sentence length for multulanguage aviation discourse

The authors do not perform a final comparative analysis, as partial parallelism was identified
during the preprocessing stage. In the descriptive experiment, the sub-corpora retain their initial
metrics and exhibit distinct diachronic trajectories. Russian demonstrates a pronounced and
consistent trend toward compression; English shows a less distinct direction of change; and
Kazakh maintains a stable profile. These differences justify an interpretation based on "selective
standardization."

The initial hypothesis regarding the impact of digital transformation on lexical frequency
was not confirmed by the experiment. Such terminology was already in widespread use as early
as 2018-2019. Aviation English discourse had previously addressed terms such as "automated
control systems" and "software modernization." Consequently, digital transformation is
understood not as a shift between discourses, but rather as a redistribution and diversification of
technologies.

To determine specific characteristics, the input distribution was divided into five conceptual
groups. Figure 3 illustrates the distribution of these groups across the sub-corpora, accounting for
language-specific features and timeframes.
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Figure 3 — Document coverage of aviation digital concepts
This visualization demonstrates the early integration of digital concepts into the professional
aviation context - for instance, through the application of automation, software, and digital air

navigation concepts. Changes in the sub-corpora are presented in Table 3.

Table 3 — Document coverage of aviation concepts

Language Concept family 2018-19, % 2024-25, % Change, pp
English Automation/software/data 50 20 -30
English Al/immersive technologies 0 20 +20
English Digital AIM/ATM 35 30 -5
English Digital 10 35 +25
training/communication
Russian Automation/software/data 75 75 0
Russian Al/immersive technologies 0 0 0
Russian Digital AIM/ATM 5 30 +25
Russian Digital 10 5 -5
training/communication
Kazakh Automation/software/data 55 50 -5
Kazakh Al/immersive technologies 0 0 0
Kazakh Digital AIM/ATM 10 10 0
Kazakh Digital 10 10 0
training/communication

The changes shown in Table 3 do not reach the level of statistical significance according to
Fisher's test. Consequently, such terminological shifts should be viewed as descriptive variations
in usage rather than as changes in specific details.

One such example is the following shift in terminology: in 2024, articles discussing the
acquisition of a new simulator use the term "pseudo-pilot" instead of "artificial intelligence."
Materials regarding participation in the Airspace World 2024 conference highlight the
transformation of the aviation industry through the application of Al and the Skyline-X platform.
Professional training utilizing Al technologies incorporates 3D modeling and next-generation
simulator systems.

An analysis of the English-language corpus suggests a shift from "digital infrastructure" to
"AL" However, the analysis using Fisher's test yielded statistically insignificant results, indicating
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a descriptive trend rather than a confirmed shift. This pattern aligns well with recent corpus-based
linguistic studies, which demonstrate that technical vocabulary and linguistic data play a pivotal
role in training and testing within the aviation sector [14].

An analysis of the Russian language corpus reveals a different picture. Documents
concerning automation, software, and data processing account for 75% of the total volume across
both time periods, while the scope of digital technology application has expanded from 5% to
30%. Fisher’s p-value was 0.091; although this figure did not reach the generally accepted
threshold of significance, it points to important changes that warrant verification using a larger
language corpus.

The developed model demonstrates the increasing integration of digital technologies into air
navigation processes. Such integration is viewed as a form of auxiliary information system. A
prime example is Performance-Based Navigation (PBN), which plays a crucial role in the digital
transformation of air navigation in Kazakhstan; this involves the use of satellite navigation and the
modernization of airspace infrastructure. Thus, the transformation is characterized by a shift from
mere digital infrastructure to aviation operations that integrate digital technologies.

The analysis conducted in this study highlights parallel processes in the standardization of
international terminology. Various terms and acronyms—such as ICAO, ATM, ATC, and PBN—
are increasingly being used in professional discourse within national languages. Research carried
out in Kazakhstan demonstrates a correlation between international and national standards and the
translated professional terminology [15].

The results obtained in this study do not demonstrate uniformity across linguistic constructs.
Although the dataset exhibits signs of cross-linguistic dependency, no statistical analysis of the
differences between linguistic distributions was performed. Instead, the study compares the
directions and magnitudes of changes identified through diachronic analysis.

The MATTR metric shows an increase across all sub-corpora. This observation aligns with
previous studies of aviation communication—though those studies took context into account [16].
The findings also resonate with research on multilingual corpora, where a shared technical domain
fosters terminological standardization while respecting language-specific characteristics [11, 12].
The heterogeneous nature of these changes is illustrated in Figure 4.
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Figure 4 — Diachronic changes in documents

English shows the most pronounced shift toward Al technologies compared to traditional
concepts. In Russian, the scope of topics related to digital ATM systems has expanded, whereas
Kazakh demonstrates stability across all concept groups. This asymmetry serves as further
evidence against the hypothesis of multilingual diversity.

In conclusion, selective convergence—viewed from a descriptive perspective—reflects a
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combination of evolving trends and professional context. However, it is worth noting that the
languages examined follow similar trajectories. Based on these results and experience, one can
conclude that while international standards establish common benchmarks, their linguistic
implementation remains language-specific.

Conclusion

The study examined diachronic changes in institutional literature in three languages actively
used in Kazakhstan. The reviewed literature is divided into two time periods 2018-19 and 2024-
25 for comparative analysis. The findings show how digital transformation is selectively
influencing changes in aviation discourse. The most significant result was a reduction in the length
of sentences in Russian. The English language has the same tendencies, and the Kazakh language
remains stable in this regard. Lexical diversity improves description in all three languages, but the
overall language pattern remains statistically significant.

Analysis of language terminology showed that digital transformation is considered as a
redistribution of concepts, and not as digital vocabulary. In the texts of the first time period, terms
associated mainly with automation are used, and modern discourse is associated with the
integration of artificial intelligence terminology. General international terminology has
standardization of concepts taking into account the specifics of linguistic discourse.

The proposed study allows us to expand corpus research in the aviation industry. They often
involve learning radio communication and aviation English. This work also shows the importance
of separating direct translations from the main comparison of the corpus in an interlingual
environment. In the future, work will be carried out to expand the data array. There will also be a
detailed study of the borrowing process, phraseology and human-machine interaction.
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KOCIBW ABUAIIUAHBIH KOII TLIII BAMJIAHBICTAPBIHBIH, IIA®PJIBIK
TPAHCO®OPMALIUACHI: KOPITYC HEI'I3IHAET'I BEPTTEY

Anoamna. Lugpnovix mpancopmayus asuayus canaceiHoagvbl MindiKk KOMMYHUKAYUARA
acep emyoe; OeceHMeH, MiNOIK depekmep uiekmeyni 6onvin Kaia oepeodi. Byn zepmmey asuayus
canacvina kamvicmul 120 scannviea Koncemimoi yul mindi Mominee cytieHe omulpuln, eKi YaKvlm
Ke3eHiH canvblcmuvlpa omulpvin, ocbl e32epicmepdi sepmmenioi: 2018-2019 oscone 2024-2025.
Anovin ana eHoey minapanvlk YKcacmolKkmaposl anblkmaowsl. Maminoi oeyoey epediceze He2iz0eeeH,
FOnuxoomul eckepemin KyowvipObl nAtioanany apkulibl Hcy3eee acvlpvliobl. JIeKcukaivlk 0ailivlk
MATTR-50 mempukacsi apkbiivl 6a2ANAHObL, Al COUNEM Y3bIHObIZbI MEH YUDPAbIK MEPMUHONO2USL
bec MmysHcolpbiMOAMAanblK CAHAM JHCoHe Kyorcam OeHeeliHoe2i OUCNepCUsIbIK MAaloay apKblivl
manoanowl. Tayenciz yaeini bazanayza Xoam myzemyi OyKin mominee Kondauviiean Mann-Yummu
U-mecminepi kipoi. Tepmunonozusnviy oucnepcusivlk manoayvl Quwep mecmmepin KOIOAHY
apkwlibl Hcypeizindi. Homuoicenep cotiiem Y3vblHObIZLIHbIY OPbIC HCIHE ARbLIUbIH Mildepinoe Oe
asauzaHviH Kepcemeoi - OeceHMeH o32epicmep Xoam my3emyiHeH KeuiH CMmamucmuKaibly
MYpavlOan Maysi30bl OOILIN KAIO0bL - All KA3aK milinoe ewkanoat ezeepic oaukaimaosi. Canowvix
MEPMUHONO2USL epmepeK KeszeHOoe OONRAHbIMEH, KA3ip2li mepMuHoep Hacanobl UHMENIeKm,
MoOenboey JHcaHe OKbIMY CUAKMbL CAHObIK Y2bIMOapea Kebipek MaH bepeoi.

Tyiiin ce30ep: canovlk mpanchopmayus, asuayusiiblk OUCKYPC, KONMINOI KOpnyc, CAHOblK
aA8UAYUATBIK MEPMUHOTI02US, KICIOU CIanoapmmay.
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HHU®POBASI TPAHC®OPMALIMAA MHOT OS3bIYHOIH KOMMYHUKAILIUA B
IMPOPECCHUOHAJIBHOU ABUAIIUU: KOPITYCHOE HCCJIIEAJOBAHUE

Annomayun. [ugpposas mpancopmayus oxasvieaem  GIUAHUE HA  A3BIKOBYIO
KOMMYHUKAYUIO 8 aBUAYUOHHOU OMpPAciu;, OOHAKO JUH2GUCMUYECKUe OAaHHble OCMAlOmCsl
02paHUyeHHbIMU. B OanHom ucciedoeaHuu u3yyaomcs dmu usmMeHeHusi Ha ocHose 120
00Ue00CMYNHBIX MPEXbAZLIUHBIX MEKCMO8, OMHOCAWUXCA K ABUAYUOHHOMY CEKmopy, C
cpasHenuem 08yx epemeHuvix nepuodos: 2018—2019 u 2024-2025 ze. IllpeosapumenvHras
0Opabomka  8vIABUNA  MeNCHAZBIKOBble cxoocmea. (Qbpabomka mexkcma npo8oouUlacy ¢
UCNONB308AHUEM OCHOBAHHO20 HA NPABUNAx Konegetiepa, yuumoisaioujeco Unicode. Jlexcuueckoe
bocamcmeo oyeHusanocs ¢ nomowvio mempuxku MATTR-50, a onuna npeonodicenuti u yughposas
MEPMUHONO2USL  AHATUSUPOBATUCL C NOMOWDLIO NAMU  KOHYENMYAIbHLIX —KAMe2opuu U
OUCNEepCUOHHO20 aHanusa Ha yposHe dokymenma. Hezasucumas oyenka @vibopku exnouana U-
mecmul Manua-Yumnu ¢ nonpasxou Xonama, npumensiemou ko ecemy mexcmy. JJucnepcuonHbiti
AHANU3  MEPMUHONIO2UU NPOBOOUNCS C UCNOIb308aHueMm mecmoe Duuiepa. Pesynrsmamol
NOKA3b18AIOM, YMO ONUHA NPEONONCEHUU YMEHbUULACL KAK 8 PYCCKOM, MAK U 8 AH2AULCKOM
AZbIKAX — XOMs UBMEHEHUs. 0CMABAIUCy CIAMUCIMUYECKU 3HAYUMbIMU NoCle nonpasku Xonima,
— Mo20a KaKk 6 KA3aXCKOM A3blKe UMEHEeHUll He Habnoanocs. B mo epemsa kax yugposas
MEPMUHON02USL NPUCYMCMBOBANA U 8 Dolee PAHHULL Nepuood, COBPeMeHHble MepPMUHblL YOesaom
Oonbue 6HUMAHUA YUDPOBLIM NOHAMUAM, makum Kak MU, modenuposanue u obyuenue.

Knroueswie cnosa: yugposas mpancgopmayus, asuayuoHHblli OUCKYPC, MHO20A3bIYHbIL
KOpPNYC, Yughposas aeuayuOHHas MePpMUHON02US, NPOPDECCUOHANLHASL CAHOAPMUAYUSL.
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KO3TAJIBIC KAYHICI3AII'TH ECKEPE OTBIPBIII, ’)KYK AFBIHIAPBIHbBIH
OCYI KE3IHAE TEMIPKOJI TACBIMAJIZAY IBICBIHBIH
TYPAKTDBIJIBITBIH BAT'AJIAY

AHoamna. Makana memipicon macelManoayublColHblY KONIK HCYMbICLIHbIY KONEMIH
yazaumy KesiHoe macviManoay npoyeciniy ceHiMOinieiH, y30iKciz0iein Jdcane Kayincizodiein cakmay
Kabinemin amblIKmaumolh Gakmopiapovl 3epmmeyee apHaian. 3epmmeyoiy  o3ekminici
MACLIMANOAY KONeMIHIH YI2AIObIHA, JHCYK AUHANBIMBIHGLIY OCYiHe, MAacbiManoayobly opmauid
KAUbIKMbIZbIHBIY Y3APYbIHA JHCIHE MPAH3UMMIK HCYKMeMeHiy Kyuerwine oatlanvicmyl, Oy
UHDPAKYPLLIBIMEA, AHCHLINHCHIMATBL KYpamaa, Oucnemuepiix oackapyaa, H#coHoey 6a3acvlia HeaHe
K038AbIC KAYINCI30IciH KaMmamacwls emy dxicylecine acepoiy oaco2apwliayviHa akenedi. Ocwvi
AHCA20AUNAPOa MeMIpHCON  MACLIMANOAYULBICHL  KbISMEMIHIY MYPAKMbLIbIEbIH  MEeXHUKAbIK,
UHPPAKYPOLILIMOBIK, YULIMOACMbIPYUBLIBIK, KAOPIbIK, KAPAHCHLIBIK, YUPDPILIK IHCIHE CbIpMKbL
IKOHOMUKANLIK — (hakmopnapovly — acepiHeH  macvbiManoapovly — MmYpakmovl — OPbIHOAIYbIH
Kammamacwls emy Kabinemi peminoe Kapacmwip2awn dcoH. byn pemme, scymvicma memipicon
MACLIMATIOAYUBICLIHbIH, MYPAKMBLIbIZbIH MeK NAUOANAHY HeMece IKOHOMUKATbIK KopcemKiumep
Ootibinwia Oazanay MyYMKIH .cmiel He2i30enceH, OUMKeHI KONIK JCYMbICLIHbIY — YI_aAiObl
backapywvliblK neH mayexenoepoiy pykcam emiieeH O0eH2eliHiy cakmanyblMeH Kamap Hcypyi
Kepek. OOdicmemelnik He2i3 pemiHOe JHCYK dAbIHOAPBIHbIY — OUHAMUKACHIH — 0aganayowi,
MACLIMANIOAYOblY OPMAUlad KAUWbIKMbIZLIH ecenmeyoi, Natoalany HCyKmemeciHiy UHOeKCiH
AHLIKMAyObl, MpaH3uUmMmiK Kypamoac b6enikmi 6azanayovl, COHOAU-aK KO3&aIblC KaAYincizoiciHiy
MeHWIKmMi mayeKeniniy Kaxcemmi meomeHoeyin ecenmeyoi KAMMUmvli ecenmey-maioamavlk
macin ycwinbliovl. bazanayoviy mynkinikmi Homudiceci mypakmuliblKmbly UHMe2paniobl UHOEKCIH
anvikmay 00abin MaodwvlIAdbl, OHbIY MIHI KO32ANbIC KAVINCI30ieiH KaMmMamacwsl3 emy OOUbIHUA
Oipxkamap ic-wapanapovl 23ipaeyee MYMKIHOIK Oepedi. Tacvimanoayuiblnvly unmespandvl
MYPAKMbLIbIZbIH WeKmeUmin napamemp peminoe KapacmulpbliamblH KO32AIbIC KAyincizoiei
Ko3ghuyuenmine epexuie Hazap ayoapviiaovl. OOJiCMeMeHiy MaNCIpUbeniK Maybl30blLIblabl
MACLIMALOAYObIH CeHIMOLNIZIH apmmulpyed, KO32AIbIC KAYINCI30ieiHiH OY3bLIYbIHbIY AN0bIH A1Y2a
JHCOHeE Ka3Ipel Hcagoauoa memipicosl macblMaioayUbliapblHblH, MYPAKmul 0AMYblH KAMMAMACHL3
emyze Oasbimmanzan Oackapy uwlewimoepin Kadulioay YuliH ecenmix Kepcemkiumepoi
nauoaiany Mymxinoiei 60.1vn maobwiiaosi.

Tyitin co30ep: memipocon macviManoayublcol, MypaKkmoliblK, HCYK aA2bIHOAPbL, KO32AIbIC
Kayincizoiei, natioanamy #CyKkmemeci, MeHuiKxmi mayexeil.
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Kipicme.

MakainanbiH e3ekTinirt KazakcraHHBIH KOTIKTIK-TOTUCTUKAIBIK JKYHECIHIH TYPaKThUIBIFbIH
KaMTaMachl3 €TyiHAE TEMIp)KOJ TachIMalAayIIbUIApbIHBIH KapKbIHABI ©cyiMeH, acipece
JKYKaFbIHAAPBIHBIH ©CY KapKbIHBIHIA, XaJblKapaiblK TPAaH3UTTIH JaMybl MEH KO3FaJbIC
KAyIICi3airi TaJanTapblHBIH ©CyiMeH aHbIKTananbl. Kazakcan PecryOnMKachIHBIH TEMIp»KOJl
keuirinae 2025 >KbUIIBIH KaHTap-KEeITOKCAH alJapbIHBIH KOPBITHIHABICH OOMbIHIIA 466,7 MITH
TOHHA XYK TaceiMasiganael. byn 2024 xpurra kaparanga 6,8% ecere >Kofapbl, ajl )KYK arbIHbI
10,2% ecim, 361,3 mupx T-kM Kypast [1].

byn kepcerkimrep TEMIpKOJ >KyHeciHEe JKYKTEMEHIH KYIICIOIH JoNIeNACHAl JKoHe
TachIMalay MPOILECIHIH Y3UIiCCI3Airi MeH Kayilnci3airine ocep eTeTiH (haKTOpiapablH
OarallaHybIHBIH KKETTUIITH monenaeiai. KapacTeIpbUIaThiH TaKbIPBIOTBIH MaHBI3IBLIBIFBI
Kazakcranusiy Eypoma MeH A3us apacblHIarbl TpaH3UTTI TopaObl peTiHIEe JamMybIMEH
OaitmanpicTel. ¥K «KazakcTan Temip KoJb» MalMeTTepiHe coiikec 2025 KbUIBI TPaH3UTTI
TaceiMaiay 33 MJIH TOHHaFa )K€TKEH, OChbl yakbITTa 2026 KbU1/IbIH KaHTap-HAYPbI3bIHAA TPAH3UT
KOochIMIIIa § JIeH 9 MIIH TOHHara ecim, an KoHTeiiHep TackiMaibl 6%-ra apTThl [2]. Tpan3urti
arbIHAAPABIH 6Cyl TeMIpKOJ TACHIMAJIBIHBIH TYPAKTHUIBIFBIHA TAJANTAPBIH apTTHIPAIbI, cededl
MOE3]T KO3FAJIBICHIHBIH OY3bUIbIYBI, TEXHUKAJIBIK akKayjap, TEIIMACPIiH JKETKLIIKCI3 OTKi3y
KaOiJIeTl JKOHE TeXHOJIOTHSUIBIK TOPTIOTEpAiH Oy3ybl SKOHOMHUKAIBIK IIBIFRIHIAPMEH KO3FaIIbIC
KAyIICi3airiHiH TOMEHIeyiHe oKelyl MyMKiH. TeMipKoJI KeIiTriHIH )KYMBIC JKacaybIHbIH 3aMaHayH
IapTTapbl TaChIMAIIAYIIBUIAPIBIH TYPAKTBUIBIFBIHBIH KEKE TOyeKenaAepaAl (PparMeHTTiK
TajAay/iaH xyhesi OaraiayblHa aybICy bl Tajam eTe/i. TeMip:Ko TachIMalIIayIIbIChl KbI3METIHIH
TYPaKTBUIBIFBIH TEXHUKAIBIK, HHPPAKYPBUIBIMIBIK, YUBIMIACTHIPYIIBUTBIK, KaAPIBIK, KAPKBUIBIK,
CaH/BIK OHE CBHIPTKbl IKOHOMHUKAIBIK (PAKTOPIAPABIH OCEpIHIE TachIMalgaybl TYPAKThI
OpBIHJIaybIH KaMTaMachl3 €Ty KaOiJeTi peTiHAe KapacThlpy KaxeT. bysr karmaiiia KO3Fasbic
KAYIICi3airi TYPaKThUIBIKTBIH TYHIHII MHTErPAJIbIK KOPCETKIII PETiHAe KbI3MET ereli, cebeli
TEXHUKAJIBIK KBI3MET €TY/I1H CallaChlH, HHPAKYPBUIBIMHBIH CEHIMIUTITiH, KbI3METKEPIIEPiH Kocion
JAWBIHABIFBIH, TUCIIETYEPIIIK OacKapyIblH THIMIUIITIH JKOHE TOYEKEJI-MEHEKMEHT >KYHEeCiHIH
TUIMAUTITIH aikbiHnaiiael. COHbIMEH KaTtap 3epTTeyndiH e3ekTimiri KazakcTaHHBIH TeMipiKoil
KYPBUIBIMBIHBIH JKaHFBIPY ayKbIMbIMeH OaiTanbIcThl. 2025 >xpuibl 300 KM TeMipyKod Temimi
KapaKTaHIBIPBUTYbl Oactanabl. By »kaHa »KoJmapAblH KYPBUIBICBIMEH TEH, JKEKe OarbITTapiaa
oTKi3y KaOineri apTysl kyTineni: Kei3punkap — Cekceyin Teniminae 8 aeH 25 noesra, Kannararni-
ToOb1 TeniMinae 7 AeH 25 noesra AeiiH.

benrinenren >xobanap TaceIMayijayllbulapFa >aHa MYMKIHIIKTEp TyAbIpazbl, Oipak
TYPaKTBUIBIKTHI Oaraay IbIH 9IICTEPIH KETUIIIPY KaXKeT, ce0e01 KO3FAIBICTHIH KHULTITTHIH apTyhI
MH(GPaKYPHUIBIMHBIH TEXHUKAIBIK JKaFAaibIH, )KbUDKBIMAJIBI KYpam/bl, OaKbUTayAbl KYIIEHTYyMEH
Oipre Kayinci3gik TaJanTapblH CaKTaybl KaKeT. XalbIKapaJlblK CTaTUCTHKA OOMBIHIIA KO3FaJIbIC
Kayimci3/Iiri TeMip:KOJ callachIHBIH €H MaHbI3AbI Maceneci 60bin Kana 6epeni. UIC mepexrepi
OOMbIHIIIA TEMIPXKOJ KOJIITIHAET1 1pl anaTTap/blH canbl YHeMl ecyae, 2020 xbuinan 2024 xpuira
neitin - 1660 Tan 2018 aptrel.byn Oec xbuinblk kesenne 21,5 % apTyblH, SFHM TYPaKThI
TEHJCHIMSCHIHBIH ~ anarTap CaHbIHBIH apTyblH kepceredl [3]. Temipxkon KyleciHiH
TEXHOJOTHSCHIHBIH JaMybIHAA Ja ajaMu (akTopiapMeH, CHIPTKbl OpTaMEH e3apa 9peKeTTecy,
KO3FAJIBIC KApPKBIHIBUIBIFBIMEH JKOHE HH(AKYPHUIBIM KaFJAalbIMEH OaiJIaHBICTHI CaKTaJIFaH
TOYEKENJIEPMEH KaThIHACAIBI.

Eypomnansik cTatucTka Aa KayilCi3AiKTI YHeMl Oakbuliay KaKeTTUlriH kepcereni: 2024
x*bputel EO engepinge 1 507 Temipikon amaTTapbl TIpKENITeH, OHBIH IMIiHAEC MaHbI3ABl Oeiri
OJIIMMEH asKTaJFaH KaFIaiiapIblH alTapIIbIKTal yieci OefiTaHbICc agaMaap IbiH Koaaapaa 00Iys!
JKOHE  TeMIp)KON — eTKenjaepinaeri okuramap Oonran  [4].  Kosrameic  Kayimci3airi
TaChIMAIAYIIBIHBIH TEXHUKAJIBIK KypalJapplMeH FaHa eMec, YHBIMIACTBIPY, OpPEKETTIK
(baxTopnap, UHPPaAKYPbUTBIMIBIK XKoHE OacKapy (akTopiapsl apKbUIbI Ja OaraigaHybl THIC €KEeHIH
pacTaiibl.
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Keuik canacsii nugpaanablpy skarnaiiapbiia KO3FalbICThl 0acKapyIblH, HHPPAKYPHUIBIM
*albIH OakblIay MEH TOyeKeNJEepAiH alJiblH alyAa WHTEJUIEKTyallbl )KYHeCiH eHaIpy apHaiibl
opblH anmyna. Msicanbl, Kaszakcranuei Kaparaitnei-Keknekri temiminge «AMMAK RAIL»
Moe3/1ap KO3FAIBICKIH PETTEY JKYHecl eHIIPIITeH, COHBIMEH KaTap OTKi3y KaOlIeTiH ecipyTe KoHe
TachIMaIay TUIMIUIITIH appeipyFa OarbITTadfaH 247 KM KaIIBIKTBIKTaFbl TETIMIC CITyTHHKTI
Oaiimanpic k00acel icke acelppulyAa. MyHzmail memrimMaep TEeMIpXKOJI — TachIMaJIbIHBIH
TYPaKTBUIBIFBIH  JIOJIIPEK, aJlJblH ally MakKcaTbIHJa JKOHE JiepeKTepi OarjapiaHFaH Oaranayra
HETi31H Kypaiasl [5].

CoOHBIMEH, TaKbBIPBIOTBHIH ©3CKTLIIr OPTAIBIK KPUTEPHIH Ccamachl pETIHAEC Kayirnci3
KO3FaJIBICBITHI TAHJIAyBIMEH TEMIP>KOJI TaChIMaJ1ayIIbIapbIHBIH TYPAKThI KbI3METIHA 9CEp €TETiH
dakTopnap/bl Oaranayra KyHhenl KaThIHACBIH XkKacay KaKEeTTUIINMEH mapTraiFras [6]. 3epTreyain
FBUIBIMH MAaHBI3JBUIBIFBl  TaChIMaJay KOJEMIHIH apTybl, HH(PaKYpPHUIBIMHBIH KafJalbl,
KBUDKbIMaJIbl KYPaMHbBIH CEHIMAUIIL, LU(paHAbIpy, KaApiblK TOyEKeNJIep, TEXHOJIOTIMSIIBIK
yaepicTepai Oackapy XoHE KO3FalbIC KayillCi3miri JACHredi apachblHAarbl e3apa OalIaHBICTHI
KCIIeHII Typle KapacThlpyFa MYMKIHIIK OepyiHae Oonwsim  TaObutambl.  ToxipuOenik
MaHBI3JbUIBIFBI 3ePTTEY HOTHIKEIEPiH TachIMajiay MPOLECIHIH CEHIMILIITIH apTTHIPY, alaTThIK
KardalaapAblH alJblH ajly, TOYEeKeJl MEHEKMEHTTI JKeTUIAIpy >KOHe Kasipri karaaiiapaa
TEMIPXKOJ TachIMaJIayIIbIAPBIHBIH TYPAaKThl JaMybIH KaMTaMachl3 €Ty VIIIH KOJJaHy
MYMKIHIIT1H/Ie KOpIHE/I].

O0ebu wony. FeimpiMu opeduerTepae TEMIp>KOJI TaChIMAIAYIIBUIAPBIHBIH TYPAKTBUIBIFBI
TEeK TachbIMalfay KeJjeMiH cakTay KaOileTi peTiHIe FaHa €MeC, COHBIMEH KaTap KYHeHIH
aKayJIapJblH aJIbIH aly, Oy3yIIBUIBIKTApIbIH CeOCTITepiH a3alTy JKOHE MOWBI3IApIbIH Kayirci3
KO3FaNIBICBIH CaKTay KaOineri perinae Kapacteipbutyaa [7]. byn typreina N. BeSinovié 3eprreyi
MaHBI3/bl OOJIBIN TaOBLIAIBI, OHJIA TEMiPKOJ KOJIT1 KYHelepiHiH TYPaKThUIBIFBI COTCI3IIKTEPIIH
canjapbelH Oaranay, KaJIblHa KeNTIPY JAMHAMHKAChl JKOHE YyakbIT OoMbIHIIA mMalijanaHy
KOPCETKIMITEPiHIH ©3Trepyi apKbUIbI alllbUIaAbl. ABTOpP KOJIIK CYPaHBICBIHBIH apTYBhI, KeIiIepain
KYpJieJeHyl »oHe Oy3yIIbUIBIKTap IbIH K000l TYPaKThUIBIKTBI CAH IBIK OJIIICY Al KaXKeT eTeTiHIH,
COHBIH IMIHAE KEeIIiry, MOWBI3apAbIH JKOMBUIYBI, ©TKi3y KaOiIeTTLNiri MeH KbI3MET KOpCeTy
camachblH KajimblHA KeNTIpyHdl Tamam eTeTiHiH aranm kepcereni [8]. Temipxkon xylenepiHiH
Kayincizairin Oaranmayra V. Sangiorgio, A. M. Mangini xoHe 1. Precchiazzi aiitapibikrail yiec
KOCTbl. ABTOpJap HEpapXUsUIbIK Tajjay OIICiHIH, OHTAMIaHABIPY MPOLEIYPACHIHBIH >KOHE
amnaTThIH aJABIHFEI (PaKkTOpiapsl Typasbl AEPEKTEPAIH YiJIeCIMiHE HETI3/IeITeH TEMIPHKOI KOJiri
JKYMECIHIH Kayinci3fiKk UHIAEKCIH YCHIHIBI [9]. OnapabiH Ke3KapachIHbIH epeKIIeNiri-Kayinci3aik
KEKe HUHAMKATOp pEeTiHAE eMecC, MH(PaKypbUIBIMHBIH Kaill-Kyil, MOHbI3 KaOJIbIKTapbIHBIH
TEeXHUKAJBIK KaFdaibl >KoHe Oackapy IICIIIMJIEpIHIH ©3apa OpeKeTTecyl HOTHXKECIHIE
kapacteipbutabl. P. Rungskunroch, A. Jack sxome S. Kaewunruen sxymbichiHna baiiec
KOPBITBIHJIBICHI, MIEHIIM afambl koHe [leTpu yarigepi HeriziHAE TeMIpXKOa >KyHenepiHiH
KayiICI3JIriH caJblCThIpMalbl Oaranay Tociial yehHbULIKI [10]. 3epTTey y3aKk Mep3iMIl anarThIK
JIEpeKTepre CyWeHenl >KoHe ToyeKenmAepAl Tanaay Oenrici3fiKTi, OKWFalapiAblH >KULIITIH,
CaJIIapJbIH  AYBIPJIBIFBIH, 3apJan IIEeKKEHACP/IH CaHbIH JKOHE HAKThI TEMIPXKOJ >KENUIePIHIH
epeKIIeNiKTepiH eCcKepyl KepeK eKeHIH KepceTedl. TyYpaKThUIBIKTBI 3€pTTEyNIiH 3aMaHayd
acnektici F. Restel-giH Ko3fanbic Oy3bUIBICTApBIHAAFBl TEMIPXKOJ >KYHECIHIH OIepanusuIbiK
TYPaKThUIBIFBIH Oaranayra apHalifaH MakajnachlHia KentipuireH [11]. ABTOp TYpaKThUIBIKTHI
JIocTypiii Oaranay keOiHece KeniHiH OalaHBICBIH HEMECE y4acKelep/iH OTKi3y KaOUIeTTUIIrH
TaJJayMeH IIEKTENIeTiHIH, 0ipaKk TeMip>KoJ TachIMaJIaylIblIaphl YIIiH Oy KETKUTIKCI3 eKeHiH
atan eoTTi. TacblManjgay MpOLECIHIH MapaMeTpiiepiH ecKepy KaKeT: YaKTbUIBIFBI, KEIIIry
BIKTUMAJIJIBIFBI, JKOHENTUITeH MOMBI3Aap/bIH CaHbl, peCypcTapMeH KaMTaMmachl3 eTuTyl >KoHe
KYHEHIH KO3FaJIbIC KECTECIH KaJllIbIHA KeATIpy MYMKIHAIT1. by Tocin acipece TachiManaaybuiap
YIIIH ©Te MaHBI3/bl, OWTKEHI OJapJblH KbI3METIHIH TYpPaKThUIBIFBl JKYMEHIH axayjapra
KAHIIAJIBIKTBl TE€3 JKOHE Kayilci3 jkayan OepeTiHiHE Tikened OaitnanbicThl. JXKyk Temipxom
TachIMAJIBIHBIH TYPaKTBUIBIFBIH Oaranay TocinaepiHiy namysiHa H. Li, L. Qi, M. Wang xone J.
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Liu eneym yrnec KOCTBI, ojlap OENTiCi3AiK, CBIPTKBI OY3YIIBUIBIKTAp >KOHE TachIMalaay
CEHIMJIIIITIHEe KOWBUIATHIH TaJlalTapAblH ©CYl KaFJalblHAa TPaHCIIEKApaIbIK JKYK TEMIPXKOJI
KYHENEpiHiH TYPaKTBUIBIFBIH KapacTeIpasl [12]. 3epTrey KbI3BIKTBI, OWTKEHI TYPAKTHLIBIK
JKYHEHIH KaOlIeTTepiHiH €Ki TOOBI apKbUIbl alllbUTAaJIbl: MPOAKTHBTI, aKayJap/AblH aJIJIbIH alyFa
OarpITTAIFaH JKOHE PEaKTHBTI, OY3bUTyJIapAaH KaJlllbIHA KENTIpyAl KamTamachl3 erefi. baramay
ylliH aBtopiap OyielHFBIp baiiec kemiciHe Heri3genreH MOAEbAl MalJanaHaabl KOHE
KOPCETKIIITEP PETIHAC TEMIP)KOJ ydacKeNepiHiH HAKThl, XKOFaJIFaH JKOHE KaJIbIHA KEITIpUIreH
OTKi3y KaOUIeTTUNrH mnaigananagsl. TemipKod TYPaKTBUIBIFBI JKYHeciHJeri Kayinci3mik
acriekricin amy ymriH L. Szacitto, M. Jacyna, E. Szczepanski sxone M. Izdebski aBTopiapbIHbIH
JKYMBICBIH KOCKaH XOH, MYHJIa anaTTapAblH CeOeNTepiH, JKEeKeIereH OKUFalapIblH maiga 6oy
BIKTUMAJIJIBIFBIH JKOHE TachIMaJay MpPOILECiHIH Oy3bUTybl Ke31HAE MOMBI3NapAblH BIKTUMAI
KiJipicTepiH Tanjgay Heri3iHae YK TEeMIp)KOJ TachIMalbIHAAFbl TOyeKelaepai Oaramay Tociii
ycuiHBUIFaH [13]. 3epTTeymiH epeKmieniri - XYyK TachIMaJbIHBIH KayilCi3[iri OKmayiaaHOa,
KEUIrynep/i, KO3FalbIC KeCTeCIHIH OY3bUTYBIH ’KOHE BIKTHMaJl 9KOHOMHUKAJIBIK IIBIFBIHAAP/IbI KOCa
anFaHja, naiianaty caijapbiMeH e3apa 0aillaHbICThl KapaCThIPHLUIAIbL.

Onebn  modyAa  TeMIpXKOJI — TachIMAAAyIIbUIApbl  KBI3METIHIH  TYPaKTBHUIBIFBIH
WH(PPAKYPBUIBIMHBIH ~ CEHIMIIITIH, KBUDKBIMAQJIBI KYpPaMHBIH TEXHUKAJBIK JKal-KYHiH,
KO3FaJIBICTBl 0acKapy CarachlH, TOYEKEN-MEHEHKMEHTTI, KaapJblK (aKTOpIapabl, HUPPIBIK
MOHHMTOPHHITI JKOHE KO3FaIbIC KAyINCI3AIMH OIpIKTIpeTiH KEeUIeHI CcularTama peTiHzae
KapacThIpFaHAHBIH KOPCETE/I.

3epTTeyaiH FBUIBIMH YKaHAIIBUIIBIFBl — KO3FAJIbIC KayINCi3/irt 6akpuiayablH JKeKe OarbIThl
e€MeC, TaChIMAJIAyIIBIHBIH TYPAKTHUIBIFBIHBIH HETI3T HHTErPajibl emeMi 00BN TaOblIaThIH
KyHenmik Tocuiai xkacay. Ochl Tocin okuFranap OOJFaH Karjaiffa AeiiH KayinTi (axtoprapisl
aHbIKTayFa, Oackapy OOWBIHIIA HIENIiMAEPAl HETI3[eyre >KOHE XYK aFbIHJIApbIHBIH ©cyl MeH
KOJIYK-IOTUCTHUKANBIK ~Ti30EKTepAiH KYpHAeJeHyl KarFgailblHoa TEMIpKOJ TaChIMaJbIHBIH
CEHIMJIUTITIH apTTBIPyFa MYMKIHIIK jKacaiIbl.

3epTTEey MaTepuaIapbl MeH diicTepi.

Hoctypai Tacinae kebOiHece TachIMalIayIIbIHBIH KbI3MET] TaChIMANJAaHFAaH JKYK KeJeMiMeH
OaranmaHajpl KaparaHjaa, ajl OepuireH 3epTTeyie TYPAKTHUIBIK TaChIMaIAayIIbIHBIH TaChIMa1ay
IpOIeCiH MaianaHy >KYKTeMecl apTKaH Ke3ze Kayirncis, y3uricci3, 6ackapyMeH OpbIHIalIaThiH
TachIMaJIIayJibl KaMTaMachl3 €Tyire KaOUIeTTI/UIIr KapacThIpbUIaabl. 3€PTTEYAIH 9JlICHAMAIIBIK
JIOTUKACHI JKYK aFbIHBIHBIH ©CYyl ©3]iriMeH TachIMalJaylibl KbI3SMETIHIH OH HOTHXKECI peTiHe
KapacThIPbUIMANThIHBIHA HET13/TIIE].

TacbiManiay KeJeMiHiH, )KYK allHaJIbIMbI, TPAH3UTTI aFbIHAAp, TachIMalJayblH OpTalla
KaIIBIKTBIFBIHBIH apTybl Oip Me3rinjae MHPpPaKypbUTBIMFA, KBUDKBIMAIBl KYpaMFa, JOKOMOTHB
OpuragacbiHa, JUCIIeTYEpIIiK OacKapyFa, )KeH 1ey 0a3achlHa )KOHE KO3FaJIbIC Kayilci3airi xxyiecine
KYKTEMEH1 KYILeHTe 1.

Cou cero0enTi TeMIp>KOJI KOJITiHIH TYPaKThIIBIFBI €Kl ©3apa OailllaHbICKaH MPOLECCTEPiH
KaTBIHACHI apKBUTBI OaFallaHybl THIC: Mali1ajaHy )KYKTEMEHIH apTThIPy ’KOHE TaChIMalIayITbIHBIH
OCBI )KYKT€MEH1 YHBIMAACTBIPY, TEXHUKAIBIK, HHPPAKYPBUIBIMJIBIK LIapasiap apKblibl TEHECTIPY.

OJIicCHaMaJIBIK 3epTTeyJiep OipHelle e3apa OailylaHbICKaH ecernTey OJOKTaphIH KAMTHU/IBI:

1) JKyxarbIHbI TUHAMUKACBHIH Oaraiay;

2) TaceIMagayaplH OpTalia KallbIKTEIFBIH €CEITEY;

3) TpaH3UTTI )KYKTEMEHi aHBIKTAY;

4) IlaiinanaHy *YKTeMECIH NaianaHy UHIEKCIH eCenTey;

5) Kosranblc Kayinci3airinig KepceTKimTepin Oaranay;

6) TaceIManIayIIBIHBIH TYPAKTBUTBIKTBIH HHTETPAJIbl HHACKCIH aHBIKTAY .

3epTTeyaiH OipiHII Ke3eHiHAe KYKAFbIHBI MEH KOJIK )KYMBICHIHBIH JHHAMHUKACHIH Oarasnay
Kypriziieni.byn yiniH TannaHaThIH Ke3eHIEri TachiMaljay KeJjieMl MeH IKyKailHaJlbIMbl
KOPCETKIIITepi MaiijanaHbUIaIbl.
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Erep ambik nepexkTepae aFbIMIbI KBUIIBIH MOHAEPI MEH alIbIHFbI )KBUIIAFbl OCY KAPKBIHBI
KOpCETIJICe, aJABIHFBI K€3CH IeT1 0a3aIbIK MOHIEPIIH ecell Keneci (hopMyliaMeH OpbIHaTa bl

= —) 1
Qo 1+gQ MJIH T (1)
P
Py = 1 , MJIpDZ, T — KM ()
1+gp

myHna Qg — 6Gasanblk Ke3eHJIe eCEITi TaChIMAIIAY KOJIEM;
Q1 — arbIMIBI KE3eH 1€ TaChIMAJIIAy KoJeMi;
P — Gazaisik Ke3eH/Ie ecenTi )KYKalHaIbIMBI;
P1 — aFBIMJIbI K€3EH/IE YK AllHAJIbIMBI;
9q»gp — coliKeciHIE TACHIMAIIAY KOJNEMi MEH )KYKaHHAIBIMBIHBIH ©CY KAPKBIHBI.

Erep KykaifHaIBIMBI TachIMaayablH (DU3UKAIBIK KOJIEMHE KaparaHIa KapKbIHIbI ©CKCH
JKarjgaiga, OyJl TachIMalJayJlblH OpTallla KAIbIKTHIFBIHBIH ©CYIH >KOHE TachIMajjay KOPBIH
KApKBIH/IBI TTaiiTaTaHybIH KOPCETE/I.

Exinmn ke3eqzae maiiianany >KyKT€MEHIH MaHBI3[bl MHIUKATOPHI PETiHIE KbI3MET €TETiH
TachIMaJIAyAbIH OpTAllla KAIIBIKTHIFBI €CETTENE Il JKIHE Keneci (GopMyIaMeH ecenTelnei:

P
L= 6 X 1000, kM 3)

bepinreH KepceTKIMTiH apTybl TAaChIMAIIAYIIBIHBIH JKYKTH YJIKEH KOJEeMiH ©HJICyMEH
Karap, OHBIH Y3aK MaplIpyTTapra XYpPyiH KamTamachl3 eTyiH Ouimipeni. byn XKbUmKbIMaibl
KYpPaMHBIH TEXHUKAIBIK JaibIHABIFbIHA, WHQPAKYPBUIBIMHBIH CEHIMAUIITIHE, JOKOMOTHUB
OpuragachbHbIH >KYMBICBIH YHBIMAACTBIPY, KO3FAJbIC KAyiNCI3AINiH AUCHETUEPIIK PETTey MEH
OaKpUTayFa TaJanTapsl apTTHIPAIBL.

YurHm Ke3eHae TpPaH3UTTI JKYKTEeMeHl Oarajay >KYpri3uleli, COHABIKTaH TPaH3UTTI
TachIMaJIayblH JKaJlllbl TachIMaiiay KbI3METIHET] YJIeCiH Kesecl (opMyIaMeH aHbIKTalIbl:

D, = w100 4)

Q)Kal'[l'[bl

TpaH3uT yneci HEFypJbIM KOFapbl OOJFaH cailblH, HHPPaKYpbUIBIMHBIH ©TKI31 KaoOijieTi,
KOpUIJIeC TEMIP)KOJ OKIMIIUTIKTEPMEH ©3apa JdpEeKeTTeCyl, KO3FaJbIC KECTECIH CakTay >KoHe
Kayinci3IKT1 Oy3y/IbIH ajl/IbIH ally MaHbI3bl )KOFapbl O0Ia/IbI.

TepTiHIIl Ke3eHJe TachIMalay KejeMi, KYK alfHaJbIMbl KOHE TachIMalJlayJblH OpTallia
KAIIBIKTBIFBl HOTIDKECIHJIE TAaChIMaJJIaylIbiFa KAHIIAIBIKTHl KBICHIM apTKaHBIH KOPCETETiH
naiiianany *KYKTeMECiHIH WHAEKCI Kypasabl.

[Tafimanany >KyKTeMeCiHIH MHACKCI 3epTTeyAe Keneci popMynamMeH aHbIKTaIa Ibl:

I; = 0,4l + 0,4, + 0,2]; 5)

myHzaa I @ — TackIMaijiay KeJeMIHIH apTy HHJIEKCI;
Ip — yKaliHaIBIMBI APTYBIHBIH MHIEKCI;
I} — TaceIMangay by oprania KaulbIKTHIFBIHBIH apTy HHIEKCI.
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(5) popmynanarel canmak kodhPUITMEHTTEPIHIH MOHIEP] MaiigaaHy OONBIHINA, KO3FAIbIC
Kayirci3airi, TaceiMangay HHQPaKYpbUIBIMBI KOHE TachIMalAayAbl 0ackapy MaMaHIapbIHBIH
KaTBICYBIMEH KCIIEPTTI 9JIICIICH HAKThUIayFa O0JIaIbl.

becinmn ke3eHie TachIMaNIIayIbIHBIH KO3FAIBIC KAYINCI3IITHIH KOPCETKIITEpiH Oaranay
opbIHAananbl. bepinreH Ke3eHae JXYK aWHAIBIMBIHBIH apTybIMEH KO3FaJbIC Kayilci3zirine
KATBICThl HAKThl TOYEKENIIH KaXETTI JACHIeHiH ycTanm Typy KaOUIETIH KOpPCETETIH TasarblH
aliKbIH/IayAbl, COHBIMEH KaTap Maiagany *KYKTeMeci apTKaH MapTTapbIH/IA TaChIMaI Ay IIbIHBIH
TiyeKeNIIIH pPYKCaTThl JCHICHIH CaKTaWThIH KaOUIETIH KOPCETeTIH KO3FalbIC Kayimlci3miri
K03 PHULIMEHTIH ecenTey i KAMTH/IBI.

MeHIIiKTI TOyeKeNIiH KaKeTTI TOMEH eyl Keseci popmysia OOHbIHIIA eCenTeNeI:

1
Riow = (1 — =) X 100 6)
Ip

(6) dopmymna KXYk >KYMBICHI apTKaHAa KAyilCi3MiK JKYHECIHIH KAHIIAIBIKTHI KYIICIOYiH
KOPCETEIi.

MyHnaii KaTbiHaC Kayirci3aikTi popMaiibl OaKpUIayAaH TOyeKenre OaraapiaanFran Oackapy
MoJieIiHe aybIcyFa MYMKIHIIK Oepeni. OHa Kayinci3aik oKuranapabiy 0oy ¢akTici O0HbIHIIA
FaHa eMecC, TachIMaIIay KYKTEMECi apTKaH JKaF/Iaii/1a TaChIMA Ay IIBIHBIH TOYEKEI Il O0IapIpMay
KaOleTi OOMBIHIIA J1a OaFraaibl.

bepinren 3eprreynme Kayinci3mik — OakpUIayAblH — JKeKe  OarbITBl  TYpiHAE  eMec,
TaChIMAJIIAYIIBIHBIH TYPAKThUIBIFBIHBIH IIEKTEYJI MAPThI TYPIHIE KapacThIPbLIAIbI.

Byn TtaceiMannmay Keiiemi apThIl, OHIIPICTIK KOPCETKIIITEp jKaKcapraH Xarjaiia na,
KO3FaJIbIC KayINCI3AIriHIH KOPCETKIIITEpl TOMEHIETeH Kar[aiia TachIMalIaylIbIHBIH KbI3MET1
TYPAaKTHI JICTl TAaHBIMAWTBIHBIH OUTTIpeIi.

Kayinciz ko3ranbic K03 PHUIMEeHTI kKalmbl Typae Keneci GopMyIaMeH aHbIKTalaI;

Rs
Kig = 7~ % 100 (7)

aFbIM
myHIa Rgas, Ryppim — MEHIIKTI TOyeKeIiH 6a3aiibiK dKOHE aFbIM/Ibl JICHTEMi.

Erep toyekenniH arbIMABl JIeHTeWl Oa3anblK JEHreHJeH KorapbUlbIMaca Kayllci3JiK
K03 PUIIMEHTI )KYHEeHIH TYpaKTbUIBIFbIH CaKTaipl. Erep arbIMIIbl Toyeken apTca KO3 UIIMEHT
MOH1 TOMEH/IEH 11 XKoHE TaChIMAAAYIIBIHBIH TYPAKTbUIBIFBIHBIH KOPBITBIH/IbI HHAEKCIH KEMITE/I.

ATaTTHIK %oHe OKBIC OKHFaap GOMbIHIIA TOMBIK JIepeKTep Gonmmaran xarnaina Ky = 1
Oeifrapan MoHIH KoJijaHyFa 0ojanbl, OipaKk OyJ1 peTTe 3epTTey HOTHXKENIEPIHAE KYK allHaIbIMBI
apTKaH Ke3/e KayilncCi3iKTi cakTay YIIiH KaKeTTl YJIeCTIK ToyeKelN Il TOMeHIeTy ACHIeii MiHIeTT1
TYPZE ecenTenel.

ANTBIHIIBI KE3€HJE TEMIPXKOJ TachIMANAAyIIbICHIHBIH KbI3METIHIH TYPaKThUIBIKTHIH
WHTETPAJIJbI UHIIEKC] €CeTTelNe/I].

By yurin Ko3ranbic Kayinci3airi K03 UIMEeHTIH eCKepill, TaChIMaJIayIbIHBIH PECYPCTHIK
KOHE YHBIMAACTHIPYIIBUIBIK TAHBIHABIFBIHBIH Maiilaany )KYKTEMECiHIH IaMachiHa KOJIIaHbBICHI
KOJIJaHbLIAIbL:

I

_'p
ITyp - E X KKK ®)
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MYH/Ia Ip — TachIMAIJAYIIBIHBIH PECYPCTHIK KOHE YHUBIMIACTHIPYIIBUIBIK TaiibIH/BIFBIHBIH
UHAEKCT  (KBUDKBIMANbl  KYpPaMHBIH  TEXHHUKAJIBIK  JaWBIHABIFBIHBIH  KOPCETKIIITepi,
UHQPPAKYPBUIBIM JKaFIaiibl, XXOHJCY PECYpCTapbIMEH KaMTaMacChI3IaHABIPBUTYbI, UPPIaHIBIPY
JICHTeH1, KaapJIbIK JaibIHIIBIFbI, TUCTIETYEPIIK OaCKapyAbIH THIMALIIT);

[, — naiinanany KyKTeMeciHiH HHIEKCI.
KopBITBIHIBICHIHA €CENTENTeH TYPAKTBUIBIK HHACKCIHIH TYCIHIIpMeci xyprizieni (kecte 1).

Kecre 1 — TypakTbuiblK HHIAEKCIH Oaranay
TypakTBIIBIK HHIACKCIHIH
MoHI

TypakThUIBIK CHIIATTaMacChl

TacbIManaaymsl TYpaKTbUIBIFBl CaKTalaJbl, XYKTEMEHIH apTybl
Ly 21 KOPJBIK, YHABIMIACTHIPYIIBUIBIK IIapajlap MEH KayilCi3miKTi
KaMTaMachl3 €Ty lapajapbIMEH OTeJel.

TypakTBUIBIK pYKcaT €TUITeH KepHey aiMarblHIa, OacKapyablH

095 <I,, <1 ) .
JKEKE DJIEMEHTTEPIH KYIICHTY KaXeT
0,9 < I, < 0,95 TypakThUIBIK KOPBIHBIH KeMyl OalKayiiajael, Oackapy IKoHE
’ ¥p ’ TEXHHUKAIBIK IIapatapbl KaObLIIay KaxkKeT
TaceIManaymbIHBIH ~ TYPAKTBUIBIFBI  JKOFAphl  TOYEKEIIUTIK
Lyp < 0,9 alimMarbIH/a, TackIMajjay IMpoleciH Oackapy IKyHeciHe >XoHe

KO3FaJIBIC KAYIINCI3IiriHe KeMICH Il apajiacy KaKeT

3epTTeyne BaroH OKYKTeMeci —ecemrTeneqi  Hemece  MH(PPAKYPBUIBIMABIK — TEJIM
nainananeuianel. bysl kepceTkin TackiMangay MpoIeciHe jKaHa HeMece YKaHFBIPTBUIFAaH TelliM
KApKbIHBIH Oaraiay YIIiH KOJIJaHbLIa k.

bip BaroHHbIH OpTalia XyKkTemeci keneci hopMyiiaMeH ecenTene/i:

QTEJI
N,

q= )

myHIa Qre, — TeiM OOMBIHIIA TACKIMAIIAHFAH YK KOJIeMi;
N, — Baronnap cassi.

Byp BaroHHbIH oprTamia >KYKTEMEHI aHbIKTay HHQPAKYPBUIBIMBI KAHFBIPTYAbl HAKThI
KOJIJIaHy JKYKTEMECIMEH JKOHE KaylINci3iK TajlanTapbIMeH OalIaHbICThIpYFa MYMKIHJIIK Oepeil.

Erep »xana TeniM OipJieH KOJIaHbICKA KeJIeM/Il TackIMalfiayFa Oepiice, Oyl *aFaaia OHbI
naiiiananyra eHIIpy KOJJIBIH JKaFlaiiblH, CUTHAIM3ANUs, OaillaHBIC, AJIEKTPMEH >KaOJIbIKTay
KYpPBUIFBUIAPBIH  KYLIEWTUIreH OakblIayMeH, COHBIMEH Karap TEXHOJOTHSUIBIK TOPTINTIH
CaKTaJTyblH KAMTaMachl3 €TYMEH KaTap Xypyl THIC.

Hotuaxenepi :koHe oJ1apaAbl TAIKbLIAY.

3aMaHayu >Karjaiiapaa TEeMIpXKoJ TachIMaaylIbIChl KbI3METIHIH TYPaKTBUIBIFBI XKYKTI
TachIMalIZIay KOJeMiMEH FaHa eMeC, TaChIMAIIAyIIbIHBIH KOJTIK KYMBICHIHBIH OCIN KeJie XKaTKaH
KeJIEeMiH Kayilnci3 opblHAAQy KaOuleTiMeH OarallaHybl —THIC. Temipkon Kejiri yIIiH
TachIMAIIIAYABIH TOHHA (U3UKAIBIK OCIMIH FaHa €MeC, COHBIMEH KaTap TOHHA-KUJIOMETP/IE KYK
allHaJIBIMBIHBIH ©CYIH €CKepy ©Te MaHbI3/Ibl, cebedi Oyl KepceTKill HH(PpaKypbUIbIMFa,
KbUDKBIMAJIBI KYpaMFa, JIOKOMOTHB OpHUTaiachiHa, JUCTIETUYEPIIK OacKapyra, KeHAey Oa3achlHa
JKOHE KO3FaJIbIC KAyIlCI3/Iri )KyiieciHe HaKThI Maiianany )KYKTeMeH1 alKbIHIali TbI.

KP Temip:koi KediriHiH COHFBI KbUIAApAaFbl KOPCETKIIITEP TalAaybl TEMIPHKOJ KyHeciHe
KYKTeMe OIpKaJbINChI3 ©CyiH KepceTeal: >allbl TachIMalay KeJeMiHe KaparaHaa XKYK
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ailHaJIBIMBI KBUIIAM ©celli, OyJ1 TachkIMasiayIbIH OpTalla KalIbIKTHIFBIHBIH apTybIH JKOHE KOJIK

KYHECIH KapKbIHBIPAK Mai1aiaHnyblH KOPCETE/i.
[Naiinanany >xyKTeMeHiH e3repyiH Oarajmay YIIiH XYK aWHaJIbIMbl JWHAMHKAChl MEH

TEMIPIKOJI KOJITIHIH KOJIKTIK )KYMBICBIHBIH KeJIeCl ecenTeyiaepi OpbIHaaIIbl (KecTe 2).

Kecre 2 — XKyKarbIHBIH AMHAMHUKACHI MEH KOJIIK JKYMBICHIH €CENTEY KOPBITHIHIBICHI

AOCOIIOTTI 83repic Ocy
Kepcetkim 2022 2023 2024 2025 KapKbIHbI
2023 | 2024 | 2025 2025/2004
Taceimangay
KeJeMi, wiH | 404,9 | 416,3 | 437,1 | 466,7 | +11,4 | +20,8 | +29,6 106,8%
TOHH
KYKaHHRIBIMEL | 377 9 | 3568 | 3279 | 3613 | +149 | +1,1 | +33.4 | 1102%
MJIDJT T-KM
TaceimManayabiH
opTaiia 770,31 | 785,01 | 750,17 | 774,16 | +14,7 34-84 +23,99 | 103,2%
KAIIBIKTBIFbI, KM ’
Kosransic
Kayinci3airiig - - 728 657 - - -71 -9,8%
Oy3y CcaHbI

Eckepry: https://stat.gov.kz/ nepexrep Heri3iHae aBTOpIap KYpacThIpFaH.

OpPTYpIIi emmmeM OipIiKTepiHAe KOPCETUITeH KOPCETKIMITEePAiH CaTBICTHIPMATBUIBIFBIH
KaMTaMachl3 €Ty YIIiH oJapblH JuHaMHKackl 2022 KbUIIbIH Oa3aiblK JACHreHiHE KaThICTHI

HOpMAaJIaHFaH
KOPCETIIreH.

11759
115.0 A

112.5 A

100)

110.0 A

107.5 A

105.0 ~

102.5 A

NHpekc, % (2022

100.0 A

975

(2022=100%).

—o— O6beM NepeBO30K

Osrepicrepiin

~#= [py3oo6opoT

HHIACKCTCIITCH

CpegHAs AanbHOCTb

TPAEKTOPHSCHI

l-cyperte

115.8

115.3

2022

2023

2024

2025

Cypert 1 —2022-2025 >xpuigapaarsl TacbIMajiay KeJEeMiHiH, )KYK aiiHaIbIMBIHBIH JKOHE
TachIMaJiayblH OpTallla KAIIbIKThIFbIHBIH MHIEKCTENTeH TNHAMUKAChI

Anpiaran HoTHxkenep 2025 KbUIbI TEMIPKOJ KeJIrl

TEeK KaHa YK KeJIeMiH KeO0ipek

TachIMalfan KaHa KoWMal, COHBIMEH Karap TachIMalAay >KYMBICHBIHBIH ayKbIMJIbI KOJEMiH Je
OpBbIHJIaFaHbIH KepceTTi. TackiManaayIblH opTama KambIKTeIFel 750,17 kM. -gen 774,16 xwm.
apTThl, aFHU 23,99 kM, Hemece 3,2%. by, TachiMangayiibFa )KYKTeMe JKYKTiH CalMarbIHBIHBIH
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oecyiMeH FaHa eMeC, TaChIMAIJAyJIbIH KAIIbIKTHIFBIHBIH apTybIMEH J€ OCKEHIH Ouimipeni.
TaceiMaiIayIbIHBIH KbI3METIHIH MYHJAl JKaFaaimapaarsl TYPAKThUIBIFBl Y3aKTay OarbITTap/a,
WH(PaAKYPHUIBIM MEH KbUDKBIMAIIBI KYPAMHBIH KOFApPBIPAK JKYKTEyl JKaFIaibIH/Ia, TaChIMAIIay
MIPOIIECIHIH CEHIMIUTITIH KAaMTaMachI3 €Ty KadijaeTiHe OaiIaHbICThI.

KIIC «KTX — Xyk TaceiManey YJITTBHIK KOMITAHUSCBHIHBIH KBI3METIH TEMIPIKOJ
TaCHIMAJIBIHBIH TYHIHAI KaTBICYHIBICHI peTiHAe 3 KecTele KOPCEeTUIreH KOpPCeTKIIITepiH
KapacThlpaibiK [14].

Kecre 3 — XKIIC «KTX — XXyk TacsiManbl» KYMBICBIHBIH KOPCETKIIITEPIHIH eceOiHiH
KOPBITBIH]IBICHI

. AOCOmIOTTI Ocy KapKbIHBI
Kepeeriur 2024 2025 o3repic 2025/2024
KDK-KT — rackivamay | 543 35 320,0 +16,68 105,5%
KeJIeMi, MJIH TOHH
TapudTi )xyKaltHAIBIMBI, 26273 289 0 1+26.27 110.0%
MIIPA T-KM ’ ’ : :
Taceivanay by opTamia 866.18 903,13 +36,95 104,3%
KalIbIKTBIFbl, KM ' ’ ’ ’
Tpan3uTTi TackIManIap, MiIH 275 33.0 155 120,0%
TOHH ’ : : -
Kosranbic Kayinci3airitig 8 21 -7 -25,0%
Oy3y caHbl ,0

Eckepry: https://www.akorda.kz/ nepexrep HeriziHze aBTOpIap KypacThIpFaH.

AJBIHFaH HOTHOKENEp VITTHIK TachbIMalayIIbIHBIH Tapu(TI KYK alfHAIBIMBIHBIH apTybIH
JKOHE TachIMAJIIBIH (M3MKAIBIK ©cyiH Kepceremi. TacsiManmay kenmemi 5,5% aprTkaH xarmaiaa
KoK kyMbIchl 10% apTThl, an opraiia ecentey y3bHABIFbI 866,18 kM - 903,13 kM. apTTHI.

Tpan3utTi TackiMangay epekmie MaHbpiFa ue Oonapl. 2025 xeutel KTXK TackIManbIHBIH
JKaJIbl KeJIEeMiH/ie TPAaH3UT YJIeci KeJleci:

33
DTp = % X 100 =10,3%

CorsbiMeH, koMmaHusHbIH amaMmeH 10,3%TacbsiManyay >KYMBICHI TPAaH3UTTI JKYKTepre
yJstecini. TaceiManiaybIHbIH TYPAKTBUIBIFBI MAaKcaTbIHAA OyJI IPUHIUNTI Mo, cebebl TpaH3UTTI
TachIMajiap MEep3IMJIEp/ii CaKTay, MEMJIEKETapallbIK MApIIPYTTAPAbIH YHIECIMUIIT, IIEKapaJIbIK
OTKEJIeP/IiH OTKi3y KaOijeTi, KbUDKbIMAJIbI KYpPaMHbBIH TEXHHUKAJIBIK JalbIHIBIFBI )KOHE HET13Ti
JOMI3/IepAeT] KO3FAIBIC KayIMNCI3AIriHe KOMBIIATHIH dKOFAPhI TaJanTapabl KOS/IbI.

XykTemeHiH eocyiH KemleHAl Oaranay VIIIH HaianaHy »KYKT€MECiHIH HHAEKcTepi
AHBIKTAJIJIBL:

- KaJIIbI TEMIPKOJ KOJIr YIiH:

I, =04%x1068+0,4%1,102+0,2%x 1,032 =1,074
- KHIIC «KTXK — Xyxk Taceimans AK:

[,=04x%x1055+04x%x11+0,2x1,043 =1,071
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Jlemek, maiianaHy >KYKTEMECIHIH €CenTi MHIEKCI JKaIbl TeMipkon Keniri ymiH 1,074
kypazasl xkoHe JKIIC «KTX — XKyk taceimansny 1,074 kypaast. byst 2025 5xbuthl xKyiere 6apiibIK
KCBIM colikecinie 7,4% aen 7,1% eckeHiH Oimmipesi.

3epTTeyiH MaHBI3Abl HOTHKECI Oy KYK ailHaNbIMbl apTKaH >KaFjaiijia, TachIMalJbIH
(GUBUKATBIK KOJeMi ©CKEHTe KapaFaHla KayilCi3[IiKKe TajanTap XbUIJaM ecyl KaKeT JereH
KOPBITBIHIBL. Erep oOKwramap HeMece HWHIUICHTTEp JCHreli KOJIK JKYMBICHIHE KAaThICThI
KapacThIpaThiH 00Jica, OHAa KayINCi3IIKTIH aJlbIHFbI a0COMIOTTI IEHTCHiH caKTay YIIIiH MEHIIIKTI
TOyeKeJ KeMyi KaXeT.

MeHIIiKTI TOyeKeNIIH KaKeTTI KeMyl KeJIeCiHl Kypabl:

- KaJIIBl TEMIP>KOJI KOJIirl YIIiH:

RTeM = <1 -
- KHUIC «KTX — Xyk TacbiMaib»:

1
RTeM = (1 — ﬁ) X 100 =9,1%

- 20% eceHnperi TpaH3UTTI TaCHIMAJAP YIIiH

1
Ryon (1 3 2) 100 = 16,7%

— | X — 0
1’102) 100 =9,3%

Hotmxenep xyk aitHansivbl 10,2%-Fa 6CKeH Ke3/1e KO3FAIIBIC KAYiINCi3airiHiH Oy3bLTybIHBIH
yjiec Kaymi  aOCONIOTTI  TOyeKen  JEHredi IKorapbuiaMaybl — YIIIH  KeM  JIeTeHJIe
9,3%-ra ToemMeHeTiTy1 Kepek ekeHiH kepceTreni. KTXK-XKyk TachiMansl yIiH MEHIIIKTI TOyEeKeIIiH
KaKeTTi TemeHzaeyl mamamed 9,1%, anm TpaH3uTTIK TackiMaiaap OoiblHIIa-mamamed 16,7%
Kypaibl. By YK aFbIHIApBIHBIH 6CYyl KaFJaiblHa TaChIMAIIAYIIBIHBIH TYPAKTHUIBIFBI TCK
TacpIMajjiay KeJEeMiH YIFalTy apKbLIbl KAMTaMachl3 €TUIMEHTIHIH KOPBITHIHIbIIAYFa MYMKIHAIK
6epeni. On Ko3FaibIC KayincCi3iri )KyHeciHiH 03bIK JaMYBIH Tajar eTeli (CyperT 2).

25 -
X 20 A
0 16,7%
e
5 15 1
=
5
2 10 - 9,3% 9,1%
5
=
&
5 4 ‘
0 = T —
Kasakcran Pecry0aukachbiHbIH «KTX — JXKyk TaceiManby TpaH3utTik
TEMIip>KOJI KOJIiri XKIIC TachIMaJiap

Cypert 2 — Kosranbic Kayirnci3airi O0HbIHIITAa MEHIIIKTI TOYEKeNI1 KaXKETTI TOMEHIETY
JIeHreii

AJBIHFAH ecenTeyyeplli ecKepe OTBIPBIN, TEeMIpXKOJI TachIMaIAAyIIbIChl KbI3METIHIH
WUHTETPAIIBI TYPAKTBUIBIFBIH TEXHUKAJIBIK, YHBIMAACTHIPYIIBUIBIK MIapajiap MEH KayilcCi3IiKTi
KaMTaMachl3 €Ty IIapanapbl ece0iHeH MaiiianaHy >KykTemeci MeH TachIMaijaylIbIHbIH OCHI
KYKTEMEH1 eTey KaOlJeTiHIH apakaThlHAaChl apKblIbl OaranaraH >keH. JKammbl TeMipKoi KeJiri
YIIiH KO3FajbIC Kayinci3airin 0y3y canbiH 728-657=71 xarnaitra, «KTXK - XKyk Taceimams»
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KUIC yurin 28-21=7 sxarmaiifa KbICKapTy KKK = 1, Kayincisaix xo>(pUIUHEHTIHIH MOHIH
KaObUIIayFa MYMKIHJIIK Oepesi, OlTKeH1 )KYWEeHIH TYPaKThUIBIFBIH cakTay kepcerineni. OchiFan
OailIaHBICTBI, €rep PEeCYPCTHIK MaWbIHIBIKTBIH OelTapam MoHi Ip = 1 xome Kayincizmix

KodpdUIMeHTI KKK =1 , kaObuimanca, OHJA JKYKTEME OCKEH Ke€3l€ KBI3METTIH
TYPaKThUIBIFBIHBIH HHTETPAJIBI HHICKC] 00 bl

. . . . 1
- JKaIMbl TeMipKon Keiri ymin: Ly, = Toma = 0,931

1
- KIIC «KTXK — XKyx tacevansy AK: [ry, = To = 0,933.

byn nerenimi3, pecypcTapiblH, TEXHHKANBIK KbI3MET KOPCETYIIH, TUCIHETUepIIiK
OaKpUIAYIBIH KOHE KAYIINCI3MIK JCHTeHIHIH allbIH—aIyAbIH TYPAKThl JCHICHIMEH TachIMajiay
MPOLECIHIH TYPAKTBUIBIFBI IaMaMeH 6,7-6,9% Temenneyi MyMkiH. JleMek, KyK aFbIHIapbIHBIH
ecyl TeK TachIMajjay KaOUIeTiHIH apTybIMEH FaHa €MeC, COHBIMEH KaTap >KeHJey 0a3achIHBIH
KYIICIOIMEH, XbUDKbIMAIBl KYPAaMHBIH KaHApybIMEH, HU(PIBIK MOHHUTOPHUHITIH J1aMybIMEH,
MEPCOHAIBIH OUTIKTUTITIH apTTHIPYMEH JKOHE KO3FAJIbIC KAyINCI3IIriH ToyeKenre OaraapianFal
Oackapyabl )KETIAIPyMEH KaTap KYpyl Kepek.

3epTTey HOTHIKENEepl COHBIMEH KaTap WH(PaKypbUIBIMIBI JKaHAPTY TaChIMAIAAYIIBIHBIH
TYPAKTBUIBIFBIHBIH HET13T1 IMIapTTapbIHBIH OipiHe aifHanaThIHBIH Kepcereal. 2025 xbutbl J{OCTHIK
— MoOHBIHTBI ydacKeciHe mainananyra OeplireH eKiHmi xongap OoWbIHIIA 6 MIIH TOHHA XKYK
Hemece 100 MBIHHAH acTaM BaroH TackIMaiaaHnbl [15]. Bip Baronra opraiia ecenrik )yKTeMe

KeJIecl:

6000000
= ——— = 60 ToHHa/Barou
100000

byn ecen >xaHa WHQPaKypbUIBIMIBIK Yy4acKelep[iH KapKbIHIbl MaijganaHyra OipAeH
TapThUIATBIHBIH Kepcereni. COHABIKTAH OTKI3y KaOUIeTiH KEHEHTY JKOJJIBIH Kai-KYHiH,
CUTHAJINM3ALUSAHBI,  OalIaHBICTBl, JHEPreTUKAIBIK  SKOHOMHKAHBI  OaKbUIayAbl  KOHE
TEXHOJIOTHSUIBIK TOPTINTI CaKTayAbl KYIIEHTYMEH KaTap >Kypyl kepek. Pecmu neHreiine connaii-
aK TeMipkoJl MH(PAKYPBUIBIMBIH CAJly OHE JKaHFBIPTY ’K0OaJapbIHBIH JKalIbl Y3bIHABIFB 3900
KM KYpaNTBIHBI, aJ )KacaHIbl HHTEJUICKT KOJJIAaHBUIATHIH IIeIIiMaep i Koca anranaa, Ludprbix
»ko0anap KOMMaHMs KbI3METIHIH KayiNCi3IITiH, THIMAUIITIH )KOHE allIbIKTHIFBIH KAMTaMachl3 €Ty
YILIH ICKE achIpbUIAThIHbI aTar oTUII.

Ocplnaiiiia, ecenteynep *KYK aFbIHIapbIHBIH 6CYy1 TEMIPKOJ TaChIMalAayIIbIChl KbI3METIHIH
OapibIK 2JI€MEHTTEpiHE )KYKTEMEH1 KYILEHTETIHIH pacTaiiibl. TypaKThUIbIKKa e3apa OalIaHbICThI
Y1 TIpoliecc alTapIbIKTal ocep eTeAi: TachiMalaay KeJeMiHIH YIIFAIobl, )KYK alHAJIBIMBIHBIH ©CY1
JKOHE TachIMaJIIayAblH OpTallla KalllbIKThIFBIHBIH Y3apybl. COHbIMEH KaTap, KO3FaJIbIC Kayirci3air
KOCBIMIIIA €MEC, TYPAKTHUIBIKTHI IIEKTEHUTIH OJIIIeM OOJIBIN Ta0bIIaAbl: erep Kayinci3aik AeHreil
TOMEH/IeCe, TAaChIMAAAY IIBIHBIH KbI3METI OHIIPICTIK JK9HE Kap>KbUIbIK KOPCETKIIITEPAIH 6CYIMEH
Jie TYpaKThl OOJIBIN caHAIMAIbI.

OcpbIraH 0ailyTaHBICTHI KYK aFbIHIAPBIHBIH OCY1 JKaFIalbIHIa TEMIpP)KOJI TaChIMAIIAYITBICHI
Kayinci3iKTI OacKapyJblH PEaKTHBTI MOJEIIHEH alJblH ady MojJeiiHe Kelryl kepek. by
ToyeKemiepli OOoJpKaylmbUIapAbl YHEMI Tanjay KaKeTTUITiH OUlipesi: TeXHUKAJbIK akayJap,
UH(QPaKypbUIBIMABIK cedentep OoibIHINA KiAipicTep, pEerIaMeHTTEpliH OY3bLIYbI, JKEKeJIereH
yuYacKeJep/liH IIaMaJaH ThIC JKYKTeNyl, YaKTbUIbl TEXHUKAIBIK KbI3MET KOPCeTYyIiH OolMaysl,
KbI3METKEpJIEpAIH KaTeJiKTepl oHe aKMapaTThIK kyihenepaeri akaynap. JKyk alfHanbIMbl MEH
TPAH3UTTIK JKYKT€ME HEFYypJIbIM XOFapbl Ooiica, MUQPIBIK JAUATHOCTUKA, OOJKAMIbI KbI3MET
KOPCETY JKOHE TONBI3Iap/IbIH KO3FAIIBICHIH aBTOMATTaHABIPBIUIFaH OaKblIay COFYPIIBIM MaHBI3/IbI
OoJaasl.
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KopbIThIHABI.

Kypriziniren 3epTrey KYK AarblHBIHBIH apTybl KE31HJE TEMIpXKOJ TachIMaJIayIIbIChI
KbI3METIHIH TYPaKTBUIBIFBl T€K TEK TAaChIMall KOJIEMIiHIH YJIFAlObIH FaHa €MeC, COHBIMEH KaTap
TachkIMaIay YIAEpiCiHIH KayiIci3, CeHIM/, Y3IIKCI3 )KYMBIC aTKapybIH KAMTaMachl3 €Ty KaOlJIeTiH
KOpCETeTIH KEeUIeHJ1 cuMaTTama TYpPIHIE KapacThIpbUTybl KaXXeT eKeHiH pactaabl. JKyk
allHAJIBIMBIHBIH  apTybhl, TACHIMAIJAYJbIH OpTallla KAINIBIKTBIFBIHBIH ©Cyl JKOHE TPaH3UTTIK
arbIHAApAbIH KEHEI01 KbUDKbIMAbl KypamFa, HWH(GpaKypbUIbIMFa, IUCIETYEpiiK Oackapyra,
XKeHzey 0Oa3acblHa, KO3FAIbIC KayilCi3MIriH KaMTaMmachl3 €Ty JKyHWeciHe TYCeTiH NaiijanaHy
KYKTeMeciH KymenTeai. OpplHIanFaH ecenteyiep Kyk aitHanbimbl 10-10,2% yrraiiran xargaiina
TEMIPXKOJ TacChIMAJIJAYIIBICHl KO3FAIBIC KayINCI3AIriHIH MEHIIKTI TOYEKEJAUIriH a3aloblH
nramameH 9%, ai TpaH3uTT1 TackIMalaayjiap cerMeHTinae 16,7% kem eMec O0IybIH KAMTaMachl3
€Tyl KaKerT.

byn ko3fanmpic Kayimnci3miri eKiHIm JCHTesl KOpCeTKIIl eMeC, TachIMalIayIIbIHbIH
TYPaKTBUIBIFBIHBIH HETI3r1 KpUTEepHili OONMybl KakeT €KEHiH Kepcereni. PecypcThK koHe
YIBIMIACTBIPYIIBUIBIK JalbIHIABIKTBIH TYPAKThl JIEHreHiH[e Maianany >XYKTEeMECiHIH ocyl
TYPaKTBUIBIK KOPBIHBIH TOMCHJCYIHE oKenei, Oyl HMHPPaKypbUIBIMIBI KAHFBIPTY, TUAQPIIBIK
MOHHMTOPHHITI JaMBITY >KOHE ToyeKenre OarmapiiaHFaH OacKapyaAbl >KeTiAipy OOMBIHIIA O3BIK
HIapanjapsl Tajarm eTei.

Temiprkoi TachIMaIayIbIChl KbI3METIHIH TYPaKThUIBIFBIH OaFrajayfa YChIHBUIFAH €CenTey-
TaNgay TOCUTIHIH apTHIKIIBUIBIFBI-OY TachIMalgay KbI3METiHIH TUHAMUKACHIH TipKeyre raHa
eMec, COHbIMEH KaTap JUHAMHUKAHBIH KO3FaJIbIC KAyIICi3/1ir MEH TaChIMalIayIIbIHBIH PECYPCTHIK
JANBIHIBIFPIHA KOWBLIATBIH TaJaNTap/abl KAHIIAIBIKTHl KYIMICHTETIHIH aHBIKTayFa MYMKIHIIK
Oepeni. ¥ ChIHBUIFAH TACLT TachIMalay YAEPiCiHIH aFbIMIAFbl MOceJIeliepiH FaHa eMec, COTHBIMEH
Karap YK arblHIApbIHBIH 6Cyl Ke3iHIC TYBIHAAWTHIH BIKTUMAT TOYEKENACpJi N aHbIKTayFa
MYMKIHJIIK Oepe/i.

Kapycvinanovipy.  Kaszaxcman — Pecnyonuxacer  foueim — owcome  gicozapvl  Oinim
Munucmpriciniy fouioim komumemi Kaporcolianowvipowvl (06.10.2025 xc. Ne 25-27 I'D/398 epanmot
«Kannvl  oicone  ocannviza  opmax  natoAiAHBLIMAUMBIH  MEMIPAHCONL  HCON0APLIHOARbL
MacviMaioayubliapobly Kayincizoiein oackapy icyueciniy muimoiniein 6azanay adicmemeciy
06.10.2025 AP26199023).
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OIIEHKA YCTOUYHUBOCTH KEJE3HOJIOPOXXHOI'O IEPEBO3UUKA
IIPU POCTE I'PY30IIOTOKOB C YYETOM BE30OITACHOCTHU IBUKEHU S

Annomayusn. Cmamvsi nocesiwjeHa  UCCIe008AHUI0  (PAKMOPO8,  ONPeoeNouUxX
CNOCOOHOCMb JHCENe3HOOOPOICHO20 NEPEBO3UUKA COXPAHAMb HAOEHCHOCHb, HENpepbleHOCMb U
be30nacHocms nepeso30uH020 npoyecca npu yeerudyeHuu 00beMos MpaHcnopmHol pabomoi.
AxmyanvHocms  UCCIe008aHUsi  00YCI06IEHA  VBeIUdUeHUeM 00beM08 Nepeo30K, POCHOM
2py30000poma, yoruHeHuem cpeonell 0a1bHOCMU NEPeBO3KU U YCUNLeHUeM MPAH3UMHOU HA2PY3KU,
Ymo npueooum K HNOBLIUEHHOMY B030€UCMEUI0 HA UHDPACMPYKMYPY, HOOSUNCHOU COCMAS,
oucnemuepckoe YnpaeieHue, pPeMOHMHYI0 6a3y u cucmemy obecneyeHusi 6e30nacHOCMu
ogudiceHus. B Oanmwix  ycnosuax — ycmouuugocmv  0esimenbHOCMU  HCeNe3HO0OPOICHO20
nepegosuuKa ciedyem paccmMampueams KAk CHOCOOHOCMb —obecneyusams —CmMabUIbHOe
BbINOJIHEHUE  NEpeso30K  NpU  GO30CUCMEUU  MEXHUYeCKUX,  UH@PPACMPYKMYPHBIX,
OP2AHU3AYUOHHBIX, KAOPOBYIX, (PUHAHCOBBIX, YUPDPOBLIX U BHEUHEIKOHOMUYECKUX (DAKMOPO8.
Ilpu smom, 6 pabome 060CHOBAHO, UMO YCMOUUUBOCHb HCENE3HOOOPOICHO20 NEPEeBO3UUKA He
MOdHCEM OYEHUBAMBC MOAbKO NO IKCHIAVAMAYUOHHBIM UIU IKOHOMUYECKUM NOKA3AMENM,
HOCKONIbKY y8eluderue mpancnopmHou pabomuvl OO0NHNCHO CONPOBOHCOAMBC COXPAHEHUEM
VAPAsAsieMocmu u OONYCMUMo20 YPOB8Hs PUCKO8. B kauecmee memoouyeckoil 0CHO8bI NPediodceH
PACYemHO-aHATUMUYECKUl No0X00, BKIIOUAIOWUN OYEHKY OUHAMUKU 2PY30NOMOKO08, pacuem
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cpedHell 0albHOCMU NEepeso3KU, onpedeneHue UHOeKCa IKCHIYAMAYUOHHOU HA2PY3KU, OYEHKY
MPAH3UMHOU COCMAGIAIOWeEl, d MAaKice pacdem mpedyemo20 CHUICEHUs YOeIbHO20 DUCKA
bezonacnocmu  Ogudicenus. KoHeumviM — pe3yibmamom —OYeHKu Aeisiemcs — onpeoeneHue
UHMESPANIbHO20 UHOEKCA YCMOUYUBOCMU, 3HAYEHUe KOMOpOo2o NO380Jsien 6blpabomams pso
Meponpusmuii no obecnewenuro 6ezonachocmu osudicenus.  Ocoboe eHUMAaHUe YOeleHO
K02hhuyuenmy 6ezonacnocmu 08UNCEHUSA, KOMOPLIU PACCMAMPUBAEMCI KAK 02PAHUYUBAIOWULL
napamemp uHmezpaibHoU YCmouyueocmu nepesosyura. Ilpakmuyeckas 3Hauumocms MemoouKu
3aKAI0YAEMCA 8 BO3MONCHOCMU UCHONb308AHUS PACYEMHbIX HOoKa3amenel 01 NPUHAMUL
VAPABIEHUeCKUX — peuleHull, HANPABIeHHbIX HA  NOBbIUEHUEe HAOEICHOCMU  Nepeso3oK,
npeoynpesicoenue HapyuleHull 6e30nacHoCmu 08UMCEHUs. U obecneyeHue YCmoudueo2o pa3eumus
JHCENe3HOOOPOINCHLIX NEPEBOZUUKOB 8 COBPEMEHHBIX VYCIOBUSIX.

Knwoueevie cnoea: sicene3no0opodxchvili nepeso3yux, YCmMouyu8ocmy, 2py30nomoKu,
be30nacHoCmyb 08UIICEHUS, IKCHIYAMAYUOHHASL HASPY3KA, YOeNbHbLUL PUCK.

ASSESSMENT OF THE STABILITY OF A RAILWAY CARRIER WITH AN
INCREASE IN FREIGHT FLOWS, TAKING INTO ACCOUNT TRAFFIC SAFETY

Abstract. The article is devoted to the study of the factors determining the ability of a railway
carrier to maintain the reliability, continuity and safety of the transportation process with an
increase in the volume of transport work. The relevance of the study is due to an increase in traffic
volumes, an increase in cargo turnover, an extension of the average range of transportation and
an increase in transit load, which leads to an increased impact on infrastructure, rolling stock,
dispatch control, repair facilities and the traffic safety system. In these conditions, the
sustainability of the railway carrier's activities should be considered as the ability to ensure stable
transportation under the influence of technical, infrastructural, organizational, personnel,
financial, digital and external economic factors. At the same time, the paper proves that the
stability of a railway carrier cannot be assessed solely by operational or economic indicators,
since an increase in transport work must be accompanied by maintaining manageability and an
acceptable level of risks. As a methodological basis, a computational and analytical approach is
proposed, including an assessment of the dynamics of cargo flows, the calculation of the average
range of transportation, the determination of the operational load index, the assessment of the
transit component, as well as the calculation of the required reduction in the specific risk of traffic
safety. The final result of the assessment is the determination of an integral stability index, the
value of which allows us to develop a number of measures to ensure traffic safety. Special attention
is paid to the traffic safety coefficient, which is considered as a limiting parameter of the carrier's
integral stability. The practical significance of the methodology lies in the possibility of using
calculated indicators to make management decisions aimed at improving the reliability of
transportation, preventing traffic safety violations and ensuring the sustainable development of
railway carriers in modern conditions.

Keywords: railway carrier, stability, cargo flows, traffic safety, operational load, specific

risk.
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3KOHOMMUKA 3EJIEHOM» IOTUCTUKA B OPTAHU3AIIMM ABUATIEPEBO30OK

Annomauyun. Ilenv uccnedosanus - pazpabomamsv  BOCNPOUZBOOUMbBII NOOX0O K
KOMNIIEKCHOU OYeHKe IKOHOMUYECKOU, IKOJIO2UYEeCKOU U ONepayuoHHOU pe3yIbmamueHoCmu
NPOEKmMo8 3elEHOU JNOSUCTMUKY 6 as8uayuu U HpoOeMOHCMPUPOBAMb €20 NpUMEHeHUe Ha
UTTIOCMPAMUBHOM CYeHapuu, paccmompennom 6 koumekcme Kazaxcmana. Hugopmayuonnyio
6azy cocmasunu oguyuanvHvle O0oKymenmsl MedcOyHapoOHol accoyuayuu 8030YUHO20
mpancnopma (IATA), Meswcoynapoonou opeanusayuu epaxcoanckou asuayuu (ICAO), Bropo
HayuoHanvHou cmamucmuxu Pecnyonuku Kazaxcman u Asuayuounoti aomunucmpayuu
Kaszaxcmana, nopmamueénvie npasogvle axkmvl U peyeH3upyemvie HaAyuHvle NYOIUKAYULU.
Memoouxa exnouaem pacuém yucmoui npusedénuou cmoumocmu (Net Present Value, NPV),
OYEHKY COKpawjeHus 6blOpoCO8 NAPHUKOBLIX 2A308 JHCUSHEHHO20 YUKIA, U3MepeHue
ONepayuoHHO20  pe3yibmama, yeieeoe HOPMUPOBAHUE YACMHBIX Nnokazameneu U —ux
azpecuposanue ¢ 3a0aHHLIMU ecamu. [N MOHUMOpUH2A NPeONONCEeHA CUCEeMA U3 B0CbMU
Katouesvlx nokasamenetl agppexmusnocmu (Key Performance Indicators, KPI), uz komopuix 0ns
0eMOHCMPAYUOHHO20 — UHMESPANbHO20  UHOEKCA  UCHONb3VIOMCA  MpU  acpecuposanHbulX
pe3yibmama: IKOHOMUYECKUl, IKOI0SUYEeCKUll U OnepayuoHusli. B cyenapnom pacuéme 0Ons
VCI068H020 asuanepeso3yuxa npu 2%-Hou SKOHOMUU MONausa, 5%-noti Oone ycmoudugo2o
asuayuonnoz2o monausa (Sustainable Aviation Fuel, SAF) u cyenapnom coxpawenuu 6v16pocos
arcuznenno2o yuxkna SAF na 65% cnuscenue evlopocos cocmasuno 5,19%, NPV - 3,24 man oonn.
CILIA, a cokpawenue cpeoneti npoOOAHCUMENLHOCIU NOIEMHO-HA3EMHO20 Yyukia - 6,67%. Ilpu
pasuwix eecax unmezpanvhsiii unoexkc cocmasun 0,740. B uemvipéx paccmompenHvlx cucmemax
6eco8 3HayeHue uHoekca Haxoounocs 6 ouanasoue 0,713-0,778. Ananusz uyecmseumenvnocmu NPV
K yenogou npemuu SAF noxaszan nopoe 6e3yovimounocmu oxkono 483 oonn. CLLIA/m npu npouux
HeusMeHHblX napamempax. Hayunas HoOU3Ha 3aKnOYaemcs 6 Ompaciesol aoanmayuu
Memooono2ul COCMABHLIX UHOUKAMOPO8 K NpedeapumensHoMy omoopy npoekmos 3en1éHOl
asuayuorHou roeucmuxu. Ocpanudenuem A61semcs CYeHApHblll, d He KOPROPAMUBHBILL XapaKmep
pacuémublx OauHblX;, (hakmuueckas IPHeKmusHocms GHeOpeHus mpebyem nocieoyouel
anpobayuu Ha 6epuGuUYUPOBAHHBIX OAHHBIX KOHKPEMHOU A8UAKOMNAHUY UTU A9PONOPMAL.

Knrouesvie cnoea: 3enénas nocucmuka, aeUAyUOHHble NEPeBO3KU, IKOHOMUUECKAs
appexmusnocms,  ycmouuugoe asuayuonmoe monauso, SAF, knoueevie nokaszamenu
agppexmuenocmu, KPI, yucmas npuseoénnas cmoumocmos, NPV, 6b10pocbl napHuKoswix 2azos,
CORSIA, oexapbonuszayus.
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Beenenue.

ABHAIMOHHBIN TPaHCIIOPT 00ECHIEUNBACT IPOCTPAHCTBEHHYIO CBA3aHHOCTh, MOOUJIBHOCTD
HAaCceJeHHUsA M IIepeMeIleHHe TpPy30B Ha OOJNbIINE PACCTOSHUS, OJHOBPEMEHHO (opMuUpys
3HAYUTENbHBIN CIIPOC HAa ABUALIMOHHOE TOIUIMBO U CBA3aHHBIE C HUM BBIOPOCHI TAPHUKOBBIX T'a30B.
[TosToMy 3ajzaya MOBBIIIEHUS AKOJOTHMYECKOW pPEe3yJIbTaTUBHOCTH ABMALIMOHHOW JIOTMCTUKU
CBSi3aHA HE TOJBKO C BBIOOPOM OTHENIBHBIX HU3KOYIJIEPOAHBIX TEXHOJOTHH, HO U C
9KOHOMHYECKOM OLIEHKOM MX NPUMEHEHHUs, OneparMoHHON 3()(HEKTUBHOCTBIO U BO3MOKHOCTBIO
COIIOCTaBJIEHUS Pa3IMYHbIX IPOEKTOB [1].

[Ipu oueHke nexkapOOHM3ALMU aBHALMU HEOOXOAMMO pa3ivyaTh HEMOCPEICTBEHHBIE
BBIOPOCHI OT CKMTaHHMS ABHALIMOHHOTO TOIUIMBA M BBIOPOCHI KU3HEHHOTO LUKJA TOIUIMBA.
[Tocnennuii mokasaTesnp HMMEET NPUHIMIIMAIBHOE 3HAYEHME IIPU OLEHKE YCTOWYMBOIO
aBuannonHoro toruBa (SAF). B cucteme CORSIA cokpaiienue BEIOPOCOB OT UCTIOIB30BAHUS
COOTBETCTBYIOLETO TOIJIMBA ONpPENENeTcsl ¢ Y4ETOM €ro *HM3HEHHOTO IUKIA, 3aBHCAIIEro, B
YaCTHOCTH, OT CBIpbSl, TEXHOJIOTMYECKOTO Iporecca M pervoHa mnpoussoacrtsa [2]. ICAO
IpeaycMaTpuBaeT MCIOJIb30BaHUE KaK YCTAHOBJIEHHBIX 3HAYCHWH JKU3HEHHOIO LKA, TaK U
(dakTHYECKUX 3HAYEHMH, pACCUUTAHHBIX 110 YTBEPKIEHHONW METOAOJIOTHH U MOATBEPKIEHHBIX B
YCTAHOBJICHHOM ITOPSIJIKE.

MexayHapoaHble W HAalMOHAJIBHBIE JOKYMEHTHl (OPMHPYIOT OOIIyI0 OCHOBY JUIS
nexapbonusanuu apuanuu. IATA B 2021 romy 3akpenmia OTpacieBYIO IeNb JIOCTH)KEHUS
HYJIEBBIX HETTO-BBIOpocoB yriepoxa k 2050 romy. CORSIA mpemycmatpuBaeT cucremy
MOHUTOPHHIa, OTYETHOCTH M BepU(UKALMU BHIOPOCOB MEXKIYHApOIHOM aBHALMU, a TaKXe
MEXaHU3M y4€Ta JOMyCTUMbIX BHJIOB TOILJIUBA [3].

B HayuHOW snuTepaType paccMaTpUBAIOTCS OT/HENIbHBIE HAIPABICHUS CHUKEHUS
HKOJIOTMUYECKON HAarpy3Ku JIOTUCTHKHU, BKJIHOYas ONTHUMH3ALUIO0 TPAaHCHOPTHBIX IPOLIECCOB,
HOBBIIIEHUE TOIIMBHOM 3 (HEKTUBHOCTH, OOHOBJIEHHE MapKa, LUPPOBHU3ALNIO, YCTOWUMBOE
ABUAIIMOHHOE TOIUIMBO W 3nekTpudukamuio [4, 5, 6]. OgHako s yrnpaBiIeHYECKOTO BbIOOpa
IpoeKTa TpeOyeTcs CONMOCTABIATh PE3yJIbTaThl, BEIPAKEHHBIEC B Pa3HbIX €IMHUIIAX U3MEPEHUS:
JCHEeXKHBIX, (PU3MYECKHX U OTHOCUTENbHBIX. Vcronabp30oBaHue eanMHOro 0e3pa3MepHOro WHAEKCa
MOYKET 00JIErYUTh NPEABAPUTEIBHBIN 0TOOP MPOEKTOB IIPH YCIOBUHU IPO3PAYHOI0 HOPMUPOBAHHUS
U 3apaHee 3aJJaHHBIX BECOB.

Ilens wuccrnenoBaHust - pa3paboTaTh MPO3pAuyHYI0 U BOCIPOU3BOAMMYIO MPOLELYPY
KOMILUIEKCHOM OIIEHKM TIPOCKTOB 3€JIEHOW aBUALIMOHHOW JIOTUCTHKH, OOBEAHHSIONIYIO
DKOHOMHYECKUHM, KOJOTMYECKHI M ONEPAllMOHHBIN pEe3yJbTaTbl, U NPOJEMOHCTPUPOBATH €€
IIPUMEHEHNE Ha CLIEHapHBIX JIaHHBIX, PACCMOTPEHHBIX B KOHTeKcTe Ka3axcraHa.

JI1s nocTKEHUS LeNU TIOCTaBJIEHbI CIEAYOINE 3a0auu:

— omnpeaeauTh NHPOPMALMOHHYIO 0a3y U MpaBuiia 0TOOPa JAHHBIX;

— c¢opmupoBats cucreMy u3mepumbix KPI 1iis peryasipHoro MOHUTOPHHTa;

— ONpEeNeNINUTh [T0KA3aTEeIN, HEMOCPEACTBEHHO HCIOIb3yEeMble B MHTETPAJIbHOM OLIEHKE;

— TIPUBECTH Pa3HOPOJHBIE PE3YIIbTAThl K COMIOCTAaBUMON Oe3pa3MepHOIl IIKaJle;

— ONpEeNeIHUTh MOPSAIOK 3aJaHHsI BECOB;

— BBIIIOJIHUTH CIIEHAPHBIA pacuéT U aHaIU3 UyBCTBUTEIbHOCTH;

— CONOCTaBUTH IpeIaraeMyro Mporeaypy ¢ METO10JI0TMUECKU OJIM3KUMU MOIX0AAMU;

— ONpeleNuTh OrpaHUYEHHs CLEHAapHOM ampobanmuu U TpeOoBaHUS K MOCHeAyrolei
KOPIIOPAaTHBHOW ITPOBEPKE.

ABTOpPCKHMI BKJIaJ 3aKJIHOYaeTCs B aJalTallid METOJOJIOTMM COCTAaBHBIX MHAMKATOPOB. K
3ajja4ue IpeIBapUTEeIbHOr0 0TOOpa MPOEKTOB 3€IE€HON aBHAllMOHHOW JorucTtuku. [lpennaraemas
npolierypa cs3biBaeT pacuétr NPV, cokpaiiieHre BBIOpPOCOB KM3HEHHOTO IMKJIIA M ONIEPAIlMOHHBIN
KPI uepe3 3apaHee ycTaHOBIIEHHBIE Li€NeBble 3HaueHus. IIpu s3ToM MaremaTHdeckue onepanuu
HOPMHUPOBAHHUS U B3BEIMBAHUS HE PACCMATPHUBAIOTCS KaK CAMOCTOSITENIbHAS Hay4yHas HOBU3HA.
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HoBbiM 37eMeHTOM mpejuiaraeMoro MoaxoAa SBISIETCS MX OOBEIUHEHHUE C OTPACIICBBIM
nacrioptoM KPI u mpouienypoii npeaBapuTeIbHOI0 0TOOpa aBUAIIMOHHBIX MTPOESKTOB [7].

MarepuaJjbl M MeTObI HCCJICOBAHMS.

HccnenoBanue BbINOJIHEHO KaK IIPUKIIAAHON CLIEHApHBIN aHanu3. B cBsA3M ¢ OTCyTCTBHEM B
OTKPBITOM ~ JIOCTyIl€ TIOJHOTO Habopa KOPHOPATUBHBIX (DUHAHCOBBIX, TOIUIMBHBIX U
ONEPALMOHHBIX JAHHBIX KOHKPETHOW aBHAKOMIIAHMM MJIM a’ponopTa pacu€éTHas 4acTb He
SBIISICTCSA AMIIMPUYECKON OIICHKON (DaKTHUECKH peain30BaHHOrO mpoekta. OHa mpeicTaBisieT
coboii cueHapHylo anpoOamuio pacuérHoro ainropurma. OtpacneBble JnaHHble Ka3zaxcrana
UCTIONB3YIOTCS Ui (OPMHUPOBAHUS KOHTEKCTa, a HE JUIi BBIBOJA CIIEHAPHBIX IapaMeTpoB
TaOJIULEI 2.

HNudopmannonnas 6a3a chopMupoBaHa U3 YETHIPEX TPYII HCTOYHUKOB:

— odummansubie 10KymMeHThl IATA u ICAO mo Bompocam aekapOOHHM3AIMH aBHALIUH,
CORSIA u SAF [2, 3, 5];

— HOpPMAaTHBHBIC U CTpaTernyeckue ToKyMeHThl Pecriyonuku Kaszaxcran [5, 6];

— oduuManbHas CTATUCTUKA BO3AYLIHOTO TpaHcmopTa [8];

— pelieH3UpyeMble Hay4Hble MyOJUKAlMM [0 KIMMaTHYECKOMY BO3JEHCTBHMIO aBHALlUH,
3eNIEHOM JIOTUCTHKE M TEXHOJIOTUAM JeKapOoHmu3amnmH [9].

Bxiroyanuch MCTOYHMKH, cOJEprKalllie MpOBEpsieMOoe OIpeslesIeHUue, KOJIMYECTBEHHBIN
mokaszareiab, MeToj ~pacuéra mbO0 HOopMaruBHOe TpeOoBaHume. Matepuansl  0e3
UJAECHTUPHUIHUPYEMOTO NEPBOMCTOUHUKA U PEKIIaMHbIE ITyOJIUKAIIUH UCKITFOYAINCh.

ANTOpUTM UCCIIEIOBaHMS BKIIIOYAET CIEIYIOIINE ITAllbL:

— OIpeJleIeHUEe IPaHull OLIEHKH 1 6a30BOr0 MEpPHO/a;

— (opMupOBaHHE NCXOMHBIX SKOHOMUYECKHX, SKOJIOTUIECKUX U OTIEPALMOHHBIX TaHHBIX;

— pacy€T IKOHOMHUYECKUX U PU3NIECKUX IPPEKTOB;

— HOPMHUPOBAHME KaXJI0T0 pe3yjIbTaTa OTHOCUTEIbHO 3apaHee YCTAHOBIEHHOM 11eNH;

— arperupoBaHNe HOPMUPOBAHHBIX PE3YJIbTATOB C 33/laHHBIMU BECAMU;

— IpOBEACHUE aHAIM3a YyBCTBUTEIBHOCTH U HHTEPIPETALIUS PE3ybTaTa.

OxoHomuueckass 3(Q(EKTUBHOCTh  MPOEKTa  OIEHUBAETCSI  MOCPEACTBOM  YHCTOM
MIPUBEAEHHON CTOUMOCTH:

n _CR

NPV = —I,+ Y1, T (1)

I'me: lo - nepBoHAYaIbHBIE MHBECTULINN;

CF - YuCTBIi IEHEXKHBII OTOK B roay t;

I - CTaBKa JUCKOHTHPOBAHUS;

n - TOPU30HT OLIEHKH.

B cocraB neHe’HOro moToka MOryT BKJIFOYATHCS MOJATBEPKAEHHBIE N3MEHEHUS 3aTpaT Ha
TOIJIMBO, TEXHUYECKOE OOCIY>KUBaHHE, 3aJCPKKU U Jpyrue CTaTbd, HEMOCPEACTBEHHO
CBSI3aHHBIE C MPOEKTOM. PeryisipHble SKCIUTyaTallMOHHBIE PAacXOAbl JOJDKHBI YUUTHIBATHCS
OTZEIIBHO U BBIUUTATHCS U3 JEHEKHOTO ITIOTOKA.

ITockonbKy 3KOHOMHUYECKH, SKOJIOTUYECKUN U ONIEPALIMOHHBIN PE3YyJIbTaThl UMEIOT pa3HbIE
€IMHUIBl U3MEpPEeHHs, OHM NpeIBapUTENbHO NepeBoAsTcs B Oe3pasmepHyro mkamy [0; 1] B
COOTBETCTBUU C MPUHIUIIAMU [TOCTPOSHUSI COCTaBHBIX MHIUKATOPOB [10].

s mokasarens, pOCT KOTOPOIO SBJISETCSA JKEIATCNIbHBIM, MHCIIOIB3YETCs LIEJIEBOE
HOPMHPOBaHHUE:

Z; = min( 1, max (0, %)) (2)
J
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Otpunarensuslii NPV nomyuyaer 3HaueHue Z, =0, a NpeBBbILIEHUE YCTAHOBJIEHHOM LEIU
orpaHnuuBaerca 3HaueHueM 1. Takas mkana MHTEPHOPETUPYETCS KaK CTENEHb JIOCTUKEHUS
KOHKPETHOM LEJIH.

IIpu kommepueckoMm otbOope mpoekToB ycioBue NPV>0 mpoepsiercs OoTaenbHO. DTO
HEO0OXOJUMO, IIOCKOJbKY BBICOKMI MHTErpajJbHbI HHAEKC HE JOJDKEH KOMIIEHCHpPOBATh
(UHAHCOBYIO HEMTPUEMIIEMOCTh ITPOEKTA.

[Tocie HOpMHUPOBAHUS TPU PE3yJIbTaTa OOBEAUHSAIOTCS B UHTETPAIbHBINA HHCKC!

Egreen = WeZe + WenpZeny + WoZ (3)

I'ne Z, - HOpMUpOBaHHAs PDKOHOMHYECKAS OLIEHKA; Z oy - HOPMUPOBAHHAS KOJIOTHYECKas
OlICHKA; Z; — HOpPMHUpOBaHHas onepauuroHHas ouenka; W,, W,,,, Wy — cooTBeTcTBYyIOIIME
Beca, CyMMa KOTOPBIX paBHA €IUHHUIIE.

Beca nomkubl pukcupoBarbes 10 npoBeaeHus pacuéta. [Ipu npakTuueckoM NpUMEHEHHH
WX YCTaHABJIMBAET OKCIEPTHAs KOMHCCHS aBUAKOMIIAHUU WM a’poropTa Ha OCHOBE
YTBEPKACHHBIX ~ CTpAaTEerMuecKux MNpuoputeToB. [l ¢dopmanuzoBaHHOr0O corjacoBaHUs
AKCIIEPTHBIX OLIEHOK MOKET MPUMEHSTHCS METOJ aHaIM3a MepapXuil C MOMAapHBIM CpaBHEHUEM
KPUTEPUEB U MPOBEPKON COTIACOBAHHOCTH CYX/I€HHI. PaBHbIE Beca UCIOJIb3YIOTCS TOJIBKO KaK
HEUTpaIbHBIA IEMOHCTPAIIMOHHBINA BapUAHT MIPU OTCYTCTBUU MOATBEPKAEHHBIX KOPITOPATUBHBIX
MIPUOPUTETOB:

1
W, = W= W, = 3 4)

JlononHuTe bHBIE HAOOPHI BECOB HCIIONB3YIOTCS TOJBKO JJISl NMPOBEPKU YCTOHMYMBOCTH
pesynbrara.

Jlnis cueHapus ¢ onepanMoHHON 3KOHOMUEH TorumBa s, noneit SAF q mocne skoHoMuu u
COKpaleHueM BBIOpocoB xu3HeHHOTO Imkiaa SAF R ucnomns3yercs crnemyromiee OamaHcoBoe
COOTHOUICHUE:

AGHG =1-(1-s)[(1-q) +q(1-R)] )

3necb A GHG - OTHOCHUTENBbHOE COKpallleHHE BBIOPOCOB NMapHUKOBBIX Ia3oB; s, q U R
BBIPAXKAIOTCS IOJISIMU €TUHULIBL.

B cuenapun npeamnonararoTcss HEMU3MEHHBIH 00BEM TPaHCIIOPTHON PabOThI, COTOCTAaBUMBIE
TPaHULbI OLIEHKH KU3HEHHOTO IIUKJIa M OIMHAKOBas yJeJIbHas TeIJI0Ta CTOPaHus TPAJAULIMOHHOTO
torumBa U SAF. Ilpum pasznuumm 3HEpreTMdyeckoW IUIOTHOCTH TomumBa noid SAF nosmkHa
NEPECUYNTHIBATHCS HA DHEPTETUYECKYIO OCHOBY.

3nauenue R=65% B HacToOsIIEM HCCIIENOBAaHUM ABIIAETCS CLIEHAPHBIM JOMYLICHUEM, a HE
MOJTBEPKIEHHBIM MOKa3aTeneM KoHkpeTHoi maptuu SAF. Ha npaktuke ero cienyer onpeneisTh
no ycraHoBieHHoW Mmeronuke CORSIA Ha ocHOBE (akTHUECKOTO WM COOTBETCTBYIOILEIO
HOPMAaTUBHOTO 3HaYeHUs *u3HeHHOro 1ukia. [CAO yka3bIBaeT, 4TO KU3HEHHBIM MK 3aBUCUT
OT CBIPbsI, TEXHOJIOTUYECKOTO IMyTH U PETHMOHA MPOU3BOCTBA; MOITOMY €IUHBIN KO3 (UIIMEHT
HeJb351 aBTOMATUYECKU pacIpOCTPaHATh Ha Bce BUAbI SAF.

[Tpennaraemas gopmysia HE OXBATHIBAET MOJHBINA CIEKTP KIMMATUYECKOTO BO3JACHCTBHUSA
aBuanuu, Bkiatodas He-COz-3¢pdextri [11].

Pe3yabTaThl 1 HX 00Cy:KIeHMe.

ITpennaraemast cucrema MpeaycMaTpuBaeT TPU B3aUMOCBSI3aHHBIX YPOBHS:
— TIEpBUYHBIE IaHHBIE;

— pacuérnbie KPI;

— MHTErpajbHbIN UHJIEKC.
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Takoe pa3neneHue TMO3BOJSIET COXPAaHUTh HH(POPMAIMIO, TEPSAEMYIO IpPH TMPOCTOU

arperalyy: yrpaBJIeHYECKOE PEIIEHUE MOKET ONIUPATHCA HE TOJIBKO HAa UTOTOBBIM MHAEKC, HO U
Ha KOHKPETHBIH 110Ka3aTeib, 00yCIOBUBIINN €r0 U3MEHEHUE.

B Ttabmumne 1 mpexacraBnena cucrema u3 BochbMu KPI mis perymsipHOro MOHHUTOpHHTA

aBUakoMIaHuM uiau aspomnopra. OHa sBiseTcs Oojee MIMPOKOM, YeM Habop MokaszaTelneH,
HEIMOCPEICTBEHHO UCIIOIb3YEMBbII B IGMOHCTPAIIMOHHOM HHJICKCE.

Tabmuua 1 — Cucrema KPI s peryasipHoro MOHUTOpPHHTa aBHAKOMIIAHUK WJIM a3pPOIopTa

Ne OTBeTCTBEH
bazaun
KPI u equuuna HcTounuk [Tepuon HOE HeteBoe
U3MEPECHHUS AHHBIX KOHTPOJIS nozpasJesne
p A p Apasit 3HaYCHUE
HUE
1. | Yraepongnas
WHTEHCUBHOCTb: .
TOTUTABHBIN
npsiMbIe BEIOPOCHI, N .
kr CO2/TKkM unu yaet, €KEMECSIYHO; ciyx0a basoBbId rox,
2,
CORSIA/MRYV; ’ y N CHIIKEHHUE 110
IIKM; BBIOPOCHI roJloBas YCTOMYHUBOT N
JaHHbBIE YTBEPKAEHHON
YKU3HEHHOTO IMKJIa BepUUKaLus 0 pa3BUTHUS
KU3HEHHOTO TPaCKTOPUHU
— OT/IEIBHO, KT ks SAF
CO2-3KB. /TKM UL
KM
2. | TonnuBHas MOJIETHBIE ..
néTHast 1IEJIEBOE
3P PEKTUBHOCTD, JTaHHbIE;
eKeMeCIYHO SKCIUTyaTal | CHUKEHHUE K
Kr/Tkm wm /100 | 3ampaBoYHbIE
us 0a3o0BOMy romy
KM BEIOMOCTH
3. 3aKyTOYHbIE YTBEPKIAECHHBI
Hous 3aKyIIKU U ¢
JOKYMEHTHI, . i
ceptuduIMpoBaHH HOITBEpS K IGHIe CKEKBAPTANBHO | yCTOHUMBOS | 0
oro SAF, % 5ep pa3BUTHE KOpTIOp
YCTOWYMBOCTH il YpOBCHB
4. N . NPV >0wu
NPV 3enénbix (uHaAHCOBBIN U —
¢uHaHCOBa | JOCTHXKEHHUE
IIPOEKTOB, VIPABICHYECKH | €KEKBAPTAIBHO
L a1 cyx0a WHBECTUIIMOHH
JEHEeXKHas eqUHAIA | i y4ET .
Ol 1enu
5. ¢uHaHCOBA
DKCIUTyaTalMOHHBI U CHIDKCHHE TIPH
0 YIpaBICHYECKH
e 3aTpathl, % K 5 vadt eKeMeCIIHO OTIEpaIlMOH | COMOCTAaBUMOM
06a30BOMY YPOBHIO y Has 00BéMe paboT
CITYXKOBbI
6. FDM
(MOHUTOPHHT
TAHHBIX
noséra); A-
Cpennsis CDM
IPOIOJDKUTEIBHOC | (COBMECTHOE OTIEpALlMOH | COKpAIIEHHUE K
Th TIOJIETHO- MIPUHSATHE eKEMEeCIIHO HBIN 6a3oBoMy
HA3eMHOTO IMKJIA, | peIIeHUN B KOHTPOJIb MIEPUOY
MUH/peiic a’poropTy);
ATM
(opranmuzanms
BO3yIIHOTO
JIBHKEHUSA).
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7. | Dnexrpudukanms €eCTp aKTUBOB;
P (ub . peectp ’ 10 TUTaHY
Ha3eMHOMN cucreMa a’poIopTOB
o €KEKBapTaJIbHO OOHOBJICHUSA
TEXHUKH, %o IapKa | YHEPTOMEHEKM ast ciyx0a
napka
GSE €HTa
8. DCS (cuctema
yIpaBJICHUS
OTIIPABICHUEM
peticoB); ERP UT-cnyx6a .
. 0a30BBIH IO,
Ludposoii (cucrema u ,
yYTBEpKIEHHAS
JOKYMEHTOOOOPOT, | TUTAHUPOBAHHUSI OIepanroH
o €KEMECSIUHO TOJIS
%0 IIEKTPOHHBIX pecypcoB HbIE
orepanui TIPEIPHUSTHS ) noJIpaserne DJICKTPOHHBIX
p ’ onepauuii
T.€. CCTeMa HUS
JIEKTPOHHOTO
JIOKYMEHTO000p
ora
Ucmounuk: cocmaesneno asmopamu c yuémom [9, 10]. Ilepuoouunocmev xowmpons u
pacnpeodeieHue 0meemcmeeHHOCMU NPedlONCEHbL ABMOPAMU.

[Toxazarens Ne 6 copMyIMpOBaH KaK «CpeaHsss TPOAOHKUTEIbHOCTD OJIETHO-HA3EMHOTO
nukia». EnquHooOpazHoe ompezeneHue mokasarens o0ecnedyrBaeT CONOCTaBUMOCTh Iacropra
KPI u pacuétnoro npumepa.

Bocemb KPI He BKITFOUAIOTCS HEIOCPEICTBEHHO B HHTETPATBHYIO (hOPMYITY OTHOBPEMEHHO.
OTO clenaHo Mo JBYM IpUYMHAM. Bo-IepBbIX, 4acTh MOKa3aTesel SBIISAETCS MCXOJIHBIMU HIIU
MPOMEKYTOUHBIMUA ~ XapaKTePUCTUKAMHU  JIPYTUX  pe3ysibraroB. Hampumep, TomimBHas
3¢ (PeKTUBHOCTD BIMAET HA IKOHOMUYECKHUI U SKOJIOTHUECKUN pe3ynbTart, a noys SAF sBusercs
MapaMeTpoM IKOJOTHYECKOro pacuéra. MX mnpsMoe BKIIOYEHHME OIHOBpeMeHHO ¢ NPV wu
COKpaIlleHHEM BBIOPOCOB MOTJIO ObI MPHUBECTH K JBOMHOMY yué€Ty. Bo-BTOPBIX, HHTETpaIbHBIN
UHAEKC TMpeJHa3HAueH JJi1 JEMOHCTPAllMOHHOTO COIOCTaBICHUS TPEX YMNPaBICHUYECKUX
PE3YJIBTATOB - PKOHOMHUYECKOT0, IKOJIOTMYECKOT0 U ONEPAIMOHHOTO [8].

Takum oOpa3zoMm, Bocemb KPI 06pa3yroT cuctemy KOprnopaTUBHOTO MOHUTOpPHHIA, a TPH
arperupoBaHHBIX IOKa3aTelsl - pPacuy€THYH OCHOBY JIEMOHCTpPalMOHHOro wuHAekca. Ilpu
MPAKTUYECKOM BHEAPEHUHM COCTaB MHJEKCA MOXET OBITh PACHIMPEH, OJHAKO 3TO MOTpedyeT
OTJIENIbHOIO aHAJIM3a B3aUMO3aBUCUMOCTH MTOKA3aTENEH.

bazoBbie u ueneBbie 3HaueHuss KPI momkHBI ycTaHaBIMBAaThCS aBUAKOMIIAHUEH WU
a’poIopToM ¢ Y4ETOM 6a30BOT0 Ioja, COCTaBa BO3AYIIHOTO U Ha3€MHOI0 MapKa, MapIIpyTHOH
CeTH, 10CTYNMHOCTH SAF 1 HHBECTUIIMOHHOM IpOrpaMMbl. Y HUBEpPCAJIbHBIE 1IEJIEBbIE 3HAUEHUS J10
2030 rona B HacTosIel paboTe He MpeIaraloTCs.

[To nanneiM Ilnana nedictBuit PecnyOnuku Kaszaxcran mo cokparmennio BeiopocoB CO: B
aBuanuy, B 2022 roay BBIOpOCH! aBUAIlMOHHOTO TpaHcnopra coctaBuian 1 060,532 teic. T CO:-
9KB. J{1s1 MexnyHapoaHbIX epeBo3ok B pamkax CORSIA B nokyMeHTe npuBeieHbl 3HaueHUs 832
026 T B 2019 roay, 315 805 T B 2020 roxy, 491 433 T B 2021 roxgy u 648 274 T B 2022 rogy ¢
OTOBOPKOHM 0 mocienytoniei Bepudukanmun. B 2023 romy ka3zaxCTaHCKUMH aBUAKOMITAHUSIMU
ObL10 IepeBe3eHo 13,3 MITH maccakxupos, a 3a aecsaTh MecsieB 2024 roaa - 12,3 MITH maccaxupos;
MapK pEryJSIPHBIX TMEPEBO3YMKOB HacuuThiBad 102 BO3AYMIHBIX CyJHA. OTH JIaHHBIE
XapaKTepu3yloT MaciuTad OTpacid M OOOCHOBBIBAIOT HEOOXOAWMOCTh OIICHKH HE TOJbKO
a0COTIOTHBIX BBIOPOCOB, HO U MOKa3aTeNell NHTEHCUBHOCTH HA €IMHUILY TPAHCIOPTHOM paboThI
[9].

[Inan neiictBuil Takke orpaxkaer yuyactue Kazaxcrana B CORSIA, mpucoeannenue k
nporpamme [CAO ACT-SAF u paccMOTpeHHE BONPOCOB TOTOBHOCTH a’pONOPTOB K
ucnons3oBanuio SAF. Bmecre ¢ Tem mnpuBen€HHbIE OTpacieBble CBEJIEHUS HE SBISIOTCS
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UCTOYHHKAMHU TapaMeTpoB cueHapus TaOmuuel 2. IlosToMy (opMyImupoBKa «CILEHAPHIA,

HapaMeTpI/I?)OBaHHBIﬁ JIIA

ycinoBuit  Kaszaxcrana» 3ameHeHa Ha 0Oojiee KOPPEKTHYIO:

«WUIIOCTPATUBHBIN CLIEHAPUH, pACCMOTPEHHBIN B KOHTEKCTe Ka3zaxcTanay.

CtouMOCTb 3aKYIIKH SAF, 00BEMBI €70 BO3MOYKHOI'O JTOKAJILHOI'O IIPOU3BOACTBA, ChIpbEBAA

0a3a, cepTuduKamoOHHas TOTOBHOCTD M KAl TAJIbHBIC 3aTPAThl HA HHPPACTPYKTYPY B HACTOSIIEM
WCCJICIOBAaHUH KOJIMYSCTBCHHO HE OICHUBAIOTCS, TTOCKOJBKY JISI 3TOTO TPEOYIOTCS OTICIIbHOE
TEXHUKO-D)KOHOMHUYECKOE HMCCIICIOBAaHNE M BEpU(PHUIIMPOBAHHBIC MPOCKTHBIC MaHHBIC. [ToaTOMYy
BBIBOJIBI CIICHAPHOM anmpoOamuy He WHTEPIPETUPYIOTCS KaK OIEHKa KOMMEPYECKOW TOTOBHOCTH
npousBoacTBa SAF B Kazaxcrane.

CyenapHulii pacuém
HM3-3a OTCYTCTBHUS B OTKPBITOM JIOCTYIIE ITOJIHOTO HA0Opa KOPIOPATUBHBIX JAHHBIX PAcUET

BBITOJIHEH JJIs1 yCIIOBHOTO aBUarnepeBo3unka. OH He SBIIIETCS OLIEHKOM AesTenbHocTr Air Astana,
SCAT wiu apyroro KOHKpETHOTO oreparopa. JleHexKHble 3HaueHUs MPEeCTaBIeHbl B JOJUIapax
CHIA uCKIIIOUUTENBHO JJIs MPO3PAYHOCTH CLIEHAPHSI.

Tabmuna 2 — VicxonHbie mapaMeTpsl WIDTFOCTPATUBHOTO CLIEHAPUS

Ne [TapameTtp 3HaueHue Craryc
1. | 'ogoBoe moTpebeHne TOIINBA 1O
a p a 100 000 T CILIEHApHOE 3HAYEHUE
MIPOCKTA
2. | llena TpaAMIIMOHHOTO TOILJIMBA 950 most./T CIIEHAPHOE 3HAYCHHE
3. OnepanmoHHas 5KOHOMUS TOILJIMBA 2,0% CIICHAPHOE 3HAUYCHUE
4. | Hons SAF nocrie 5KOHOMHH 5,0% CILICHApHOE 3HAUEHUE
5. IlenoBas npemusi SAF 300 gomn./t CIICHAPHOE 3HAUYCHUE
6. | CokpaieHue BHIOPOCOB KU3HEHHOTO 65% CIIEHApPHOE
0
nukia SAF JIONTYIIIEHUE
7. | IlepBoHavasbHBIC HHBECTHITMH 3,0 MJIH JOMI. CIIEHAPHOE 3HAYCHHUE
8. | DKOHOMUS TEXHUYECKOI'O
00CITy)KUBaHUS U ICHEKHBIX MIOTEPD 1,30 muH momi./Ton CLEHApPHOE 3HAUCHHUE
OT 3aJePIKEK
9. CLIEHApHBbIE
['opu30HT U cTaBKa TUCKOHTHpOBaHus | 5 set; 12% Herap
napameTpbl
10. | CpenHsast IPOIOJDKUTEIHLHOCTD
pe PO 120 — 112 mun CLIEHAPHOE 3HAYCHUE
MMOJIETHO-HA3€MHOT0 IIUKIa
11. o ClleHapHBIN
Llenesoit NPV 5,0 muH o711 HeHap
OPUEHTHP
12. ClleHapHBIN
[leneBoe cHIKEHUE BEIOPOCOB 7,0% P
OPUEHTHP
13. ClleHapHBIN
LleneBoe cokpaiienue Bpemenu nukia | 8,0% teHap
OPUEHTHP

Hcemounuk: CYEHApPHble donyu;eﬁwl aeniopos. Buauenus He A61AI0OMCE CMAMUCMUYECKUMU
nokasamejsimu KOHerl’I’IHOIZ KOMNnaHuu.

[Tocre onepanOHHON ONTUMHU3ALUH F'0JI0OBOE MOTPEOICHUE TOIIMBA COCTABIISAET:
100 000(1—-0,02) =98 000 T.

N3 storo o6béma 4 900 T mpuxoautcs Ha SAF.

Jlo peanu3anuu NpoeKTa rol0BbI€ 3aTPaThl HA TOIJIMBO COCTABIISIOT:

100 000x950=95,00 muH mosw1.

[Tocne peanu3zanyuy IpoeKTa:

98 000x950+4 900x300=94,57 miH moJ.
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Taxum 00pa3oM, UuCTast SKOHOMHUS Ha TOIuMBe cocTasisieT 0,43 MIIH AOJUI. B TOJI.

C yu4éTOM PKOHOMMH Ha TEXHMYECKOM OOCIIYy>)KHBAaHUHM U JCHEKHBIX IOTEPh OT 3alepiKeK
TOJI0BOM JCHEKHBINA ITIOTOK PABEH:

CF=100 000%0,02x950—4 900x300+1 300 000

CF=1 730 000 gosu1./rox.

IIpu nepBoHauanbHbIX HMHBeCTULUAX 3,0 MIH [0JIJI., TOPU30HTE MATH JIET U CTaBKE

nuckoHTupoBanus 12%:
1

NPV=-3000000+1730 000 ¥_; 775

[Tony4gaem:

NPV=3,24 MiH I0JII.

Pacuér mpenmnosaraer OTCyTCTBUE AOMOJHUTENBHBIX PETYNISAPHBIX 3aTpaT mpoekrTa. B
KOPIIOPATUBHOM TEXHUKO-DKOHOMUYECKOM 0OOCHOBAHHH OHH JIOJKHBI OBITH BKIIFOUCHBI B
JEHEXKHBIN MOTOK.

IKonocuteckull U ONepayuoOHHbILL pe3yibmanbvl

[To popmyme (5):

AGHG=1—(1-0,02)[(1-0,05)+0,05(1-0,65)].

CrnenoBaTeiabHO:

AGHG=0,05185,

i 5,19%.

Cpenssisi Npo0JKUTEIIBHOCTh MOJIETHO-HA3E€MHOT0 1IUKJIa cokpamaercst co 120 no 112
MMH:

AT =(120—112)/120 = 0,0667.

TO ecTh Ha 6,67%.

Jl1st HopMUpOBaHHUsI 3apaHee YCTAaHOBIICHBI TPH WIUTFOCTPATUBHBIC LIEJH:

— NPV - 5,0 mnn gonn.;

— CHWXeHHE BbIOpOCOB - 7,0%;

— COKpallleHHe BpeMeHH nukia - 8,0%.

OTH 3Ha4YeHUsT HE SBJISIOTCS OTpacieBbIMH HopMmaTuBaMu. OHH  HCIOJIB3YIOTCS
WCKIIFOUHUTENIBHO JJI IEMOHCTPALIMHU aJITOPUTMA.

ITomyyeHHbIE HOpPMUPOBAHHBIE 3HAYEHUS COCTABIISIOT:
3,24

Ze: HZ 0, 647
Zony=22=0,741
Zo=220=0,833

ITpu paBHBIX Becax:
_ 0,647 +0,741 + 0,833

env —
3

= 0,740

CrnenoBaTenbHO, WHTErpajbHbI Mokazatenb coctaBiuser 0,740, wm  74,0% ot
COBOKYITHOCTH TpE€X 3aJaHHbIX 1ened. OH He O03HauyaeT COKpAIICHHE HKOJOTHYECKOTO
Bo3aeicTBUA Ha 74%.

Ananusz uyscmeumenbHOCmMu K 8ecam

Tabmmia 3 — UyBCTBUTEILHOCTh HHTETPATHHOTO HHJIEKCA K BECaM

No CueHapHﬁ BECOB We Wenv Wo E greenv

1. | PaBHbIE NpUOPUTETHI 0,333 0,333 0,333 0,740

2. | OXOHOMHYECKHH 0,500 0,300 0,200 0,713
MPUOPUTET
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3. | Sxonorudeckuii 0,200 0,600 0,200 0,741
MIPUOPHUTET

4. | OnepanpoHHEkI 0,200 0,200 0,600 0,778
MPUOPHUTET

Hcemounuk: pacuémot agmopos

B 4eThIpéXx pacCMOTPEHHBIX CUCTEMAX BECOB MHTErPAJIbHBIN MOKA3aTEIb U3MEHSAECTCS OT
0,713 o 0,778. OT0 moKa3bIBAaET UyBCTBUTEIBHOCTh PE3yJibTaTa K CHCTEME IPUOPUTETOB. BMmecTe
C TEeM Takas IpOBEpPKAa HE 3aMEHSET aHallhu3a HEONPEACNEHHOCTH MCXOJHBIX IIEHOBBIX U
WHBECTUIIMOHHBIX [IapAMETPOB.

Yyscmeumenvnocmo NPV k yene SAF

Tabmuua 4 — YyscrBurensHocTh NPV k nienoBoit npemun SAF

Ne | Cuenapuii [Ipemus SAF, TI'onoBo neHEXHBIN NPV, M 2071,
IOJL./T IMOTOK, MJIH JOJII.

1 bes npemuu 0 3,20 8,54

2 bazoBwrit 300 1,73 3,24

3 Bricokast npemust 500 0,75 -0,30

Hcemounuk: pacuémoel asmopos; usmeHsemcst moavko yenosas npemusi SAF.

Pacuétsl BbINoIHEHB! 0€3 y4éTa HaJOroB, WHQIISILMY, BAIIOTHBIX KoJeOaHHUH, U3MEHEHUs
0a30BOl II€Hbl ABHAIMOHHOI'O TOIUIMBA, OCTATOYHOH CTOMMOCTM MHBECTULIMHA M BO3MOYHBIX
3aTpaT Ha MpHOOpeTeHHe YIIepoaHbIX eAuHul. IloaToMy moOJy4YeHHbIE pe3yJIbTaThl
XapaKTepu3yloT 0a30BbIi CLiEHApUl U HE 3aMEHSIOT KOPIOPAaTUBHOE TEXHUKO-IKOHOMUYECKOE
000CHOBaHUE MPOEKTA.

[Ipu mpounx HEM3MEHHBIX NapaMeTpax Mopor 6e3yObITOYHOCTH 10 LieHOBOW npemuu SAF
coctaBisger okoso 483 gnomn/t. Ilpum mnpesbiieHun 3toro ypoBHs NPV craHoBuTCS
OTPULIATEIILHOM, MOATOMY pemnieHue o wMacmrabupoBanu SAF  gomkHO ommparbes Ha
KOHTPaKTHYIO LIEHy U CepTU(UIIMPOBAHHBIN NOKa3aTeb )KU3HEHHOT0 LKKIa (puc.l).

0 ponn./T
NPV = 8,54 mnH ponn.
)

8-

300 ponn./T
NPV = 3,24 mnu ponn.

™~ .

2- MNMopor 6e3yBbbITOYHOCTH
483 ponn./T; NPV =0

i
\I
9.
ﬂpv\w\
-1 ! | | | I ‘
0 100 200 300 400 483 550
LleHoBas npemua SAF, ponn. CLUA/T

o3}

NPV npoekTa, mnH gonn, CLLUA
S

NPV > 0

Pucynoxk 1 — UysctBuTtensHocth NPV k nienoBoit mpemuu SAF
Hcrounuk: pacu€rsl aBTOPOB I10 MTApaMETPaM ULIKOCTPATUBHOTO CLIEHAPHSL.
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IIpenyaraemas nmpoueaypa OCHOBaHA Ha METO1AX, IPUMEHSAEMBIX B HCCIIEJOBAHUAX 3EIEHON
JIOTUCTHKH, JeKapOOHM3AllMM aBHALIMU, OICHKU KIMMATHYECKOTO BO3JCHCTBHS M MOCTPOSHUS
COCTaBHBIX MHAMKATOPOB. B oTinnuue oT uccienoBaHuid, OpUEHTHUPOBAHHBIX IPEUMYILIECTBEHHO
Ha OT/EJIbHbIC TEXHOJIOTHMH CHIKEHHS BHIOPOCOB WUJIM OLEHKY KIMMAaTUYECKOTO BO3JIEHCTBUS, B
MpeaJIaraéMoi MpoLenaype OJHOBPEMEHHO YUHMTBIBAKOTCS 3KOHOMMUYECKHH pe3yibTaT MPOEKTa
(NPV), cokparnienre BEIOPOCOB )KH3HEHHOTO ITUKJIA M OTICPAIlMOHHBIN ITOKa3aTelb. MeToM0IoTHs
COCTAaBHBIX WHJIUKATOPOB UCIOJIb3YETCS AJI1 HOPMUPOBAHUS PA3HOPA3MEPHBIX NTOKA3aTeNIed U UX
arperupoBaHMsi, a METOJl aHaJu3a MEepapXuil pacCMAaTPUBAETCS KAaK BO3MOXHBIH MHCTPYMEHT
onpeneneHus BecoB. [Ipu 3Tom camu Maremarndeckue METOJIbl HOPMUPOBAHUS U B3BEIIMBAHUS
HE 3asIBJISIIOTCSA KaK Hay4HO HOBbIE [11].

OTnuuuTeNbHON OCOOCHHOCTBIO MpeIaraeMoil MpoLEnyphbl SBISETCS HUX aJanTaius K
IpeBapuUTEILHOMY OTOOpY TPOEKTOB 3€IE€HONW aBUAIMOHHOW JorucTHKH. [Ipouemypa
npenycmarpuBaeT hopmupoBanue nacnopta KPI ¢ ykazanuem mokasarensi, HICTOYHUKA JTaHHBIX,
NEPUOAUYHOCTH MOHUTOPHHIA W OTBETCTBEHHOI'O IIOJPA3ACICHUS; LEJIEBOE HOPMHUPOBAHUE
nokasareneil; (pukcaluio BECOB IO BBINOJHEHHS pacuéra; OTIENbHYIO MPOBEPKY (UHAHCOBOI
IPUEMJIEMOCTU TPOEKTa M aHAJIW3 YyBCTBUTEIBHOCTU WMHTETPAIILHOIO pe3ylibTaTa K BecaMm U
neHoBoi npemun SAF. B oTinuue OT 0OIIKMX METOAMK COCTaBHBIX MHIMKATOPOB, MPOIEIypa
OpUEHTUPOBaHA HAa HCIOJb30BAaHNWE KOPIOPATUBHBIX JAHHBIX ABHAKOMIIAHWU WJIM a’pomopTa U
JOMyCKaeT  MOCJIENyIONIy0  3aMeHy  CIEHapHbIX  MapaMeTpoB  BepUPHUIMPOBAHHBIMU
(dakTuyeckuMu JaHHbIMU. TakuMm oOpa3oMm, 3asBisieMas HOBU3HAa OTHOCHUTCS K OTpaciieBOi
aJlanTanuy U 00beIUMHEHUIO U3BECTHBIX METO/IOB B €IMHYIO YIPABICHUYECKYIO MPOLIEAYPY, a HE K
CO3/1aHMIO HOBBIX MaTEMaTHUYECKUX METOOB.

Hccnedosanue umeem namv OCHOBHbHIX 02PAHUYEHUIL.

Bo-nepBbix, pacu€rHas ampoOalusi OCHOBaHAa Ha CLEHApHBIX [apaMerpax, a He Ha
PACKpBITBIX KOPIIOPAaTUBHBIX JaHHBIX KOHKPETHOTO MEPEeBO3YMKA WM a’sporopra. [loatomy
nosydeHHble 3HaueHHs NPV, cokpamieHusi BBIOPOCOB W OmnepanoHHOTO 3(dexra Hemb3s
UHTEPIPETUPOBATH KaK (PaKTUYECKU JOCTUTHYTHIC PE3YIbTaThl IPEIIPUITHUS.

Bo-BTOpEIX, ClIeHApHil HE YYUTHIBAET B IOJTHOM 00BEME HHDIAIIIO, H3MEHEHUE BATFOTHOTO
Kypca, AUHAMHUKY 0a30BOM II€HBI aBHAIIMOHHOTO TOIUIMBA, CTOMMOCTH YTJIEPOIHBIX €IUHUII,
HaJIOroo0JI0’KEHUE, OCTATOYHYI0 CTOMMOCTH OOOpYIOBAaHUS M BO3MOXKHbBIE JOIMOJIHUTEIbHbBIE
DKCIUTYaTallMOHHBIE PACXO/BbI.

B-tpetbux, 3Hauenue 65% u1s cokpaieHus: BHIOPOCOB KM3HEHHOTo nukia SAF sBisercs
CLIEHapHBIM JIONyIeHHeM. J[J1s MpakTUYeCcKOoro NpUMEHEHUsI HEOOXO0IUMBI IaHHbIe KOHKPETHOTO
TOIUIMBHOTO NYTU W MOJATBEPKIEHHOE 3HAUYEHUE >KU3HEHHOTO IMKJIA B COOTBETCTBUU C
npumeHuMon metonoiorueir CORSIA.

B-ueTBEpThIX, JKOJNIOTHYECKUMH OJIOK OrpaHMYEH MPEUMYIIECTBEHHO BBIOpOCaAaMH
NapHUKOBBIX Ta30B U HE OXBATHIBAET B MOJIHOM 00b&Me He-COx-kmumaTtndeckue 3pGeKTsl, IyMm,
KauecTBO aTMOC(HEpPHOTO BO3yXa, BOAOMOTpeOIeHHEe, OTXOAbI U OMopasHooOpasue [12].

B-nATBIX, MHTErpaIbHBIA MHIEKC 3aBUCUT OT YCTAHOBJIEHHBIX KOPIIOPaTHBHBIX LIENIEH U
BecoB. [loaToMy OH mpeaHa3sHaueH MpPeXk e BCEro AJIsi CONMOCTABICHUS MPOEKTOB BHYTPH OJHOMN
CUCTEMBI YIIPABJICHMSI U HE JOJDKEH HCIOJIB30BAaThCA KAK YHUBEPCAIBHBIM PEHTHHI Pa3HBIX
aBHMAKOMIIAaHUW WJIA a3pONOPTOB.

[TonHOUEHHAs A>MIMpHYECKas anpodanus OKHA MPOBOAUTHCS HAa BepU(PUIMPOBAHHBIX
JAHHBIX KOHKPETHOTO oIepaTopa 3a 0a30BbIi U MOCIEAYONIKe NEPHObL. J{1s 3TOro He0OXOANUMBI
(dakTHUecKue JaHHBIE O pacxojie TOIUIMBA, HaNETe, TPAHCIOPTHOM pabore, 3akymnkax SAF,
(UHAHCOBBIX MOTOKAX, MPOJOJKUTEIBHOCTH OINEpallii U COOTBETCTBYIOLIUX HKOJIOTMYECKUX
MOKa3aTesIX.

3akiaro4eHue.
B wuccnenoBanun paspaboTaHa mpoleaypa KOMIUIEKCHOH OIIEHKHM IPOEKTOB 3elEHOM
aBUAIIMOHHOHN JIOTMCTHKHU, O0BEIUHSIOMAs SKOHOMUYECKUH, YKOJIOTHUYECKUN U ONepariiOHHbII
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pe3ynbraTel. OCHOBY mporenypbl cocTaBisioT pacu€T NPV, omeHka cokpaineHus BBIOPOCOB
JKU3HEHHOTO IMKJa, H3MEpEeHHue omnepauroHHoro sddexra, I1eneBoe HOPMUPOBAHUE U
arperupoBaHue C 3apaHee 3aJJaHHbBIMU BECAMU.

[nst perynsipHoro MOHUTOpHMHTa mpejioxkeHa cucrtema u3 BocbkMu KPI. IIpu stom nns
MHTErPAIbHOIO MHAEKCA UCIOJIb3YIOTCS TPU arperupoOBaHHBIX pe3yJibTaTa — SKOHOMUYECKHIA,
IKOJIOTMUECKUN W OINepanuoHHbIi. Takoe pasjiencHue Mo3BOJSIET M30EKaTh JTBOWHOTO ydéra
B3aMMOCBSI3aHHBIX IIOKa3aTeled M OJHOBPEMEHHO COXPAaHUTh PACHIMPEHHYI) CHUCTEMY
KOPIOPAaTUBHOTO MOHUTOPHUHTA.

CuenaphHas anpobanus Ha YCJIOBHOM aBHAIlepPeBO3YMKE, PACCMOTPEHHOM B KOHTEKCTE
Kazaxcrana, nmoka3zana, uro npu 2%-HoW 3KOHOMUU TomuuBa, 5%-Hoi none SAF u cuenapuom
COKpAIllEeHNH BBIOPOCOB kH3HEeHHOro nukia SAF Ha 65% cokpamieHre BHIOPOCOB COCTaBISIET
5,19%. ITpu nunBectunmsx 3,0 muH gosut. CLIA, ropu3oHTe IATh JIET U CTaBKE JUCKOHTUPOBAHUS
12% NPV cocransert 3,24 mun qosut. CIIA. Cpenssisi po10KUTEIbHOCTD MOJIETHO-HA3EMHOTO
LIMKJIa coKpaiaercs Ha 6,67%. IIpu paBHBIX Becax MHTErpasibHbIN nHIeKC paBeH 0,740.

AHanu3 4yBCTBUTEIBHOCTH MOKa3aa u3MeHeHnue unaekca ot 0,713 mo 0,778 npu yeThIpéx
Habopax BecoB. [Ipu 3TOM 3KOHOMHYECKAsT YCTOMYMBOCTh CIIEHAPHUS CYIIECTBEHHO 3aBUCHUT OT
uensl SAF: mpu nenoBoii npemun okosio 483 momn./tT NPV mocturaer HyneBoro 3HadeHHs MPU
MIPOYNX HEM3MEHHBIX YCIIOBUSX.

Hayunspiii Bkiam paboThl COCTOMT HE B Pa3pabOTKE HOBBIX MaTEMaTHYECKHX METOJOB
HOPMHPOBAHMSI WJIM B3BEUIMBAHMS, @ B UX aJaNTallid K MPEABAPUTEIHLHOMY OTOOpPY MPOECKTOB
3eNIEHON aBUAIIMOHHOM JIOTHCTHKY U 00BETUHEHNHU ¢ CUCTEMOM oTpacieBbix KPI.

[IpakTuueckoe TPUMEHEHHUE MOJECIM BO3MOXHO [UJISi TPEABAPUTEIBLHON  OIICHKHU
WHBECTUIIMOHHBIX M JKOJIOTMYECKUX IIPOEKTOB ABMAKOMIIAHMM M a’3ponopToB. OaHako
NpOBENEHHBIA pacuéT sBISETCA CIICHAPHOM ampoOanueil anroputMa W HE MOITBEPKIACT
dakTryeckuit 3QPexT BHEAPEHUS Y KOHKPETHOTO MPEANPUSITHS.

JlanbHelmas mpoBepKa JODKHA TPOBOAUTHCS HA BEPHPHUIIMPOBAHHBIX KOPIOPATHBHBIX
TaHHBIX ¢ (ukcamnueit 6a3zoBoro mnepuoaa, (paxkTUYECKHX ACHEKHBIX IOTOKOB, MapaMETPOB
toruinBa U SAF, onepaunonnbix KPI u skonoruueckux pe3yapTaToB. OTO [O3BOJIMUT MEPEHTH OT
JEMOHCTpali PabOTOCHOCOOHOCTH PAcCUETHOTO AIrOpuTMa K SMIUPUUYECKON OIICHKE €ro
MPUMEHUMOCTH B YIPABJICHUH YCTOMYUBBIM Pa3BUTHEM TpakaaHCKoW aBuannu Kazaxcrana.
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OYE TACBIMAJIJIAPBIH YUBIMJIACTBIPYJIAFBI «XKACBLT» IOTUCTUKA
9KOHOMMUMKACHI

AHnoamna. 3epmmeydiy makcamvl — a8UAyUAOALbl HCACHLL JTOSUCIMUKA HCOOANAPBIHBIH
IKOHOMUKATIBIK, IKONOSUSLIIK HCIHE ONEPAYUSIbIK HIMUMNCENLNICIH KeuweHOl bazanayovly Kanuma
JHCAHRBIPMBLIAMbIH MACLIIH 23ipaey dcone oHvly Kazaxcman konmekcinoe Kapacmulpuli2aH
ULTIOCMPAYUsIbLK, CYeHapuiioe KOJNOAHLLIYbIH Kepcemy. 3epmmeyoiy aknapammoulk 0a3achii
Xanvikapanvi aye xeniei xayvimoacmouievinvly (IATA), Xanvikapanvlx asamammulk aguayus
yuvimvinoity (ICAO), Kazaxcman Pecnybnuxacoer ¥ammulk cmamucmuka OHOPOCHIHbIY JHCIHE
Kazaxcmannviy Asuayusanviy axKiMwinieiniy pecmu Kyscammapwvl, HOPMAMUBMIK KYKbIKMbIK
akminep MeH peYeH3UANAHAMbIH 2bLILIMU  JHCAPUALAHLIMOAD KYpaowvl. Oodicmeme masd
kenmipineen  Kymowvl  (Net Present Value, NPV) ecenmeyodi, napuuxkmix 2a3zoap
WBIRAPBIHOBLIAPBIHBIY, OMIPIIK YUK OOUBLIHULA KbICKAPYbIH 0A2ANAYObl, ONEPAYUIIK, HOMUNCEHT
enueyoi, dcexee2eH KOpcemxiumepoi HbICAHAIbL KAbINKA KeAmipyoi Jdcane 01apobl OeeileHeeH
canmakmap 6ouviHuwia 6Ipikmipyoi Kammuowvl. Monumopune sHcypeizy yuwin muimMOilikmiy ceeis
Hezizei kepcemxiwinen (Key Performance Indicators, KPI) mypamvin dicytie YCblHbLIObL.
Onapoviy  iwinen OeMOHCMPAYUALLIK UHMESPAIObIK UHOEKCme YUl JHCUBIHMbBIK HImudice:
IKOHOMUKATILIK, IKOJLOSUSIBIK JHCOHE ONepayusiiblk Hamudicerep nauvoananviiaosl. Lllapmmuol
AYemacvuIManoayubled apHanean CYeHapuilliK ecenmeyoe omviHHbIY 2%-0blK YHeMi, MYpaKmbl
asuayusnvlk omwinHuly (Sustainable Aviation Fuel, SAF) 5%-0vix yneci swcone SAF-moviy omipiik
YUkl OOUbIHWA  WBIRAPBIHOBLIIAPObL  65%-2a  KblcKapmy mypaivl CYEHAPUUTIK  00axcam
AHCAROAUBIHOA WbIRAPBLIHObLIAPOLIY a3atobl 3,19%-0vl, NPV 3,24 man AKIL oonnapvin, an yuiy-
Jrcepycmi YuKkii opmawia yY3aKmulblHbll KolcKapybl 6,67 %-0v1 Kypaowvl. Carmakmap mey 6012aH
acazoauda unmezpanovix unoexc 0,740-ka mey 6Oonovl. Kapacmuipvinzan mepm caimax
acyuecinoe unoexc mani  0,713-0,778 apanvievinoa e3eepdi. NPV-0iy SAF 6azanvix
ycmemeaxblcblHa ce3iMmandbleblh manoay e32e napamempiep 632epiccis Kaizan dcazoauoa
3anancel306ix we2iniy wamamern 483 AKILL oonn./m oeneeiiinoe exenin kepcemmi. 3epmmeyoiy
SbLILIMU  JHCAHANBIRbL KYPAMA UHOUKAMOPAAP JOICHAMACLIH HCACHIL ABUAYUALBIK JI02UCTIUKA
JoHcobanapvln andvli ana ipikmey MiHOemine canaivlk oOetiimoeyoeH mypaovl. 3epmme)oiy
wekmeyi ecenmik depekmepoiy KOPNOpaAmusmix emec, CYeHapuiaiKk cunamoimMer OAUIAHbICMbl,
eH2i3y0ly HaKmvl MUuiMOinicin 0aganay yuiiH YCbIHbLIZAH MICIIOl HAKMbl ABUAKOMNAHUAHbIY
Hemece ayexcaulobly 6epupurayusananzan oepekmepi HeziziHOe KeliHHeH CbIHAKMAH OMmKi3y
Kaoicem.
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Tyiiin ce30ep: dicacvii 102UCMUKA, ABUAYUSATBIK MACLIMALOAD, IKOHOMUKAILIK MUIMOLTIK,
mypakmol asuayusnvly omuin, SAF, muimoinikmiy nezizei xepcemxiwmepi, KPI, masza
kenmipineen KyH, NPV, napnuxmik eazoap wivizapvinosiiapsi, CORSIA, oexapbonuzayusi.

THE ECONOMICS OF «GREEN» LOGISTICS IN THE ORGANIZATION OF AIR
TRANSPORTATION

Abstract. This study aims to develop a reproducible approach to the comprehensive
assessment of the economic, environmental, and operational performance of green logistics
projects in aviation and to demonstrate its application using an illustrative scenario considered
in the context of Kazakhstan. The information base comprises official documents of the
International Air Transport Association (IATA), the International Civil Aviation Organization
(ICAQO), the Bureau of National Statistics of the Republic of Kazakhstan, and the Aviation
Administration of Kazakhstan, as well as regulatory legal acts and peer-reviewed scientific
publications. The methodology includes the calculation of net present value (NPV), the assessment
of life-cycle greenhouse gas emission reductions, the measurement of operational performance,
the target-based normalization of individual indicators, and their aggregation using predefined
weights. A system of eight key performance indicators (KPls) is proposed for monitoring purposes.
Three aggregated outcomes—economic, environmental, and operational—are used to construct
the illustrative composite index. In the scenario calculation for a hypothetical air carrier, a 2%
reduction in fuel consumption, a 5% share of sustainable aviation fuel (SAF), and an assumed
65% reduction in the life-cycle emissions of SAF resulted in a 5.19% reduction in emissions, an
NPV of USD 3.24 million, and a 6.67% reduction in the average flight—ground cycle time. With
equal weights, the composite index was (.740. Across the four weighting schemes considered, the
index ranged from 0.713 to 0.778. The sensitivity analysis of NPV to the SAF price premium
indicated a break-even threshold of approximately USD 483 per tonne, with all other parameters
held constant. The scientific novelty of the study lies in adapting the composite indicator
methodology to the preliminary screening of green aviation logistics projects. The study is limited
by the scenario-based rather than corporate nature of the input data, therefore, the actual
effectiveness of implementation must subsequently be validated using verified data from a specific
airline or airport.

Keywords: green logistics, air transportation, economic efficiency, sustainable aviation fuel,

SAF, key performance indicators, KPI, net present value, NPV, greenhouse gas emissions,
CORSIA, decarbonization.
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METO/bBI HEJIEHI' AT HCTOYHUKOB AKTUBHBIX ITYMOBBIX ITOMEX

Annomauyun. B pabome uccnedyromces nooxoovl K OnpeoeieHurd yeno8020 NOJONCEeHUs.
00beKmMo8  NOCPeOCmBOM — YCHMAHOBNEHUS — HANPAGIEHUs.  PACNPOCMPAHEHUs.  PAOUOBOJIH,
HOCMYRAOUWUX OM UCIOYHUKO8 PAOUOUZTLYYEHUS UTU PopMUPYeMbIX 8 pe3yTbmame OmpantCceHus
om 0bvekmos. Hccnedosanue 8bINOIHACMCS 8 PAMKAX SPAHMOB020 (UHAHCUPOBAHUS HAYYHO-
mexHu4ecko2o npoexma «Paspabomxa annapamuo-npocpammno2o Komniexca 01a 3a0ay
NACCUBHOU  NeleHeayuu  UCMOYHUKO8  paouousnyuenus JIA Ha ocHoge  mexHonO2UU
UCKyccmeenno2o ummennekma» (0ozosop Ne332/23-25 om 03.10.2025 2., npoexm NeAP
327016/0225). Ilposedenue ucciedo8anutl makice OCYWECMEISemcs 8 COOMEEeMCmeUU ¢
peuienHueMm nepgozo samecmumensi Munucmpa o060ponvl Boopyoicennvix Cun Pecnybnuku
Kaszaxcman - nauanvnuka I'enepanvroco wimaba Boopyacennvix Cun Pecnyoauxu Kazaxcman om
18 Hosabpa 2023 200a Ne62-3-4068. B pamkax ykazamHo20 Hanpagienus Ha Kageope OCHOB
B0EHHOU PAOUOMEXHUKU U DJIeKMPOHUKU NPOBOOUMCSA KOMNIEKCHOe U3YYeHUEe COBPEMEHHbIX
Memo008 NACCUBHO20 onpedelleHUss HANpagieHus Hd UCMOYHUKU paouousiydenus. B
COBPEMEHHOU paouonenreHeayuu BaXdCHOU 3adauei Oocmaemcsi MOYHOe U ONepamueHoe
onpeoeneHue yeno8blx KOOpOUHAM UCTNOYHUKO8 PAOUOUZLYYEHUS, BKII0UASL AKMUBHbIE CPEOCNEA
NOCMAHOBKU nomex. /15l 3mo2o HeoOX00UMO HAUMU KOMAPOMUCC MEAHCOY MOYHOCNBIO USMEPEHUL,
OOHO3HAYHOCMbIO NPUBSA3KU U NOMEX0YCMOUYUBOCMbIO 000PYOOBAHUSL 8 CIONCHBIX VCI0BUAX
MHO20Y4e8020  pacnpocmpauenus. B Odaumnoii  pabome nposooumcs  cpagnumenbHbuiil
meopemuyeckull. aHAIU3 AMIIUMYOHbIX U (Pa308bIX Memo008 NeNeH208AHUs C YENblO
cucmemMamu3ayuy Ux mMexXHU4ecKux O2cpanudeHull u noucka nymeu ux npeodoienus. C
UCNONIL30BAHUEM MEMO008 MAMeMamuiecKkoeo auHaiu3d paouomexHudeckux cucmem u
aHanumu4eckoeo  0000wenus — CNeyuaru3uPOBaAHHoOU  IUMepamypvl  NpPoGeoeHa  OYeHKA
3a8ucumMocmu  4y8CMEUMENbHOCIU — annapamypvl  Om  2eoMempuu  AHMEHHbIX  CUCEM.
JononnumenbHo nposedeno yucienHoe Mooeruposanue azoeo2o Memooa neieHeayuu Memooom
Moume-Kapno ¢ eapvuposanuem omuouieHus d/A, OMHOWEHUS CUSHAT/WYM U Yela Npuxood
cueHana. Amanuz nokasviéaem, 4mo KiACCUYECKUL MemooO MAKCUMYMA AMAAUMYObl 00aadaem
HU3KOU 4Y8CMBUMENbHOCMbIO K neleH2o8anuio. Pazosvle Memoovl, Hanpomus, obecneyusaom
Oonee 8bICOKYI0 MOYHOCHb, OOHAKO NO Mepe VEeIUdeHUs PACCMOSHUSL MeXCOy aHMEHHAMU OHU
CMAnKu8aomes ¢ npooaemoll HeOOHO3HaAYHOCmU nenened. B pezynomame nposedennotl pabomul
COCNaH 6bI800 O MOM, YUMo OJIi OOCMUNCEHUS HeoOXO0OUMOU MOYHOCMU U OOHOZHAYHOCMU
usmepeHuli Haubonee YenecoobpasHo UCHOIBL308AMb KOMOUHUPOBAHHLIE MHO2OKAHATbHbIE
nooxoovl. Kpome moeo, enedpenue cospemeHHbIX aneopummos yughposot oopabomru CueHaI08
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(nanpumep, ancopumma MUSIC) u ucnonvszosanue adanmueHvlX AHMEHHbIX PEuemoKr Mo2ym
KOMNEHCUPOBAMb GUSHUE 0eCMADUTUSUPYIOWUX PAKIMOPO8 MHOOLYHEe8OCTI.

Knrwoueewie cnosa: amniumyonas neieneayus, azosas neienHcayus, 30Ha 0OHAPYICEHU,
NOCMAHOBWUK AKMUBHBIX NOMEX, CUSHAT, NeleH2, NOMEXO3AWUWEHHOCTb.

Beenenue.

s onpeneneHus HalpaBiIeHUsI HA UCTOYHUK PaJMO4acTOTHOIO U3IyUYEHHs IPUMEHSIOTCA
pa3MYHbIe PAJMOTEXHHYECKHE METOJbl. B ciydae, Korma yrjioBOoe€ IOJOXEHHE OOBEeKTa
YCTaHABJIMBAETCA HA OCHOBAaHUM W3MEHEHUs AMIUIUTYbl CUTHAJIA, TOCTYAIOUIEr0 Ha IPUEMHOE
YCTPOMCTBO, JaHHBIA IMOAXOJ OTHOCIT K aMIUIMTYJHBIM METOJaM IeneHrauuu. V3menenue
YPOBHSI IPUHUMAEMOr0 CHUTHaJIa IPU 3TOM OOYCIIOBJIIEHO HAINPaBICHHBIMU XapaKTePUCTUKAMU
AQHTEHHBIX cHCTEM. [Ipyryro Tpymmy COCTaBISAIOT (ha30BbIe METOMBI, B KOTOPBHIX MH(OpMAIys o
HAINPAaBJICHUU HAa UCTOYHHMK M3JIyYEHUs OINpeAensieTcs 1mo (pa3zoBbIM COOTHOLICHHSIM CHUTHAJIOB,
NOCTYNAIOUIMX Ha IPOCTPAHCTBEHHO pAa3HECEHHbIE AaHTEHHbIE AJIEMEHTHl. lcnonb3oBaHue
da30Boil pazHOCTH MEXIy MNPUHUMAEMBIMH CHUTHAJIAMU TIO3BOJIIET OMNPENEIUTh YTIIOBOE
MI0JIO’)KEHNE MCTOYHUKA OTHOCUTEIBHO aHTEHHOW cHcTeMbl. B coBpeMeHHO# paauorneneHrauuu
KJIFOUEBOM 3a7auel SIBJISIETCS TOYHOE W ONEPATHBHOE OIPEICICHHE YIJIOBBIX KOOPJIWHAT
(HampaBiieHMsI) HA UCTOYHUKH PaJMOU3IyUYEHUs], BKJIIOYas MOCTAHOBIIMKN aKTHUBHBIX LIYMOBBIX
nomex. CyIiecTBYIOIIUE KIACCUYECKHE METO/IbI MENICHTallUHY - aMILTUTYIHBIH U ()a30BbIi - UMEIOT
PSA IPUHIUITHATBHBIX TEXHHYECKUX OrpaHHYEHHA, CHUKAIOMUX MX 3()()EKTUBHOCTH B peabHBIX
ycnoBusx [1]:

Crenuduka TMeJIeHralud WMEHHO ITOCTAaHOBIIUKOB aKTHUBHBIX IIYMOBBIX ITOMEX
3aKiovaeTcss B (PU3MYECKOW TpUpOJe HX H3MydeHHs. Takue HCTOYHUKH (QOPMHUPYIOT
HEIPEPHIBHBIA [TyMOBOW WJIM IIYMOIIOAOOHBIN CHUTHAJ BBICOKON MOIIHOCTH, YTO MPUBOAMUT K
paboTe M3MEPUTETHHOTO TpPaKTa MeJeHraTopa B YCIOBHUSIX SKCTPEMAIbHO HU3KOTO (3a4acTyio
OTPHIIATEIIEHOTO) OTHOIICHUS CUTHAN/myM (SNR). B oTnuume OT meneHramyuy CBSI3HBIX WA
PaAMOIOKALIMOHHBIX CHUTHAJOB, TJ€ BO3MOXHO HAKOIUIEHHE IOJE3HOI0 CHUTrHaia, MOLIHAs
aKTUBHAsI IOMEXa MACKUPYeT aMIUTUTY IHbIC U (Da30BbIC pa3inyrsi Ha pa3HECEHHBIX aHTEHHAX, YTO
CYILLIECTBEHHO CHUKAET yCTOWYMBOCTh CUCTEMBI K (DITYKTYallMOHHBIM OIIMOKAM.

Jis  aMIIuTYJIHBIX METOJIOB: TJIABHBIM JECTaOMIM3UPYIOUIMM (AKTOPOM  SIBISETCS
MHOT'OJTy4€BO€ PACIPOCTPaHEHHE painOCUrHala (OTpaXeHUs OT penbeda, 3AaHui 1 atMmochepsl),
KOTOpPO€ MCKaXXaeT n3MepsieMble aMIIUTy1bl. COBpEMEHHbBIE UCCIIEIOBAHUS MOJITBEPKIAIOT, YTO
B YCIOBHUAX IUIOTHOM 3aCTPOMKHM HCKaKEHHUS CIeKTpa TpeOyroT NpUMEHEeHHs LIHU(POBBIX
KOPPEISILIMOHHO-UHTEPPEPOMETPUUECKMX METOJOB JJIi BOCCTAHOBJICHUS AHAJTUTHYECKOTO
curHana [2]. Takke MeTO/Ibl KPUTUYHBI K YPOBHIO LIIYMOB, T€OMETPUM aHTEHH U CTaOMJIBHOCTH
npueMHoro Ttpakrta. OtnenbHble Moau(UKAUM (METOA MakcuMyma) o0JajaloT HU3KOU
HEJIEHTallMOHHON YyBCTBUTEIBHOCTBIO M3-3a CIIIAXKEHHOU (DOpMBI AMarpaMMbl HAIIPaBIEHHOCTH.

Jnst $a3oBBIX METOJOB: OCHOBHOM MPOOJIEMON BBICTYNAET HEOOXOJIUMOCThH >KECTKOU
BpEeMEHHOH! U (a30BOI CHHXPOHHU3AIMU IPUEMHBIX KaHanoB. KpoMe Toro, BO3HUKaeT BHyTpEHHEE
IIPOTUBOpPEUHE: AJIsl MOBBILIEHUS] TOYHOCTH HEOOXOAMMO YBEIMUYUBATH 0a3zy MEXJIy aHTEHHaMHU
d/A , OmHAaKO 3TO MNPHUBOAMUT K CYKEHHIO JHara3oHa OJHO3HAYHOIO H3MEPEHHs YIJIOB U
BO3HHUKHOBEHUIO JIBY3HAYHOCTH IEJICHTA.

CrnenyeT mOQUYEpPKHYTh, YTO XOTS BBINOJHIEMbIH HAYYHO-TEXHUUYECKUN MPOEKT B IIEJIOM
HalpaBJieH Ha CO3JaHHE KOMIUJIEKCA C HCIOJb30BaHUEM TEXHOJOIMH MCKYCCTBEHHOTO
UHTEJUIEKTa, HACTOsIIas paboTa  MOCBSIIEHA  HCKIIOYUTENbHO  0a30BOMY  (pH3UKO-
MaTeMaTUYeCKOMY aHaju3y KJIaCCHYECKUX M3MEpUTENbHBIX TpakToB. Bompockl BbIOOpa
apXUTEKTYpbl HelpoceTe, aIropuTMOB MAITMHHOTO 00y4YeHHsI, JOPMHUPOBAHUS JAaTaCETOB U MX
HKCIIEPUMEHTAJIbHON peau3alii MOJTHOCTHIO BHIXOAT 32 paMKU JaHHOU CTAaThH.

Takum 00pa3oMm, CyIIECTBYEeT HayyHO-TEXHHYECKas IpobiieMa MOUCKa KOMIIpOMHCCca
MEXJIy TOYHOCTHIO TEJIEHTalli¥, OJHO3HAYHOCTBIO OTCYETa YIVIOBBIX KOOPJIMHAT U
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MOMEXO03aIIHUIIEHHOCTEI0O CHUCTEM B YCJIOBHUSX MHOTOJIYYEBOTO pPACIPOCTPAHEHHS] BOJH U
HECTaOUIIbHOCTU TapaMeTpPOB 000PYAOBAHHUS.

B crathe oTMewaercs, dYro 0a30BBIE TEOPETUYECKHE U TMPAKTUYECKUE ACIEKTHI
aAMIUTUTYAHBIX U ()a30BBIX METOOB MEJICHTAllMK OIPOOHO HCCIEA0BAaHbI B KIIACCUYECKUX TPYAax
110 paJMOHABUT ALK U PaANOJIOKauH [3-6].

B coBpemenHoii nmuTeparype (B 4aCTHOCTH, B paboTax [7-8]) akTUBHO pacCMaTPHBAIOTCS
BONPOCHI TOBBIIICHHSI IEJICHTAlMOHHON YyBCTBUTEIBHOCTH U YCTPAaHEHHs] HEOJHO3HAYHOCTH
u3MepeHuii. McciaenoBaHust pa3BUBAIOTCS MO IBYM OCHOBHBIM HAIPABICHUSIM:

MonepHu3aiys aHTEHHBIX CUCTEM M allapaTHO YacTH: PaCCMOTPEHBI METO/bl BBEACHUS
¢azoBparareneii Ha yroa g,Z[JISI MPEBpAICHHSI TTEJICHTAIMOHHON XapaKTePUCTUKU B HEUETHYIO
(GYHKIHIO, a TAaK)KE MPUMEHEHNE MHOTOKAHATIBbHBIX (MHOT00a30BbIX) 1 MOHOUMITYJIbCHBIX CUCTEM.

AnroputMuueckre MeToabl (mudpoBas oOpabOTKa): B KauyecTBE IMEPEIOBBIX IMOAXOIOB
YIOMHHAIOTCS COBPEMEHHBIE TMPOCTPAHCTBEHHO-BPEMEHHBIC AJITOPUTMBI OIEHKH HAIPaBIICHUS
npuxoja curHaiga (B yactHoctH, anroputM MUSIC - Multiple Signal Classification), MeToasl
aanTUBHONW (WIBTPAIMM W KOMIUICKCHPOBAaHUE ITaHHBIX C HECKOJBKUX pPacIpeaelICHHBIX
MPUEMHBIX CTAHLIUN (MyJIbTUIICIICHTAIMS U TpuiaTepaius). CpaBHUTENbHBIN aHATTU3 TOKa3bIBAET,
YTO anropuT™sl noanpocrpancraa (Takue kak MUSIC u Beamscan) o6ecrieunBaroT CyieCTBEHHO
0oJ1ee BRICOKYIO pa3peliaollyio ClioCOOHOCTh MU OIIEHKE HallpaBiieHus npuxoja curaaia (DoA)
M0 CPaBHEHUIO C KJIACCUYECKUMH MeTo1aMu [9].

B mocnegnue roasl anis pemieHUs nmpoOaemMbl CHIKEHUS TOYHOCTU TIEJIEHTa B YCIOBHSIX
HU3KOTr0 OTHOIICHHS CUTHAI/TITyM (SNR) 1 MHOTOJTy4€BOCTH aKTHBHO BHEIPSFOTCS] aDXUTEKTYPBI
riyookoro oOyuenusi (Deep Learning) [10]. CoBpeMeHHBbIE HCCIIEOBaHMS MOKA3bIBAIOT, YTO
HEHUPOCETEeBBIC MOJETU CHOCOOHBI 3(P(PEKTHBHO HM3BIEKATh MPOCTPAHCTBEHHBIC MPU3HAKH W3
KOBapHAIlMOHHBIX MAaTPHUII ¥ HAPSMYIO BOCCTAHABJIUBATD YTJIOBbIE KOOPAMHATHI 1aXKe MIPH MAJIOM
ymciie orcueroB [11]. B yacTHOCTH, HCII0JIB30BaHNE CBEPTOYHBIX CETE U THOPUIHBIX aPXUTEKTYP
MO3BOJIIET AITOPUTMHUYECKH YCTPAHATh BIUSHUE KOPPETUPOBAHHBIX HMCTOYHMKOB U IIYMOBBIX
GyKkTyanuii, JEMOHCTPHUPYS TMOBBIIICHHYI POOACTHOCTh IO CPABHEHHUIO C KIACCHYCCKHMH
METOIaMH TIOITPOCTPAHCTBA B CIIOKHOM AJICKTPOMArHUTHOU oO0cTaHoBKe [12].

DNeMEHTHl HayYHOH HOBH3HBI JAHHOTO HMCCIIEAOBAHUS 3aKIIOYAIOTCS B CIICIYIOIIEM: BO-
MEPBBIX, MPOBEACHO KOJIMUYECTBEHHOE (YHCIEHHOE) MOICTHUPOBAHUE YSI3BUMOCTH KJIIACCUYECKOTO
($a30BOT0 MeTO/A IMEJCHTAA K YCIIOBUSAM DKCTPEMATbHO HHU3KOTO OTHOIIEHUS CHUTHAJ/IIYM,
XapaKTepHOTO0 MMEHHO IJIs MPSMOTO BO3JEUCTBUS aKTHBHBIX IIIYMOBBIX IOMEX; BO-BTOPBIX, Ha
OCHOBE CHCTEMAaTH3aIlNH BBISIBJICHHBIX OTPAHWMUYEHUH MPE/I0KEeHA KOHIICTITylTbHAS apXUTEKTypa
KOMOMHHMPOBAaHHOTO  ammapaTHO-MPOTPAMMHOTO  KOMIUIeKca,  ¢GopMupyoomas  (U3HKO-
MaTeMaTHYECKHUI 0a3nc IS MOCIEAYOMEro KOMIUICKCUPOBAHUS KIIACCHICCKUX U3MEPHUTEIILHBIX
TPAKTOB C AITOPUTMAMHU MAIIMHHOTO O0YYEHHUSI.

[lenb paboOTHI - MPOBECTH CPABHUTEIBHBIA TEOPETUYCCKHH aHAIM3 aMIUIUTYJHBIX H
$a30BBIX METONOB pPAJAMONEICHTAllMH, OINPEAeINTh MaTeMaTUYECKUE 3aBHUCHUMOCTH UX
TMIEJICHTAIMOHHON YYBCTBUTEIBPHOCTH W TOYHOCTH OT T€OMETPUU AHTEHHBIX CHUCTEM, a TaKXKe
JIOTIONTHUTh TEOPETUYECKUE TMOJIOKEHHSI YHCICHHBIM MOJAENUpoBaHHEM (a3oBOoro meroda AJs
OIICHKH BIUSIHUS OTHOIIEHU d/A, OTHOIICHHS CUTHAJI/IITYM U YTJIa TPUXO0Ja CUTHAIa Ha TOYHOCTh
¥ OJTHO3HAYHOCTH ONPEIEICHUS HAMIPABICHUS.

MartepuaJjbl 1 METObI HCCJIEIOBAHNS.

Amnaumyonvie Mmemoowl nenenzayuy. AMIUIATYIHbIE CIIOCOOBI ONpeieNIeHNs] HallpaBIeHUS
Ha UCTOYHUK PATMOU3ITYUYEHHUS UCIOIB3YIOT 3aBUCMMOCTh YPOBHS MPUHUMAEMOIO CHUTHajla OT
YTJIOBOTO TMOJIOKEHUSI ICTOYHHUKA OTHOCUTEIFHO aHTEHHOUM cucTemsl [6]. B mpocreiimem ciaydae
HANPaBIIEHHBIE XapaKTEPUCTUKH (OPMHUPYIOTCS TONBKO TPUEMHON aHTeHHOW. Ecmu ee
JMarpaMMa HanpaBJIeHHOCTH O00O03Ha4€Ha KaK fy,q) , TEJICHTAMOHHAS XapaKTEPHCTHKA

paauoIieieHraTopa MOXeET OBITh npeaAcCTaBJICHA CICAYIOINM 06p8.30MZ
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U(a) = kfnp(a), €y

rze k - koappumuenT npornopruoHaIbHOCTH.

B ciyuae, korma HampaBJCHHBIE CBOWCTBA IMPUCYIIM OJHOBPEMEHHO TMeEpeAarmeii u
NPUEMHONM aHTECHHAM, IEJICHTaIllMOHHAS XapaKTEPHCTHKA ONPENENSETCS C Y4eTOM Juarpamm
HanpasneHHocTh 06enx antenn: U(a) = kfy, (@) fupq (),

€ fupn(@) - OMarpaMMa HaNpaBJIEHHOCTH INEpeNaroIeli anTeHHbl. Eciu onna m Ta xe

AHTEHHA MCIIOJIB3YETCS KaK JJid Mepeliaun, Tak U JIJid [pueMa CUTHaJIa, BhIPaKCHUE MPUHUMAET
COOTBETCTBYIOLLIHUM BUI:

fupn(@) = frp(@) = f(a) suauur: U(a) = kf*(a). (2)

Amnaumyounas neneneayus. Ilpunyun pabomwvi. AMIUIMTYIHBIA CIIOCOO OmpeaeeHUs
HaIpaBJEHUsl MPEANoJaraeT MCIOJb30BaHUE AHTEHHOM CHUCTEMBI, COCTOSIIEW W3 JIBYX WIIU
HECKOJIbKUX PA3HECEHHBIX MPHUEMHbIX aHTeHH. [Ipu mocTyIuieHnn pajguocurHaga Ha aHTCHHbBIE
AJIEMEHTHI (OPMUPYIOTCS CHUTHAJIBI, YPOBHU KOTOPBIX 3aBUCAT OT IIOJIOKCHHUS HWCTOYHUKA
OTHOCHUTEIILHO JMarpaMM HalpaBJICHHOCTH aHTEHH. Jlosg ompeaeneHus HampaBiICHUS
aQHAJM3UPYETCS PA3HOCTh AMIUIUTYJ CHUTHAJIOB, MPUHSTHIX OTAEIbHBIMU aHTeHHamu. [lpu
M3BECTHOM MPOCTPAHCTBEHHON 0aze MEXIy aHTEHHaMH W OIpEe/IeJIeHHONW pPa3HOCTH ypOBHEH
MPUHUMAEMBIX CHUTHAJIOB HANpaBJICHHE HA HWCTOYHUK PATUOU3IYUYCHUS] YCTaHABIMBACTCS
MOCPEACTBOM COOTBETCTBYIOIIUX T'€OMETPUUECKUX U TPUTOHOMETPUUECKUX 3aBUCUMOCTEH.

Ilpeumywecmeéa. K OCHOBHBIM TNPEUMYIIECTBAM AMIUIUTYAHOW TMEJICHTAllUU OTHOCSTCS
CPaBHHUTEIBHO TMpOCTas TEXHUYECKas pealu3alus U OTCYTCTBUE KECTKMX TpeOoBaHUI K
BBICOKOTOYHON CHHXPOHM3AIMU OTACJIBbHBIX MPUEMHBIX KaHAJIOB. DTO TMO3BOJISIET CO3/aBaTh
OTHOCHTEJILHO ITPOCThIE MHOTOKAHAJIbHBIE CUCTEMBI OIPEICIICHUS HAIPABIICHHUS.

Ilpoonemvr  u  ocpanuuenus. OpHEUM W3 Hawboyee CYMIECTBEHHBIX  (DAKTOPOB,
OTPAaHUYMBAIONIUX  TOYHOCTh  AMIUIUTYJHOW  TEJEHTaluu,  SBISETCS  MHOTOJIy4eBOE
pacmnpocTpaHeHue paauoBoiH. [lpu B3auMomelcTBUU paJMOCUTHAIA C TMOBEPXHOCTHIO 3EMIIH,
3IaHUSIMU, DJIEMEHTaMHU pelibeda 1 HEOTHOPOAHOCTAMH aTMOC(HEPHI B TPUEMHYIO CUCTEMY MOTYT
MOCTyNaTh CHUTHAJIBI, PACIPOCTPAHSIONINECS IO Pa3IWYHBIM TpaekTtopusiM. WHTepdepeHius
OPSIMOTO W OTPAKEHHBIX CHTHAJIOB HW3MEHSET WX aMIUTHTYIHBIC XapaKTEePUCTUKH U, Kak
CJIEJICTBUE, MPUBOAUT K OIIUOKAM MIPH OMpEeICHUN HalpaBIeHUSI.

JIOTIOTHUTEIFHBIM YCIIOBUEM HAJSKHOW pabOThl METOJ/Ia SIBISETCS BBICOKAs TOYHOCTH
M3MEPEHUS aMILTUTY Il IPUHUMAaeMbIX cUrHaNOB. [IIymbl, BHEIIHKE JIEKTPOMArHUTHBIE TOMEXHU
U HECTaOWUJBHOCTh IapaMETPOB MPHUEMHOTO TpaKTa CIOCOOHBI CYIIECTBEHHO YXYJIIATh
pe3ynbTaThl u3MepeHuit. Ha TOYHOCTh MeneHranuy Takke OKa3bIBAIOT BIUSHIE paboyas 4acToTa,
B3aMMHOE PACIIOJIO0KEHUE aHTEHHBIX JIEMEHTOB, X OpPUEHTAIM, MOJISIpU3aIis IPUHUMAEMOTO
CUTHala W OTHoleHHe curHan/myM. ClenyeT YYHTHIBAaTh M TEOMETPUYECKHE MapaMeTphl
aHTEHHON cucTembl. [lorpemrHocTH oOmpeneneHuss PAcCTOSHUS MEXKIy aHTCHHAMH, a Takke
OTKJIOHEHHUS HX (HaKTUYECKOW OpPHUEHTAIMU OT PACYETHOTO TMOJIOKEHUS HEMOCPEACTBEHHO
CKa3bIBAIOTCS] HA TOYHOCTH BBIYUCIICHUS YTIIOBOM KOOPAMHATHI HCTOYHHKA.

[IpumenuTenbHO K 3aJade OOHAPYXKEHUS AaKTHUBHBIX IIYMOBBIX TIOMEX TJIABHBIM
OTpaHWYEHUEM aMIUTMTYJTHOTO METOJa CTAHOBHUTCS JHEpPreThdeckass MackKupoBka. [lockombky
MOCTAHOBIIMK IMOMEX IIeJIEHANPABIEHHO MEPeKphIBaeT pabouuii AMana3oH YacTOT MOIIHBIM
OCJIBIM WJIM OKpPAIIIEHHBIM IIIYMOM, BBIJICJICHHUE HE3HAYMTEIIbHOW Pa3sHOCTH aMIUIUTY]l Ha (oHe
BBICOKOT'O YPOBHS BHEIIIHETO IIIyMa TPeOyeT HepUeMIIeMO OOJIBIIIOT0 BpEMEHH YCPEeTHEHUS. DTO
JUIIAET CHUCTEMY OINEPAaTUBHOCTH W 3HAYUTEIBHO CHIDKAET A((PEKTUBHOCTH KIACCUYECKOTO
METOJIa MAaKCUMYyMa B YCIIOBUSAX PAAHONPOTUBOACHCTBUSL.

Dazosan neneneayus. [lpunyun pabomsei. B oTnnyne ot aMIIuTyHOTO crioco0a, ¢pa3oBbIi
METOJI OCHOBaH Ha aHayM3e ()a30BBIX XapaKTEPUCTUK CHUTHAJIOB, MPUHUMAEMBIX HECKOIbKUMU
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IPOCTPAHCTBEHHO pPAa3HECEHHBIMH aHTEHHaMu. B Hambornee pacnpoCTpaHEHHOW cxeme
OPUMEHSIOTCS JBe WM Ooyiee IMPUEMHBbIE AHTEHHBI, CUTHAIbl KOTOPBIX IIOCTYNAKOT Ha
(azocpaBHUTENBHOE YCTPOICTBO. OCHOBHBIM HM3MEPSIEMBIM MapaMeTpoM sIBIIsETCS (ha30BBII
CABUI Mexay curHamamu. Da3oBblil JeTeKTOp IpeoOpa3yeT pa3HOCTh (a3 B BBIXOJHOU
JIEKTPUUECKUI CUTHAJ, BEJIMYMHA KOTOPOro omnpezensercs (a3oBbIM COOTHOIIEHUEM BXOTHBIX
Kosiebanuii. Ilpu W3BECTHOM pPACCTOSHUU MEXIY aHTCHHaMHU W W3MEPEHHOW pa3HocTH a3
HalpaBJIeHUE MPUXO/AA JIEKTPOMArHUTHOM BOJIHBI OTHOCUTEIBHO aHTEHHOH 0a3bl MOXET ObITh
pPacCUMTaHoO.

Ipeumywecmea. OTHUM U3 BaXXHBIX JOCTOMHCTB ()a30BOr0 METOAA SBISETCSA €r0 MEHbIIas
3aBHCUMOCTh OT M3MEHEHWHl a0CONIOTHOTO ypOBHS IpHHHMaeMoro curraiga. Ilpu
COOTBETCTBYIOLIEH TEXHUYECKON peanu3anuu (a3oBas MeJIEHIralus M03BOJISIET NOody4aTk Oonee
BBICOKYI0O TOYHOCTb OIPEIEICHUS YIJIOBOIO IIOJOXKECHUS MCTOYHHMKA II0 CPABHEHUIO C
aMIUIMTYAHBIMU METOJAMM.

Ilpobnemvl u oepanuuenus. K OCHOBHBIM TEXHHYECKUM TpeOOBaHUSAM (a30BOr0 METOIA
OTHOCUTCSI 00€CrIeYeHHEe BBICOKON TOYHOCTH BPEMEHHOI'0 U (pa30BOT0 COIIACOBAHUS MPUEMHBIX
kaHayoB. [laxxe HeOompme (ha3oBbIe WIIM BPEMEHHBIE PACCOTIIACOBAHUS MOTYT HPUBOJAUTH K
HOTPEIIHOCTSM IPU U3MEepeHHH (ha30BOrO C/IBUIA U, CIEIOBATEIbHO, K OIIMOKAM ONpeAeIeHUs
HaIlpaBJI€HUs HAa WCTOYHMK. TOYHOCTH METOJA TaKKE 3aBUCUT OT YCIOBUH PacIpOCTpaHEHUs
panuoBOJIH. MHOroiy4eBOCTb, IAapaMETpbl M B3aUMHAasi TI'€OMETPUsS AHTEHHOM CHCTEMBI,
CTaOMIBHOCTH ()a30CPaBHUTEIBHON amlmaparypbl, pabodasi 4acToTa M OrpaHHYEHHBIN JUana3oH
OJITHO3HAYHOTO onpezeneHus (a3oBOH pa3HOCTH SBISAIOTCS (aKTOpamMH, KOTOpble HEOOXOIUMO
YUUTBIBATh MPH MPOESKTUPOBAHUU U IKCILTyaTaluu (a3oBBIX PaIUOIIEICHIaTOPOB.

B KOHTekcTe meneHranMu akTUBHBIX IOMEX KIOYEeBOH mpobiemoil ¢a3zoBoro merozaa
CTaHOBHUTCA paspymeHne ¢(a3oBoro (¢GpoHTa BOJHBL MOIIHOE NIYMOBOE HW3Iy4YCHHE
IIOCTaHOBIIMKA BbI3bIBAET UHTCHCHUBHBIE CllydyaiiHble (pa30Bble QUIYKTYallul B IPOCTPAHCTBEHHO
pa3HECEHHBIX MNpPHUEMHBIX KaHamax. Kak moka3aHo panee B pe3ynbTaTaX YHMCIECHHOI'O
MOJICJINPOBAHMSL, [1aJICHUE OTHOLIEHUSI CUTHAJI/IITYM /10 OTPULIATEIbHBIX 3HAYeHUH (YTO sABISETCA
IITATHBIM PEKUMOM TIPH MTOJIABJICHNUH ) TPUBOAMT K PE3KOMY POCTY JHcIiepcru (pa3oBoil OMIMOKH,
u3-3a 4ero (pa3oBbI JE€TEKTOpP HAYMHAET BbIJABaTh JIOKHBIE 3HAYEHHUS, 3aMETHO CHMKas
JIOCTOBEPHOCTB IIEJIEHTA.

bazoBelif mpuHLIKO (Ha30BOrO MEJIEHIOBaHUS OOBIYHO 3aK/IIOYaeTcs B OLEHKE (ha30BOTrO
CBUTa CUTHAJIOB, OCTYMAIOIINX HA IPOCTPAHCTBEHHO Pa3HECEHHbIE TPUEMHBIE 3JIeMEHTHI [§]. B
KayecTBe 0a30BOM reOMETpUYECKON MOJIENIN U3MEPUTEIBHON CUCTEMBI MOXKHO MPEJICTABUTH JIBE
TOUYKH npueMa (yciaoBHO 4 u B), pusudeckast AUCTaHLUSA MEXAY KOTOPBIMU 00pa3yeT aHTEHHYIO
6a3y mmmHoi d. Kak mpaBmiio, mpu pacueTax Iojaraercs, 4To HMCTOYHHUK DPaJUOU3IYydEeHUs
HaxoJUTCA B JanbHEN 30HE. [Ipy BBINOIHEHUM STOrO yCJIOBMS NAJAIOIUN dJEKTPOMArHUTHBIN
(GPOHT MOKHO C IOCTaTOYHOH CTENEHbIO TOUHOCTH PACCMaTPUBATh KaK MIOCKHIA.

N3-3a TOTO, YTO 3JIEKTPOMAarHUTHOE U3ITy4EHHUE IPOXOIUT HEOJUHAKOBBIN Iy Th OT LIEJIEBOTO
VCTOYHUKA J10 KKIO0W U3 aHTEHH, BO3HUKAET FeOMETpHUECcKasl pa3HOCTh Xxoa. CiecTBUEM 3TOTO
3¢ (deKTa CTaHOBUTCS PETUCTPUPYEMBII (a30BbIH CIBUT ¢, KOTOPBIHM BBIYUCIIAETCS YEPE3 PA3HUILY
JUCTAHIIMK OT U3JIydaTeist 10 NPUEMHBIX Y3JI0B:

2
Pp = TH(RA — Rp). (3)

rae R4 u Rp - pacCTOSIHMS OT MCTOYHMKA 1O IEPBOM M BTOPOM NPHUEMHBIX AHTECHH
COOTBETCTBEHHO. Eciin pacCTossHUE 10 UCTOYHHMKA 3HAUUTENIBHO IPEBHIIIAET BEIUUNHY aHTEHHON
6a3el (RA > d u RB > d), HanpaBneHus: pacpocTpaHeHus! BOJIHbI K 00EUM aHTEHHaM MOYKHO
CUMTATh NPAKTUUYECKU MApaJJIENbHBIMU. B paMkax Takoil annmpoKCUMaluu FreOMETPUYECKast CBA3b
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MEX/y Pa3HOCTBHIO XO7a BOJH M YIJIOM MPHXO0Ja CHTHajla OOBIYHO BBIpaXKaeTCs Kak: Ry > d u
2T .
Rg > d Y, = Tdsma,

e a - yroia MexAy HOpMajbl0 K aHTEHHOM O0a3e M HampaBiICHUEM Ha HCTOYHUK
pauou3IyyeHUsI.

W3mepsist ha3oBbIi CABUT, MOKHO TOTBITATHCS OIIEHUTH YTOJI MPUXO0JIa BOJIHBI C TIOMOIIBIO
00paTHOMN 3aBUCUMOCTH:

a = arcsin (27:;’//1). 4)

31ech BUAMTCSA LI€Ieco00pa3HbIM Oosiee MOAPOOHO OCTAHOBHUTHCS HA MATEMAaTUYECKUX U
anrmapaTHbIX OTPAaHUYCHUAX QYHKLIUHU apKCHHYca B KOHTEKCTE paauornenenranuu. Kak npasuio,
JUId TIOJTY4EHUs OAHO3HAUYHOW M (PU3MYECKH JOCTOBEPHOM OLIEHKM YyIyla IMpHUXOJa CUTHaia
3HaYeHHE U3MepIeMoi (pa30BOil pa3HOCTH QP JOJKHO CTPOTO HAXOAUTHCS B Ipeenax IJIaBHOTO
uHTepBasa [-m, n]. Ecim ucTuHHas reomerpuueckas pasHOCTbh (a3 HauMHAET MPEBBIIIATH 3TOT
nana3oH (Y4TO 3a4acTylo HAONIONAeTCs IMPH HCIOJIB30BAaHUHM H3MEPUTENbHBIX 0a3 d>A/2 u
OTKJIOHEHUM HMCTOYHHMKA OT HOPMAJM), MPOUCXOAUT (a30BbIil mepexo] uepe3 rpaHuisl +m. B
MOMEHT TaKOTO IepeXoia U3MEPUTEIbHBIN TPAKT OOBIYHO IMTPUBOIUT (MU «3aBOpaunBaeT») Gaszy
oOpartHo B 6a30BbIil nHTEpBai. IIpumenenne Gopmyisl (4) K TakOMy IPUBEICHHOMY 3HAYEHHUIO,
KaK 1 0)KMaacTcsa, 1a€T MaTEMAaTU4YCCKU IIOHyCTHMI:Iﬁ, HO (1)I/I3I/I‘-IGCKI/I JIO>KHBIH YToJ. HNmenno stot
MEXaHU3M CKauKOOOpa3HOro Mnepexoa yepes3 £ MOKHO pacCMaTpUBATh KaK OCHOBHYIO IPUUUHY
BO3HUKHOBEHUsI (Pa30BOMl HEOJHO3HAYHOCTH, KOTOpPAsl CYHIECTBEHHO OrPAHUYMBAET CEKTOP
0030pa npu paboTe ¢ MUPOKOOA30BBIMU AaHTEHHBIMU CHCTEMAMHU.

I[JISI OIPCACIICHUA ABYX YTJIOBBIX KOOpAMHAT HCTOYHHKA B TPCXMCPHOM IIPOCTPAHCTBEC
MOJKET TPUMEHATHCS JOMOJHUTENbHAs Napa NpueMHbIX aHTeHH. CoBMmecTHas o00paboTka
pe3y/ibTaToOB U3MEPEHUI B OOJIBIIMHCTBE CIIy4aeB MO3BOJISET ONPEAEIUTh IPOCTPAHCTBEHHOE
HalpaBJIeHUE Ha UCTOYHHUK. B KauecTBe OCHOBHOro (ha304yBCTBHUTEIBHOIO YCTPOMCTBA 4acTO
ucnonb3yercst (a3oBeId JeTeKTOp. Ero BBIXOJHOE HANMpsDKEHHE 3aBUCUT OT PAa3HOCTH (a3
BXO/IHBIX CUTHAJIOB U B O0ILIEM CITy4ae MOXKET ObITh ONTUCAHO KOCUHYCOUAATbHON 3aBUCUMOCTBIO:

S = k cos ¢y, (5)

C yderom 3aBUCHMOCTH (a3pl OT YIJIa, MEJEHrallMOHHAs XapaKTepUCTHKa (a3oBOro
paJuoIeNeHraTopa MoXeT ObITh MPEJICTaBIeHA B CIEAYIOLIEM BUJIE:

U(a) = cos (27” d sin a). (6)

JUis ManibIX YIJIOB, KOTJa CHpPaBeAIUBO MPUOIMKEHHE Sin(0) = o, BUJUTCS BO3MOXKHBIM
MCIIOJIb30BaTh JIMHEIHOE MpescTaBieHue. B 3ToMm ciayyae BblpakeHHUEe TPUHUMAET YIPOLICHHBIN
BUJI:

U(a) = cos (27” da). (7

[Tonobnoe mnpubIMKeHUEe OOBIYHO CUUTAETCA IOIMYCTUMBIM IPH HAXOXKICHUH OO0BEKTa
BOJIN3M HOpPMaJIM K aHTEHHOM 6a3e, 01HaKO MpU OOJBIINX OTKJIOHEHUSX YIJla HOIPEIIHOCTh TaKOH
anmnpoKCUMallU MOKET CYIIECTBEHHO BO3PACTaTh.

Yucnennas mooenv u napamempvl Mooeauposanus. Jns KOIMYeCTBEHHON HIUTIOCTPAIlUH
TEOPETUYECKUX 3aBUCUMOCTEH, PpACCMOTPEHHBIX BbIIIE, ObUIO BBIIOJHEHO YHCIECHHOE
MOJICIUPOBAaHNE JBYXaHTEHHOM (a30BO MeEJEHrallMOHHOM CcHCTeMbl. MojaenupoBaHue
MIPOBOJIUIIOCH B TIporpamMMHO# cpene Python metomom MonTte-Kapno. B kadecTBe OCHOBHBIX
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BaphbUPYEMBIX MMAPAMETPOB PACCMATPHUBAINCH OTHOIICHHE MPOCTPAHCTBEHHOH 0a3bl K IJIMHE
BostHBI d/A (BeIOpans! 3HaueHus 0.25, 0.5, 1.0, 2.0), otHomenue curnan/mym (SNR) B quanazone
o1 -10 10 20 nb 1 UCTUHHBIIA yToJ Ipuxo1a curHasa 6 B peaenax +60°. s kax10ii KoMOMHAIINN
napameTpoB BeINOJHI0CH N = 10000 He3aBUCUMBIX pealu3aliuii.

B monenu ¢a3oBast pa3HOCTh MEXKy CUTHAJIAMH JIBYX IPUEMHBIX 2JIEMEHTOB OIpeAesiiach
BBIPKEHUEM:

Ap = 2msing (8)

s yuyera cily4aliHOM COCTaBJIAIOLIEH W3MEPUTENIBHOM IOTPEIIHOCTH K PaCcCUMTAHHOU
¢da3oBoii pazHOocTH J00aBsUIach rayccoBckas (asoBas ommOka. CpegHekBaapaTHyecKoe
OTKJIOHEHUE (Ha30BOM OIMIMOKM ONPEAEsUIOCh B 3aBHCUMOCTH OT JIMHEHHOTO OTHOIICHUS
CUTHAJI/IIIyM B COOTBETCTBUHM C IPUHATON MOJEIIBIO:

1
25N Ryin ©)

roe SNRun, = IO(SNRHE 719 Tlocne ydeTa IIyMOBOW COCTaBJISIOUICH M3MepeHHas (a3oBas
pPa3HOCTh MPUBOAUIIACH K OCHOBHOMY HMHTEpBANy [-T, 7|, MOCIE YEro HampaBlICHUE MPHUXOAa
BOCCTaHABJIMBAJIOCH IO OOPATHOM 3aBUCHMOCTH:

oA =

A A wr
0= arcsin(ﬁ (10)

B xauecTBe HTOrOBOI METPUKH TOUHOCTH UCTIOIB30BAIACH CPETHEKBAIPATHYECKAS OLTHOKA
(RMSE) onienku yria:

RMSE = \/%zﬁl(éi — 9)2 (11)

rzie  — oleHKa yria B i-if peanusanuy, a @ — 3aJaHHBII HCTHHHBINA YTOJ IPUXO0/IA CUTHATIA.
Takoe mnpezncraBieHUE MO3BOJSAET HEMOCPEICTBEHHO BOCIPOU3BECTH OCHOBHOE OIPAHUYEHHE
KJIacCu4ueckoro ($a30Boro Meroja: yBeiandeHue d/A moBBIMIaeT YyBCTBUTEIBHOCTh K M3MEHEHHIO
yria, HO OJHOBPEMEHHO MPHUBOJUT K (ha30BOM HEOJHO3HAYHOCTH MIPU MPEBBIIIEHUH H3MEPSIEMO
($a30BoIi pa3HOCTHIO MHTEPBANA [-T, T].

Pe3yabTaThl 1 HX 00CyKaeHMe.

B 3aBucumoct oT cmnocoba (QOpMHpPOBAaHUS IEIEHTAllMOHHOM XapaKTepUCTUKU
AMnaUmMyoOnvle Memoobl ONPECIICHHUs] HAPaBJICHUS MOJPA3AEISAI0TCA Ha METOJbl MAKCUMYyMa,
MUHUMYMa 1 cpaBHeHus [6]. [Ipu ncnosnb30BaHNM METOIa MAKCUMYMa HAIIPaBJICHUE HA ICTOYHUK
PaAMOU3IyYEHUsl OIpEAEsieTcsl B MpOLecce IJIaBHOTO HM3MEHEHMs IOJIOKEHUS Juarpammbl
HaIpPaBJIEHHOCTH NIPUEMHON aHTEHHBI. IeeHr COOTBETCTBYET TaKOMY IOJIOKEHHUIO TUAarpaMMBl,
IIPU KOTOPOM €€ MAaKCHUMYM Olo COBIIAJAET C HAIIPABICHUEM Ha OOBEKT 0. B 3TOT MOMEHT ypOBEHb
HaIpsDKEHUs Ha BBIXOJIE MPUEMHOT0 YCTPOMCTBA IOCTUTAET HAUOOIIBILIEr0 3HAUCHHMSL.

Meton wmakcumyma 3¢h@exTuBeH Onarogaps NpPOCTOW TEXHUYECKOW peanu3aluu u
JOCTH)KEHUIO0 MAKCHUMAaJIbHOTO OTHOIIEHHUS! CUTHAJI/IYyM TOYHO B MOMEHT MeseHrauuu [3].

B 10 e Bpems CylecTBEHHBIM OIpaHUYEHHEM JIaHHOTO MOJX0/1a SBJSETCSI OTHOCUTEIBHO
HEBBICOKAsl INEJICHrallMOHHAs 4YyBCTBUTEIBHOCTb, BCIEACTBHE YEr0 TOYHOCTH ONPEIEIICHUS
YTJIOBOTO MOJIOXKEHUS NCTOYHUKA OKA3bIBACTCSI OTPAaHUYEHHOM.

[leneHranoHHass 4YyBCTBUTEIBHOCTb XapaKTEPU3YyEeT M3MEHEHHME BBIXOAHOIO CHUTHAIA
pajuoneNneHratopa IMpu  HEOOJbIIOM HW3MEHEHUM YIJIOBOTO  TOJOXKEHUS  Juarpammbl
HaIpPaBJIEHHOCTH OTHOCUTENBHO HaIIPaBJIEHNs Ha UCTOYHUK. KOJIMYeCTBEHHO JaHHBIN MapameTp
oTpeeNsieTcsl BEIMYMHON KPYTH3HBI MEJICHTallMOHHON XapaKTePUCTUKU:

93



Ne3(42) AAA XKAPLLbICHI

au(a)
da

Kn=| |a:a0. (12)

OneHuTs a0CONIOTHYIO MOTPELIHOCTh ONPEAETICHHUS YIVIOBOW KOOPAUHATHI MOYHO I10
cienytouieir popmyne, rae U — mopor 4yBCTBUTENBHOCTH (MUHUMAIIBHBIA PETHCTPUPYEMBIN
C/IBUT) BBIXOJIHOTO HANPSKEHUS U3MEPUTEIILHOTO TPaKTa:

AU
Aa = K_n (13)

CrnenoBarenbHO, YBEIMYEHUE KPYTU3HBI MEJIEHTallMOHHON XapaKTePUCTUKU HMPUBOAUT K
MOBBIIIIEHUIO YYBCTBUTEIFHOCTH PAUOIEIIEHTaTOpa U YMEHBIICHUIO TIOIPEITHOCTH ONPEICICHUS
yria [7].

[IpakTHyeckoe NpUMEHEHHE METOAa MaKCMMyMa OTPaHMYMBAETCS TEM, UYTO BEpUIMHA
JarpaMMbl HalpaBICHHOCTU AHTEHHBI, KaK IPaBUJIO, UMEET JOCTAaTOYHO IUIaBHYIO (opmy.
[TosToMy B HENOCPEICTBEHHOH OMM30CTH OT MaKCHMyMa KpyTH3HAa TeJICHTalMOHHON
XapaKTepUCTUKHU HEBEIMKA, YTO U 00YCIIOBJINBAET CPABHUTEIBHO HEBBICOKYIO TOYHOCTh JJAHHOTO
MEeTo/1a.

B Mmeroze MuHMMyMa MCHOJB3yeTCs AMAarpamMMma HalpaBICHHOCTU C SPKO BbIPAXKEHHBIM
npoBaJioM. B mporiecce M3MEHEHHsI €€ YIIOBOTO IOJIOKEHHUS OMpEeNsieTcss MOMEHT, KOorna
MUHMMYM TIE€JICHIallMOHHOM XapaKTepUCTUKU COBIAJACT C HAlpaBIEHUEM Ha MCTOYHHUK
pamuounsnyuenus [6]. B paccMarpuBaeMOM MOJIOKEHHHM BBIXOJHOE HANpPsDKCHHE MPUEMHUKA
OpPUHUMAaeT MHMHUMalbHOE 3HaueHue. Ilockoiibky B 001acTM MUHMMyMa IeEJIEHTallMOHHAs
XapakTepucTuKa obnamaer OoJbIIell KpyTH3HOH, 4eM BOJW3M MaKCHMyMa, IOTEHIMAIbHAs
TOYHOCTb OIIpE/IeNICHHsI HalpaBJIeHUs oKa3biBaeTcs Bbliie. OJIHAKO MPUMEHEHHE METOa CBA3aHO
C OIpeaesIeHHBIMU OrpaHUYeHUsIMH. BOnMM3u HanpaBieHus HA OOBEKT YPOBEHb NMPHHUMAEMOTO
CUTHaJIa 3HAYUTEJIbHO YMEHbBINIAETCs, BCIEACTBUE YETr0 yXyALIAIOTCS YCIOBUS €ro Ha/lIekKHOIo
oOHapy’>KeHHs W OLEHKH JanbHOCTH. [lo 3TO# mpuymHE METOJ MHHHMyMa MPEUMYIIECTBEHHO
UCIIOJIb3YEeTCsl B paIiOHABUTALIMOHHBIX CUCTEMaX IPU ONpe/IeICHUN HAlIPaBJICHUs Ha UCTOYHUKH,
XapaKTepU3YIOLINECs TOCTaATOUHO BICOKUM YPOBHEM COOCTBEHHOT'O M3IyUYeHHUS [4].

B Metone cpaBHEHHs YIJIOBOE IOJIOKEHHE HCTOYHMKA ONpEAENseTcs IMOCPEICTBOM
COITOCTABJICHHUS aMIUTUATY/] CUTHAJIOB, (POPMHUPYEMBIX JIBYMsI KAaHAJIAMU W COOTBETCTBYIOIIHNX ABYM
nepeceKkaroIuMcsl AuarpamMmmaM  HampaBieHHOCTH fi(a) u f,(«) . BbixonHbsle HanpskeHHS
COOTBETCTBYIOIIUX MPUEMHBIX KAHAIOB OIPEIEIISIOTCS BBIPAKCHUSMU:

S1 = kifi(a), Sy = kaf>(ao). (14)

Jnst ucKItOYeHHs] BIUSHUSA OOIIET0 YpPOBHS NPUHUMAEMOTO CHUTHala IeJIeco00pa3Ho
HCIIOJIb30BaTh OTHOILIEHHUE BBIXOJHBIX CUTHAIOB. B pe3ysbraTte nonydaem:

S1 k1f1(aop)
=== = 15
Sz kafa(ao) (15)

DKCcIepUMEHTAIbHOE OIpe/IeIeHUe OTHOIICHUS! CUTHalloB S M pelneHue ypaBHeHHs (15)
OTHOCHUTEIIBHO (X MO3BOJISIFOT HAUTH UCKOMOE HAalPABJICHUE HA HCTOYHUK PAJHONU3ITYYEHUS.

CyIlIeCTBEHHBIM  INPEUMYIIECTBOM  METOJIa CpPAaBHEHMsI  SIBISETCA  BO3MOXKHOCTH
OINEPATUBHOTO OIpENIeJICHUs] HANpPaBJICHUS B OTHOCHTEIBHO IIMPOKOM YIJIOBOM CeKTope 0e3
HEO0OXOJMMOCTH MEXaHMYECKOT0 IIepeMelIeHHs] aHTeHHOI cucTteMsbl [6]. BmecTe ¢ TeM TOUHOCTb
MOJIy4aeMoro pe3yibTara onpezaesnsercs GopMoil HCIONb3yeMbIX IUarpaMM HalpaBIeHHOCTH, UX
B3aMMHOM OpUEHTALUEN U YIIIOM NPUXO0/A dJIEKTPOMArHUTHON BOJIHBI.
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YacTHBIM CJIydacM MCTO1a CPAaBHCHUA SIBHSIGTCSIPCZGHOCMZHCZJZbelﬁ cnocob neineneayuu, Ipu
KOTOPOM YCJIOBHEM OIPCACIICHUA HAIIPAaBJICHUA CIIYXXUT PAaBCHCTBO aMILUIMTYJ CHUIHAJIOB JABYX
IMPUECMHBIX KaHAJIOB:

2=, (16)

OCHOBHBIM NpeuMymeCTBOM pPaBHOCUTHAJIBHOTO MCETOJAA ABJIACTCA  BO3MOXHOCTH
JOCTHIKCHUS CpPaBHHUTCIBHO BBICOKOH TOYHOCTHU OIpCACIICHHUA er'IOBOfI KOOpJIMHATLI. 9T0
O6YCJIOBJI€HO TEM, UTO UBMCPCHUC ITPOU3BOJUTCA HA YUACTKC HCHCHFaHI/IOHHOfl XapaKTCPUCTUKHU
C JOCTAaTO4YHO BBICOKOH KPYTHSHOﬁ. PaBHOCUTHAIILHBIN IMPUHIMUII ITOJIYYHJT ITUPOKOC IIPUMCHCHUC
B aBTOMATHUYCCKHUX CHUCTCMAX COIPOBOKIACHUA 00BEKTOB IO YIJIOBBIM KOOpAWHATAM. B rtakux
CHCTEMAaX B KayC€CTBEC I/IH(i)OpMaTI/IBHOl"O nmapaMeTpa MOXET HCIIOJIB30BaThCd HE OTHOIICHHUEC, a
Pa3HOCTh BBIXOJHBIX CUTHAJIOB IBYX KaHAJIOB:

[TonydyeHHOE paccoraacoBaHUE MCIIOIB3YETCS CUCTEMOW YIIPABIICHUS ISl KOPPEKTUPOBKHU
MOJIOXKEHUST AHTCHHOW CHCTeMBbl JIMOO €€ JuarpaMMbl HalpaBlieHHOCTH. HampaBieHue
KOPPEKTUPYIOIIETO BO3JEHCTBUS OIpEACNsieTCsl 3HaKoM BeduuuHbl S . CucreMa CTpeMUTCs
YMEHBIIUTh PacCOrjacoBaHUE [0 HYJEBOI'O 3HAYEHUS, BCIEACTBUE YEro PaBHOCUTHAIBHOE
HaIlpaBJIeHUE HEMPEPHIBHO U3MEHSETCS BCIIE 3a IEPEMEIICHUEM 00BEKTA.

Metoabl cpaBHEHHsSI HaXOJAT NMPUMEHEHHWE KaK B MHOTOKAHAJIBHBIX PajuoIeIeHraTopax,
BKJIIOYAsi MOHOUMITYJIbCHBIE CUCTEMBI, TAK U B OJJHOKAHAJIBHBIX YCTPOMCTBAX. B MHOrOKaHAJIBHOM
peann3alinuy CUTHAIbI CPAaBHUBAIOTCS OJHOBPEMEHHO, YTO CIIOCOOCTBYET MOBBIIIEHUIO TOYHOCTHU
M3MEPEHU M TIOMEXOYCTOMYMBOCTM CHUCTEMBI. B OJHOKaHAJIBbHOM BapHaHTE Juarpamma
HaIIPaBJIECHHOCTH MEPUOJNYECKH H3MEHSETCS, @ CONOCTAaBICHUE CUTHAJIOB OCYLIECTBISETCS
MEXKJly OTCYETaMM, MOJYYEHHBIMH B Pa3JIMYHbIE MOMEHTBI BpEMEHHU. Takas CTPyKTypa
OTJIMYACTCS OoJIbIIEH MPOCTOTOM, OJIHAKO XapaKTepU3yeTcs Ooiee HHU3KOH
MOMEXO0YCTOMYUBOCTHIO [4].

IIpy “uCnoNb30BaHUM CUMMETPUYHOM TEJICHIAlIMOHHOM XapaKTEPUCTUKHA B OKPECTHOCTH €€
a = 0 xpyTu3Ha MOXKET ObITh HEJIOCTATOYHOM J1s 00€CTIeueHUsT BBICOKOM TOYHOCTH ONIPEIeTICHUS
HarpaBieHusi. Kpome Toro, BCieACTBUE YETHOCTU TAKOM XapaKTEPUCTHUKU OJHOMY U TOMY e
3HAYEHHUIO BBIXOJHOTO CHUTHAJa MOTYT COOTBETCTBOBATH JIBA CHMMETPUYHBIX HAMPABJICHUS. DTO
MIPUBOJIUT K HEOJHO3HAYHOCTH OIIPEIEIICHHS YTIIOBOM KOOPAUHATHI.

[ns ycrpaHeHus1 yKa3aHHOM HEOTHO3HAYHOCTH U MOBBIIIEHHS YyBCTBUTEILHOCTH B OJIUH U3
MPUEMHBIX KaHAJIOB BBOAUTCS (ha30BbI CABHUI BENTUYMHOW 7/2. B pe3ynpraTte cCUMMETpus
MEJICHTaI[MOHHOM XapaKTepUCTUKU HapyIIaeTcs, ¥ OHA MpUoOpeTaeT BU HeUeTHOW (DyHKIIUU:

U(a) = sin (27” da) ~ 27ﬂda. (18)

I[J'IH HaXOXKIACHUSA KPYTU3HBI MEJISHTallMOHHOMN XapPaKTCPUCTUKHU UCTIOJIb3YCTCSA BBIPAKCHUC!

au (a) d

K, =——|4=0 = 21— 19
p (@) |a—0 A ( )

Poct orHomenus d/A. BCACT K YBCIIMYCHUIO MeJCHTallMOHHOM 9yBCTBUTCIIBHOCTHU, YTO
IIOBBIIIACT TOYHOCTH OIpECaACICHUA yl“J'IOBOP’I KOOpJAWHATHI. OnmHako YBCIIUUCHUC
HpOCTpaHCTBeHHOﬁ 0a3bl OTHOCUTEIHHO JUIAHBI BOJIHBI OTHOBPEMCHHO IMPUBOJAUT K COKPAIICHHUIO
HHTEpBAJIa OAHO3HAYHOI'O ONPCACICHUA YIJIa. ,HJ'ISI obOecrieueHus OJHO3HAYHOI'0 HM3MCPECHUA
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(a3oBoii pasHOCTH HEOOXOAMMO BBHINOJHEHUE COOTBETCTBYIOIIErO ycnoBus: |@p| <. s
MaJIbIX YTJIOB JAaHHOE COOTHOIICHWE IPUHIUMAET YIPOIIEHHBIN BHI:

2nd
P~ (20)

BenenctBue 3TOro  auamna3oH  OJHO3HAYHOIO  ONPEICICHHs YIJIOBOM KOOPAMHATEI

= ﬁ'

Ha mnepBom »dtame ObLIO wuCcleAOBaHO BiusHue oTHomeHuss d/A Ha ¢da3oByro
xapakTepucTuky cucremsl (Puc. 1a). Ilpu d/A = 0.25 3aBucuMocTs (pa3oBOi pa3HOCTH OT yria
ocTaeTcs OTHO3HAYHOU BO BCeM paccMmarpuBaeMoM nuanazone. [Ipu d/A = 0.5 da3oBas pazHocTh
JIOCTUTAeT TPAHMIIBI OCHOBHOTO HMHTEpBaja £m mpu |f] = 90°, mo3ToMy B paccMaTpuBaeMOM
JMara3oHe YIJIOB HEOAHO3HAYHOCTh HE BO3HHUKAET, OJHAKO JajbHEWINee yBeIW4YeHue Oas3bl
MIPUBOAMT K COKPAIIIEHUIO CeKTopa oiHO3HauHOTo u3Mepenus. [Ipu d/A = 1.0 u 2.0 nabiromgarorcs
noBTOpSIONIMecs (a3oBble MEPEeXOo/bl, OOYCIOBICHHBIE NpHUBEIeHUEM (a30BOM pPa3sHOCTH K
uHTepBaiy [-m, m]. dus d/A = 2.0 rpaHuIia OCHOBHOTO OJTHO3HAYHOTO CEKTOPA COCTABIISCT:

ONPEIETSAETCS COOTBETCTBYIOUIEH 3aBUCUMOCTBIO: A%

. (1
6] < arcsin | 57 | » 14.5¢ 21
A
Takum 00pa3oM, pe3ylbTaThl MOJCIUPOBAHMS MOATBEPKIAIOT TEOPETHUYECKUM BBIBOJ O

CymICCTBOBAHMU KOMIIPOMUCCA MCKOY HeJIeHFaHHOHHOﬁ YYBCTBUTCIIBHOCTHIO W JUAlla30HOM
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(a) (6) (8)

Pucynok 1 — 3aBucumocts uzMepsieMoit pasHoCTH (a3 OT UCTUHHOTO yIJla PUX0/1a CUTHANA JUIs
pa3nu4uHbIX 3HaYeHu# d/A (a); 3aBUCUMOCTD cpenHekBaapaTuueckoil ommoku (RMSE) onenku
yrJia OT OTHOIIICHUS! CUTHAJ/IITyM Tipu pukcupoBanHo# 6a3e d/A = 0.5 (0); 3aBUCUMOCTD
cpeanekBaparudeckoil ommbku (RMSE) neneHroBanust OT UCTUHHOTO yIila PUX0/1a MPU
¢ukcupoBanHoM SNR = 10 nb (B).

Ha BropoM o9rame  wHccnenoBaloch — BIMSHME — OTHOIIEHHMSI  CUTHA/IIYM — Ha
CPEIHEKBAIpaTUUYECKyI0 OINOKY omnpenenenus yriaa (RMSE) npu ¢pukcupoBanHoM d/A = 0.5 mis
pa3IMYHBIX UCTUHHBIX yrioB mpuxoja curHana (Puc. 10). C ymenbmenuem SNR HaOmronaeTcs
3aKOHOMEpPHOE yBelIHueHue ounoOku neneHroBanus. Hanbomnee BbIcOKask TOUHOCTh JOCTUTAETCS
IIpU BBICOKUX 3HaueHusx SNR; Hanpumep, npu SNR =20 nb RMSE nns 6 = 0° cocTaBisieT 0KoJIo
1.3°. IIpu SNR = -10 nb ommbka BO3pacTaeT 10 HECKOJbKHX JIECATKOB IpPaaycoB, YTO
KOJINYECTBEHHO TOATBEPXKAAET YSI3BUMOCTh KIJIACCHMYECKOTO (a30BOr0 MeTo[a MpHU IMPsIMOM
BO3/ICHICTBMM aKTUBHBIX IIYMOBBIX IIOMEX, KOTJa CHCT€Ma BBIHY)KJEHa paboTaTh B YCIOBHUSAX
HKCTPEMAIbHO HU3KOT'O OTHOIIEHUSI CUTHAJI/IITYM.

Ha Tpetbem 3Tamne Obl1 Hcciie1oBaH COBMECTHBIN 3 (EKT yriia npuxoja u oTHoueHus d/A
npu ¢ukcupoBanHoM SNR = 10 ab (Puc. 1B). B6mu3u HOpmanbHOro HampasieHus (60 = 0°)
yYBEJIMUYEHUE MPOCTPAHCTBEHHOW Oa3bl MPUBOIUT K CYIIECTBEHHOMY CHMKeHuio RMSE. B
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gactHoctH, ansi d/A = 0.25 ommbka cocraBnsier okono 8.2°, Torma kak mpu d/A = 2.0 oHa
yMEHbIaeTcsl NpuobauszutenbHo 10 1°. OaHako ¢ yBENIMYEHHMEM YIUIa Tpuxoja ais
MIMPOKOOA30BOI CHCTEMBI MIPOMCXOIUT pe3Koe yxyaumeHue tounoctu. s d/A = 2.0 yxe npu
npuOMKEHUHM K TpaHUIE OJHO3HAYHOTO CceKTopa okoio +14.5° Bo3HukaeT ¢azoBas
HEOJIHO3HAYHOCTh, BCJIEJICTBUE KOTOPOW BOCCTAHOBJIEHHBIH YTOJ MOXKET COOTBETCTBOBATH
JIO’KHOM BETBU IEJICHTAIMOHHOM XapaKTePUCTUKUA. DTO MPUBOAUT K PE3KOMY CKAuKOOOPa3HOMY
yBenuueHuto RMSE 3a npenenaMu 0JJHO3HAYHOTO CEKTOpa.

[TomyuyeHHble pe3yabTaThl YHCICHHOTO MOJAEIMPOBAHUS MOITBEP)KIAIOT TEOPETHUECKHUE
MOJIO’KEHHUS, TMpPEe/CTaBlIeHHbIe B padoTe: yBeIWYeHHE OTHOUIeHHsS d/A MO3BOJISET MOBBICUTH
YIJIOBYIO YyBCTBHTEIBHOCTh M TMOTEHIMAJIBHYIO TOYHOCTH (pa30BOTO MEJNCHTOBAHUSA, OTHAKO
OJIHOBPEMEHHO YMEHbIIAET JUana3oH OJHO3HAYHOTO OMpPEIEIICHUS HAaIPaBJICHUS.

OO0001IeHHBIE PE3yJbTaThl CPABHUTEIBHOTO TEOPETUYECKOTO aHaln3a, OOBEIUHSIONINE
KJIACCUYECKHE OCHOBBI PAJMOHABUTAIMM U COBPEMEHHBIE aJTOPUTMHYECKHUE TOIXObI,
npezcrasiensl B Tabnune 1. Kak BUAHO U3 MpUBENEHHBIX JaHHBIX, HU OJJUH U3 METOJIOB B CBOEM
M30JIMPOBAaHHOM BHUJIE HE CHOCOOCH OJHOBPEMEHHO OOECHEYUTh BBICOKYIO MEJICHTal[HOHHYIO
YyBCTBUTEIBHOCTh, YCTOWYHMBOCTh K JCCTAOMIM3UPYIOIUM (akTopaM ¥ OJHO3HAYHOCTH
U3MEpPEHUI

Ta6n1z1ua 1 - CpaBHI/ITCHBHbII;'I dHaJIN3 XapaKTCPHUCTUK METOAOB IICJICHIaluu MUCTOYHHUKOB

AUOU3JTYUCHU A
Metona [enenranuonHas JAuanazon YcroituuBocts K | AnnapatHas u | KiioueBbie
neJeHranum YyBCTBHTEJIbHOCTh O/IHO3HAYHOI'0 MHOT0JIy4eBOCTH | BBIYHCJIUTEIbH | 0COOEHHOCTH U
H TOYHOCTh U3MepeHust U IIoMeXaM asi CJIOJKHOCTh NpUMEHeHHe
AMIUTUTY AHBI Huskas. Kpytusna [Hupokuit Hwuskas. Curnainst Huskas. He Haet
i (Meton XapaKTePUCTHKH (ompenensiercst CHJIBHO Tpedyer Haubounblee
MaKCUMyMa) BOJIM3M CITIAXKEHHOTO | MIMPHHOI OCHOBHOTO HCKaKarTCs BBICOKOTOYHOM OTHOILICHUE
MakCHUMyMa Majla, 4To | JIeNecTKa AUarpaMMsbl | OTPaKCHUAMH OT (azoBoit CHTHAJI/IIyM B
BEJIET K pOCTY HaMpaBJICHHOCTH penbeda u CHHXPOHH3ALUH MOMEHT
MOTPELTHOCTH QHTCHHBI). 3aCTpOiKH, KaHaJIOB. oTcuera.
U3MEpEHHsI. TpeOys Hoaxomut nmst
KOpPEISIHOHHO- CHCTEM C
uHTEpHEpOMETpH HEBBICOKHMH
4eCKOTo TpeOoBaHHUAMHU
BOCCTaHOBJICHHUSI. K TOYHOCTH.
AMIIUTY IHBL Beicoxast. HInpoxuit. Huskas. B Hwxe cpennei. [To3Bonser
i (Metox ObecnieunBaeTcs 3a YCJIOBUSIX IITYMOB TOYHO
MUHHMYyMa) CYeT M3MEpeHUs Ha "mpoBan” OTIpEeNIeNTUTh
ydJacTKe ¢ 3aMBIBaeTCS, UTO yTOJ, HO U3-32
BBIP2KEHHBIM CHIKaeT Maoit
MPOBAJIOM H BBICOKOI1 JIOCTOBEPHOCTE. aAMIDIATY B
KPYTH3HOI. CUTHaNa
3aTpyAHsAeT
OTIpeieNieHue
JTQJIBHOCTH.
IIpumensiercs
JUTSL MOIITHBIX
HCTOYHUKOB.
Ammumutyansl | Ot Beicokoit o oueHb | CpenHuil. OrpaHudex Cpennsis. Cpennss. B ObecrnieunBaet
i (cpaBHEHUs | BbICOKOW. M3MepeHue CEKTOPOM MHorokaHajabHOE | MHOTOKAHAJIbHBI ObicTpoe
/ BBIMOJTHSIETCS Ha HepecedeHust IByX CpaBHEHUE X cUCTeMax OTIpeieNieHue
PaBHOCHUTHaJIb CKaTtax auarpamm C AuarpamMm IMO3BOJIACT HCO6X0}II/IMa HarpaBJICHUA
HBII) MaKCHMabHO HAaIpaBJIEHHOCTH. YaCTUIHO cTporast (6e3
KPYTH3HOM. KOMIICHCHPOBATh UICHTHYHOCTh | MEXaHHYECKOTO
BIIMSTHHE TTOMEX. XapaKTePHCTHK BpAIICHNS).
MPUEMHBIX [Iupoko
TPaKTOB. NPUMCHACTCA B
cucTeMax
ABTOMATHYCCKO
ro
COIIPOBOXKICHUS
eJei.
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DazoBbIit OueHb BBICOKAsL. V3kuit. O6patHO Huskas. ®azoBas Beicoxast. [orenunansuo
(kmaccudecku Bospacraer npsimo MIPOTOPLIOHATICH HHTEphEPEHINS Tpebyer HaunboJee
i MIPONOPLUOHATIBHO pa3Mepy aHTEHHOM NIEPEOTPAKEHHBIX HaJIA4Us TOYHBIA METOJ
uHTEpepome YBEIHYCHUIO 0a3bl; pH OONBIINX Jy4ell BBI3bIBACT (ha3oBbIX u3
D) OTHOIICHNUS 0a3bl K 0a3zax BO3HHKaeT KPUTHIECKHE JIETEKTOPOB 1 KIIACCHYECKHX,
JutHe BOJHEI (d/A). JIBY3HAUHOCTb coon. JKECTKOM HO TpeOyeT
(MHOTO3HAYHOCTB) BpPEMEHHOH 1 KOHCTPYKTHBHBI
TEJIEHTa. (azoBoit X peleHul uis
CHHXPOHU3ALUH yCTpaHEHHUS
KaHaJIOB. HEOJHO3HAYHOC
TH (HampuMmep,
KOMOUWHALUN
MaJlbIX 1
Oospmux 6az).
Kom6unmnposa Bericokas Mupoxwuii. Beicoxast. OueHb BBICOKAsL. Cunraercs
HHBII (cBepxpazpemenue). | WHterpamms meronos | IIpocTpancTBeHHO Tpebyer OJTHUM U3
(MHOr06230B Kak npaswuio, HHTEPPEPOMETPHUH C -BpEMEHHAas KOTE€PEHTHOTO Haunboee
Bl (ha30BBIN HCTIOJIb30BaHUE ANrOpUTMaMu o0paboTka u npuema, 3¢ PeKTHBHBIX
+ 1HOC) ITOPUTMOB MOJIPOCTPAHCTBA U aJlanTHBHBIC BBICOKOCKOPOCT peeHui s
MOATIPOCTPAHCTBA UCIIOb30BaHHE PELIETKH Heix AL n COBPEMEHHBIX
(MUSIC, Beamscan) | pa3HOpa3MepHBIX 0a3 MO3BOJISIFOT 3HAYUTEITHHBIX CHUCTEM
MO3BOJISIET AITOPUTMHIECKH BBIJICTIATH MIPSIMOIT | BBIYUCIHUTEIHH TIEJICHTAI[UN B
CYIIECTBEHHO YCTPaHSIOT CHUTHAII U BIX PECYpPCOB. YCIIOBHSIX
HOBBICHTD HEOTHO3HAYHOCTb. MOJABIIATH CIIOXHOU
Ppa3pemnayo aKTUBHBIE TIOMEXU JNEKTPOMATHUT
CIIOCOOHOCTD IO [3]. HOH
CPaBHEHUIO C 00CTaHOBKH U
KITACCHYECKIMHU MHOTOJIy9€BOCT
MeTronamu [9]. u [8].

MHorokaHainbHBIM CIOCOO TeJeHTauK [8] MO3BOJSET MOBBICUTH TOYHOCTh U3MEPEHUN U
YCTPaHUTh UX HEOJHO3HAYHOCTb. Tak, B JABYXKaHaJbHOH CXeMe 3a CUeT TPeTbel aHTEHHbI
dbopmupyrotcs e 6a3pl — Maliast U Oosbinas. Maras 6a3a HCIoNb3yeTes IS TPEeIBAPUTEIIEHON
OLIEHKHU HaIIPaBJICHUS U 00eCIIeYnBaeT 0IHO3HAYHOCTh ONPENIEIeHNUs yTIJia, TOrAa KaKk yBelInYeHne
JUTMHBI 0a3bl TIO3BOJISET MOIYYUTh 00JIee BBHICOKYIO pa3pemarolylo0 ClIOCOOHOCTh U BBIITOJHHUTH
YTOUYHEHHBII OTCYET YIII0BOM KoOpauHaThl. [Ipu 3ToM coBpeMeHHbIe KOMOMHUPOBaHHbIE METOIBI,
MHTETPUPYIOLINE KOPPENSIHOHHbIE MHTepdepoMeTpbl Ha ocHoBe L1-HOpMBI ¢ anropurMom
MUSIC, no3BoisttoT 3¢ ¢GeKTUBHO paszpemaTsh (pa3oByH0 HEOJHO3HAYHOCTh Jake NMPU MajoM
OTHOIIIEHUU curHai/urym [13].

KpoMe ToOro, BaXKHbIM aCHEKTOM SIBJISETCSI OILIEHKAa IapaMeTpPOB KOIePEHTHBIX U
HEKOTEPEHTHBIX ICTOYHUKOB B PAaCIpeACTICHHBIX PUEMHBIX CHCTEMAaxX (MYJIbTHIICJICHT AN ), YTO
TpeOyeT NpUMEeHEHUsI MOAU(DUIIMPOBAHHBIX AJITOPUTMOB ITPOCTPAHCTBEHHOTO CriakuBaHus [14].
B cBoto ouepenp, HCIIOIb30BaHKE aIalITUBHBIX AHTEHHBIX CUCTEM B TAKMX KOMILJIEKCAX IO3BOJISET
dopMHpoBaTh y3KME JAMarpaMMbl HANPaBIE€HHOCTH, YCWIMBAaTh CUTHajJbl TpeOyeMoro
HaAIpaBJIEHUs U IMPOCTPAHCTBEHHO MOJABIATh H3IyYEHUsS, NOCTYMNAlOIIME C HEXeIaTeabHbIX
HarpaBieHuu [15].

Jlis HarjasAHOrO MpeACTaBIEHUS ONMMCAHHOIO KOMIUIEKCHOTO IO/XO0Jla Ha PHUCYHKE 2
npuBeieHa 00001IeHHAs CTPYKTYpHasl cxema pazpabaTbiBaeMOM IMEIEHIallMOHHOM CHCTEMBI, BCe
AJIEMEHTHI KOTOPOI MpeACTaBIsA0T co00i MpeayiaraeMyro KOHIENTYaJbHYI0 apXUTEKTYpY.

MecTto paccMaTpuBaeMbIX KIACCHYECKUX METOAOB M aJlTOPUTMOB IIU(PPOBOK 00pabOTKH B
nanpHennen Al-apxuTekType KOMIUIEKCa 3aKJIF0YAeTCsl B IEPBUYHON MMOATOTOBKE MPU3HAKOBOTO
npocTpaHcTBa. BeruncieHHble (a3oBble CABUTUM M IMPOCTPAHCTBEHHBIE CIIEKTPHI (IIOJIY4YEHHBIE,
Hanpumep, merogoM MUSIC) mnaHupyercs HCNONb30BaTh B KAa4eCTBE CTPYKTYPHUPOBAHHBIX
BXOJHBIX JAaHHBIX (0OydaromMx BBIOOPOK) JJIsl HEHPOCETEBBIX MOEJEH, 4TO 00ecrneduT HX
po0OaCTHOCTH TIPH KIACCU(UKAITUN TTOMEX.
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CTPYKTYPHAS CXEMA MENEHTALMOHHON CUCTEMbI

ATNMAPATHAS YACTb MPOrPAMMHAS YACTb (LIOC) B#ﬁﬂg‘;“i
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Pucynok 2 — CtpykTypHas cxeMa HeJIeHrallMOHHON CUCTEMBI

YcrpaHuTh  HEOJHO3HAYHOCTh NPU  ONPEACICHUM  HANpaBICHHUS HAa  MCTOYHUK
palHOU3IYyUYECHUSI MOKHO C NIOMOIIBIO AHTEHH C Y3KMMH JHarpaMmaMy HarpaBieHHOCTH. [Ipu
9TOM IIMPUHA (@, AUarpamMMbl JIOJDKHA COOTBETCTBOBATh YCTAHOBJIEHHOMY YCIOBHIO: &, <
Aoy - Hcnonb3oBaHue OCTpOHANpPaBICHHBIX AHTEHHBIX CHUCTEM HE TOJIBKO IO3BOJIAET

o0ecrneynTs OJJHO3HaYHOCTD MEJICHralliy, HO U MTOBBIIIAET YIJIOBOE pa3pelleHue, Onarogaps yemy
CTAaHOBUTCS BO3MOXHBIM Pa3JIMUEHUE HECKOJIBKUX OOBEKTOB, PACIOIOKEHHBIX OJIU3KO IPYyT K
JpYTy IO yTIIOBOM KOOpJAUHATE.

3akiroueHue.

B pesynbTare npoBe1eHHOI0 TEOPETUYECKOT0 aHaIM3a aMIUTUTYAHBIX U (a30BbIX METOOB
MEJICHrallii YCTaHOBJIEHO, YTO NMPUMEHEHHE KJIACCHUYECKUX MOJXOJ0B B M30JIMPOBAHHOM BHJIE
3a4acTyl0 OKa3bIBAETCS HEJOCTATOYHBIM Ul 0OecrieueHus: TpeOyeMoil TOUHOCTH, OTHO3HAYHOCTH
Y IOMEXO03AIUIIEHHOCTH B YCIOBUSX CJI0KHOM JIEKTPOMarHuTHOM 00CTaHOBKH, MHOTOJIy4€BOTO
pacrnpoCTpaHEHHUs U aKTUBHOI'O PaUONPOTUBOIEHCTBHS.

IIpoBeneHHoe YHMCIEHHOE MOAEIUPOBaHUE MeToAOM MoHTe-Kapio KOoJn4ecTBEHHO
HOATBEPAMIIO YSI3BUMOCTh KJIACCHYECKOro (a3oBOro MeToja: IMOKa3aHO, YTO MpH MaJCHUU
OTHOWICHMS] CUTHAJ/IIYM JO OTPULATENbHBIX 3HAYEHUH (YTO TUIMYHO MpPHU BO3JIEHCTBUU
aKTUBHBIX IIYMOBBIX TOMeX) HaOmrofaeTcst pe3kuil pocT aucrepcuu ¢(a3oBoi OMMOKH U
BO3pacTaeT pPUCK BO3SHUKHOBEHUS (pa30BOM HEOTHO3HAYHOCTH.

Ha ocHOBe cuctemaru3anuy TEXHUYECKUX OTPAaHUYEHUIN CIENIaH BBIBOJ, YTO OJHUM W3
HauOosee TMEepPCHEeKTUBHBIX pEUIeHUM [JIsi COBPEMEHHBIX CHUCTEM SIBISIETCS TMepexoj K
KOMOMHUPOBAaHHBIM MHOTOKaHAJbHBIM apXUTeKTypaMm. [l CyIIeCTBEHHOro IOBBILICHUS
TOYHOCTH MEJIEHTallud W MUHUMHU3ALUU BIHSHUSA JE€CTAOUIU3UPYIOMUX (AaKTOPOB BbIIEICHBI
CJIEAYIOUIHE 11eJIeco00pa3Hble MOAXO0IbI:

- BHenpeHue anropuTMOB MPOCTPAHCTBEHHO-BpEMEHHOW IM(poBoil 00paboTku (B
YaCTHOCTH, MeToJ0B mnoamnpoctpaHcTBa Thna MUSIC) nns mporpaMMHOro HUBEIMPOBAaHUS
¢$a30B0Oil HEOAHO3HAYHOCTHU U MPOCTPAHCTBEHHON (PUIIBTPALIUU IIIYMOB.

- WHrerpanus MAaHHBIX OT HECKOJBKUX paCHpElENIEHHBIX IPUEMHBIX CTaHIMH
(Tpunarepanusi U MYJBTUIENEHTAIMs), YTO WIPaeT OMNPENENAIONIYI0 pPOJb B IOBBIIIEHUN
JIOCTOBEPHOCTH MPOCTPAHCTBEHHOMN JIOKAJIN3aLlUN UICTOYHHKA.
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- Hcnonp3oBaHue aganTHBHBIX AHTEHHBIX PELIETOK, OOECIEYMBAIOIIUX JUHAMHYECKOE
yIpaBlIeHUE IUarpaMMON HANpaBJIEHHOCTH Il MPOCTPAHCTBEHHOI'O BBIJCIECHUS IOJE3HOTO
CHUTHaJIa.

- CucreMaTHuYeCKUil y4yeT aHAJUTUYECKMX MOJeNed paclpoCTpaHEHHUs PpaJUOBOJIH U
peryisipHas — amnmapaTtHas  KaluOpoBKa  M3MEPUTENBHBIX  TPAKTOB Ui KOMIIEHCAIUU
CUCTEMATUYECKUX ITOIPELIHOCTEN.

Taxkum 00pa3oM, CHHTE3 MHOT00a30BbIX aMIUIUTYJHO-(a30BbIX U3MEPEHUI € aIrOpUTMaMHU
uppoBoii 00pabOTKM CHUTHANIOB (HOPMHUPYET HAAEKHBIN 0a3zuc IS CO3MaHHS COBPEMEHHBIX
IEJICHTallMOHHBIX KOMIUIEKCOB. PaccMoTpeHHble B paboTe MaTeMaTH4ecKue MOAEIH U
IPOCTPAHCTBEHHBIE CIIEKTPHl BBICTYHNAIOT BaXHBIM JTAallOM IPEIBAPUTEIBHON 00pabOTKU
panuocursaioB. B paMkax pa3BuTHs npeasaraeMoil KOHIENTyalbHOW apXUTEKTYpbl KOMILIEKCa
9TH W3BJICUCHHBIC MPU3HAKHU TOCITYKAaT OCHOBOH (CTPYKTYPHPOBAHHOW 00yuaromieil BEIOOPKOii)
JUIl BHEJPEHUsS] aJIFOPUTMOB HMCKYCCTBEHHOro HMHTelIeKkTa. [IpennaraeMblil moaxox MO3BOJMT
CYUIECTBEHHO MOBBICHTH 3(P(EKTUBHOCTH OOHAPYKEHHS W TOYHOTO ONPEICNCHHS YTIOBBIX
KOOpJIMHAT IMOCTaHOBUIMKOB AaKTHBHBIX IIYMOBBIX IOMEX JaX€ B YCJIOBUSAX HHTEHCHUBHOIO
JecTaOMIIN3UPYIOLIETO BO3ICHCTBUSL.

Cnucok urepatypsl

1. AnekceeB, M.B. & Momnokanos, A.A. (2019). ®a30BbIii METOJ paaHOIICICHTAINH.
®opym Monoaslx yueHbX, (12(40)), 23-26. https://cyberleninka.ru/article/n/fazovyy-metod-
radiopelengatsi

2. Sabibolda, A., Tsyporenko, V., Tsyporenko, V., Smailov, N., Zhunussov, K.,
Abdykadyrov, A., Baigulbayeva, M. & Duisenov, N. (2022). Improving the accuracy and
performance speed of the digital spectral-correlation method for measuring delay in radio signals
and direction finding. Eastern-European Journal of Enterprise Technologies, 1(9(115)), 6-14.
DOI:10.15587/1729-4061.2022.252561

3. Singh, R. K., Higgins-Chen, M., Zhou, H., Falkner, B., & Mehta, A. (2023). MUSIC and
Pattern Synthesis Based Anti-Jamming Software Application for Research & Education. In 2023
IEEE International Symposium on Antennas and Propagation and USNC-URSI Radio Science
Meeting (USNC-URSIJ) (pp- 1319-1320). IEEE. DOI: 10.1109/USNC-
URSI52151.2023.10238045

4. Xu, J., Chen, B., Zhang, Z., Li, X., Hou, Y., & Li, Z. (2024, September). 2-D DOA
Estimation Under Mainlobe Jamming Based on Subarray Level Blind Source Separation. In 2024
7th International Conference on Information Communication and Signal Processing (ICICSP)
(pp. 613-618). IEEE. DOI: 10.1109/ICICSP62589.2024.10809034

5. Shen, L., Li, J., Pan, J., Shi, J., Xu, R., Wang, H., & Deng, W. (2025). Domain-adaptive
direction of arrival (DOA) estimation in complex indoor environments based on convolutional
autoencoder and transfer learning. Sensors, 25(10), 2959. DOI:10.3390/s25102959

6. Ahmad B.I., Harman S., Godsill S.A. (2024). Bayesian track management scheme for
improved multi-target tracking and classification in drone surveillance radar // IET Radar, Sonar
& Navigation, 18(1), 137-146. DOI:10.1049/rsn2.12458

7. Zhao, H., Gong, J., & Zhou, C. (2026). A Deep Learning Approach for Direction-of-
Arrival Estimation in Low-SNR Environments. Applied Sciences, 16(12), 5747.
DOI:10.3390/app16125747

8. Namie, H., Nagafuchi, D., & Fujita, T. (2025). Satellite signal arrival direction estimation
to reduce multipath errors using general-purpose receivers and the Multiple Signal Classification
(MUSIC) method in satellite positioning. IEICE Communications Express, 14(6), 257-259.
DOI: 10.23919/comex.2025XBL0034

9. Cahl, D., Voulgaris, G. & Leonard, L. (2023). A comparison of beamforming and
direction finding algorithms (beamscan and MUSIC) on a linear array HF radar in a medium to

100


https://cyberleninka.ru/article/n/fazovyy-metod-radiopelengatsi
https://cyberleninka.ru/article/n/fazovyy-metod-radiopelengatsi
https://doi.org/10.15587/1729-4061.2022.252561
https://doi.org/10.1109/USNC-URSI52151.2023.10238045
https://doi.org/10.1109/USNC-URSI52151.2023.10238045
https://doi.org/10.1109/ICICSP62589.2024.10809034
https://doi.org/10.3390/s25102959
https://doi.org/10.1049/rsn2.12458
https://doi.org/10.3390/app16125747
https://doi.org/10.23919/comex.2025XBL0034

Ne3(42) AAA XKAPLLbICHI

low wave energy environment. Journal of Atmospheric and Oceanic Technology, 40(2), 191-218.
DOI: 10.1175/JTECH-D-22-0005.1

10. Zhou, L., Zhou, S., Q1, Y., Wu, L., & Benezeth, Y. (2025). A deep shrinkage network
for direction-of-arrival estimation with sparse prior. Journal of Marine Science and Engineering,
13(2), 206. https://doi.org/10.3390/jmse 13020206

11. Tian, Q., Cai, R., & Luo, Y. (2024). DOA estimation based on an adversarial learning
network via small antenna arrays. IEEE Canadian Journal of Electrical and Computer
Engineering, 47(4), 226-232. DOI: 10.1109/ICJECE.2024.3472657

12. He, W., Shi, Y., Wang, J., & Zhao, H. (2026). A Low-SNR DOA Estimation Model
Based on Sequential and Convolutional Feature Fusion. Sensors, 26(10), 3093.
https://doi.org/10.3390/5s26103093

13. Jloktnonos, E.1O., [Ipotacos, 10.C., [Iporacos, 10.1O., Tenex, B./l. & Xa3zues, P.P.
(2013). PazpaboTka METOAWMKM KOMOWHHUPOBAHHON HHTEP()EPOMETPHH CBETOIPO3UOHHBIX
MIOTOKOB M KOMIUICKCHOM aBTOMAaTH3MPOBAHHOH 00pabOTKM ee pe3ynbTaroB. MH)KeHepHBIN
JKypHaJI: Hayka 1 nHHoBanuu, (10(22)), 38. DOI: 10.18698/2308-6033-2013-10-1037

14. Aounallah, N., Bekhta, M. & Kina, A. (2024). Direction of arrival estimation methods
for coherent and non-coherent sources. Journal of Smart Antenna Systems, 12(4), 112-128.

15. Hdmutpues, JA.JA. & Kapuan, M.H. (2016). AngantuBHble aHTEHHbIE PELIETKU C
uuppoBeiM  QopMuUpoBaHHMEM ~ Jyda.  PemieTHeBCKME ~— UTEHUS, 1(20),  263-265.
https://cyberleninka.ru/article/n/adaptivnye-antennye-reshetki-s-tsifrovym-formirovaniem-lucha

References

1. Alekseev, M.V. & Molokanov, A.A. (2019). Fazovyi metod radiopelengatsii. Forum
molodykh  uchenykh, (12(40)), 23-26. https://cyberleninka.ru/article/n/fazovyy-metod-
radiopelengatsi

2. Sabibolda, A., Tsyporenko, V., Tsyporenko, V., Smailov, N., Zhunussov, K.,
Abdykadyrov, A., Baigulbayeva, M. & Duisenov, N. (2022). Improving the accuracy and
performance speed of the digital spectral-correlation method for measuring delay in radio signals
and direction finding. Eastern-European Journal of Enterprise Technologies, 1(9(115)), 6-14.
DOI:10.15587/1729-4061.2022.252561

3. Singh, R. K., Higgins-Chen, M., Zhou, H., Falkner, B., & Mehta, A. (2023). MUSIC and
Pattern Synthesis Based Anti-Jamming Software Application for Research & Education. In 2023
IEEE International Symposium on Antennas and Propagation and USNC-URSI Radio Science
Meeting (USNC-URSI) (pp-1319-1320). IEEE. DOI: 10.1109/USNC-
URSI52151.2023.10238045

4. Xu, J., Chen, B., Zhang, Z., Li, X., Hou, Y., & Li, Z. (2024, September). 2-D DOA
Estimation Under Mainlobe Jamming Based on Subarray Level Blind Source Separation. In 2024
7th International Conference on Information Communication and Signal Processing (ICICSP) (pp.
613-618). IEEE. DOI: 10.1109/ICICSP62589.2024.10809034

5. Shen, L., Li, J., Pan, J., Shi, J., Xu, R., Wang, H., & Deng, W. (2025). Domain-adaptive
direction of arrival (DOA) estimation in complex indoor environments based on convolutional
autoencoder and transfer learning. Sensors, 25(10), 2959. DOI:10.3390/s25102959

6. Ahmad B.I.,, Harman S., Godsill S.A. (2024). Bayesian track management scheme for
improved multi-target tracking and classification in drone surveillance radar // IET Radar, Sonar
& Navigation. 18(1), 137-146. DOI:10.1049/rsn2.12458

7. Zhao, H., Gong, J., & Zhou, C. (2026). A Deep Learning Approach for Direction-of-
Arrival Estimation in Low-SNR Environments. Applied Sciences, 16(12), 5747.
DOI:10.3390/app16125747

8. Namie, H., Nagafuchi, D., & Fujita, T. (2025). Satellite signal arrival direction

estimation to reduce multipath errors using general-purpose receivers and the Multiple Signal

101


https://doi.org/10.1175/JTECH-D-22-0005.1
http://dx.doi.org/10.18698/2308-6033-2013-10-1037
https://cyberleninka.ru/article/n/adaptivnye-antennye-reshetki-s-tsifrovym-formirovaniem-lucha
https://cyberleninka.ru/article/n/fazovyy-metod-radiopelengatsi
https://cyberleninka.ru/article/n/fazovyy-metod-radiopelengatsi
https://doi.org/10.15587/1729-4061.2022.252561
https://doi.org/10.1109/USNC-URSI52151.2023.10238045
https://doi.org/10.1109/USNC-URSI52151.2023.10238045
https://doi.org/10.1109/ICICSP62589.2024.10809034
https://doi.org/10.3390/s25102959
https://doi.org/10.1049/rsn2.12458
https://doi.org/10.3390/app16125747

Ne3(42) AAA XKAPLLbICHI

Classification (MUSIC) method in satellite positioning. IEICE Communications Express, 14(6),
257-259. DOI: 10.23919/comex.2025XBL0034

9. Cahl, D., Voulgaris, G. & Leonard, L. (2023). A comparison of beamforming and
direction finding algorithms (beamscan and MUSIC) on a linear array HF radar in a medium to
low wave energy environment. Journal of Atmospheric and Oceanic Technology, 40(2), 191-218.
DOI: 10.1175/JTECH-D-22-0005.1

10. Zhou, L., Zhou, S., Qi, Y., Wu, L., & Benezeth, Y. (2025). A deep shrinkage network
for direction-of-arrival estimation with sparse prior. Journal of Marine Science and Engineering,
13(2), 206. https://doi.org/10.3390/jmse 13020206

11. Tian, Q., Cai, R., & Luo, Y. (2024). DOA estimation based on an adversarial learning
network via small antenna arrays. IEEE Canadian Journal of Electrical and Computer
Engineering, 47(4), 226-232. DOI: 10.1109/ICJECE.2024.3472657

12. He, W., Shi, Y., Wang, J., & Zhao, H. (2026). A Low-SNR DOA Estimation Model
Based on Sequential and Convolutional Feature Fusion. Sensors, 26(10), 3093.
https://doi.org/10.3390/5s26103093

13. Loktionov, E.Yu., Protasov, Yu.S., Protasov, Yu.Yu., Telekh, V.D. & Khaziev, R.R.
(2013). Razrabotka metodiki kombinirovannoi interferometrii svetoerozionnykh potokov i
kompleksnoi avtomatizirovannoi obrabotki ee rezul'tatov. Inzhenernyi zhurnal: nauka i innovatsii,
(10(22)), 38. DOI: 10.18698/2308-6033-2013-10-1037

14. Aounallah, N., Bekhta, M. & Kina, A. (2024). Direction of arrival estimation methods
for coherent and non-coherent sources. Journal of Smart Antenna Systems, 12(4), 112-128.

15. Dmitriev, D.D. & Kartsan, I.N. (2016). Adaptivnye antennye reshetki s tsifrovym
formirovaniem lucha. Reshetnevskie chteniya, 1(20), 263-265.
https://cyberleninka.ru/article/n/adaptivnye-antennye-reshetki-s-tsifrovym-formirovaniem-lucha

BEJCEHAI Y KEAEPTTJIEPI KO3JEPIH IIEJIEHI'AITUAJIAY 9AICTEPI

Anoamna. Kymvicma paouo cayneieHy Ke3OepiHeH KelemiH Hemece 00vekminepoeH
Wazvlavlcy Homudicecinoe nanoa 6o1amvii paouo MoJKbIHOAPLIHLIY, MApaly 0ablmviH Oeniney
apxulivl 00beKminepoiy OYpulumbslK HCAROAUbIH AHLIKMAY Maciidepi 3epmmenedi. 3epmmey
"Hcacanovl uHmMeNIeKm mexHoao2uschl He2isinde JIA paouo cayneneny ke3depin naccuemi
basvimmay MiHOemmepi YWiH annapammovlk-6a20apiamanvly Kewenoi azipney” 2vliblmu-
MEXHUKANILIK HCOOACHIH 2PAHMMBIK KAPHCLIIAHObIPY uieHbepinde opvinoanaost (03.10.2025 .
Ne332/23-25 wapm, NeAp 327016/0225 owcobacer). 3epmmeynep owcypeizy Kazaxcman
Pecnybnuxacor Kapynor Kywmepi Kopeauvic Munucmpiniy 0ipinwi opvinbacapel - Kazaxcman
Pecnyonuxacor Kapynor Kywmepi bac wmabvr 6acmuvievinbiy 2023 scwinevt 18 xapawaoasvr Ne
62-3-4068 wewimine catikec xcyseze acwvlpuliadvl. Kepcemineen 6asvim uwieHbepinde ackepu
Paouomexnuxa owcone snekmponuxa wuecizoepi rkagedpacvinoa paouo cayieneHy Ko3zoepiHe
bazvlmmol naccusmi aHbIKMAay bl 3amManayu 20icmepin KeuwieHOi 3epoeney xcypeizinedi. Kasipai
3aAMaHbl paouoneieHeayusioa paouocayieiery Ke30epiHiy, convly iwinoe dencendi Kedepeinep
KOWWbl KYpanoapobiy OYpulumbslK KOOPOUHAMMAPBIH 0]l JHCIHE dHceoel AHbIKMAY MAanbl30bl
Mindem 6onvin Kana bepedi. Byn ken cayneni mapanyovly Kypoeni sca20aunapvinoa eauey 010iei,
batinamusiy Oip MaHOINI2l dHCoHe HCAOOLIKMBIY Kedepeice MO3iMOiliei apacblHOAbl bIMbIPAHbL
mabyovl manan emedi. Byn owcymvicma amnaumyoanviy owcone Pazanvik neieHeayusiay
20icmepiniy MeXHUKANbIK WeKmeylepin Jcyleney JHCoHe O01apovl eHcepy IHCON0ApbiH i30ey
MaKcamvlHOa CanblCMbIPMANbl MEOPUAILIK MAL0ay xcypeizinedi. Paduomexnuxanvix scytienepoi
MAMeMamuKanislk manioay HcoHe MAMaAHOAHObIPLLIZAH 20ebuemmepoi AHATUMUKATLIK KOPbIY
a0icmepin KONOAHA OMbIPLIN, ANNApamypa Ce3iMmanobleblHbly AHMEHHANbIK JHCylenepoiy
2eoMempuscvlHa mayenoinicine Oazanay aicypeizinoi. Kocvimwia d/i KamvlHACHIH, CUSHAT/ULY
KAMbIHACLIH JICOHE CUSHANIObIH Kely OYpuluubih o32epme omvipuin, Monme-Kapno adicimen
Gazanvix neneneayusnay aodicine caHowvlK Mmoodenvoey oucypeizindi. Tanday kepcemxenoell,
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KAACCUKANBIK  AMAIAUMYOANbIK MAKCUMYM 20ICIiHIY NeNeHeayusanblK Ce3iMMAnobiebl MOMeEH.
Dazanvik a0icmep, Kepicinuie, Hco2apvipak, 0210IKMI KamMmamacwvls emeoi, ananoa aHmeHHaIap
apacviHOazvl KAWbIKMulK, YAAtaH Callbli 01ap neieHemiy Kon mauoiniei (0ip mManoi emecmiei)
Macenecimen bemne-b6em Kenedi. JKypeiziieen JHCYyMblCmbly HIMUNCECIHOE Kaxcemmi 02N10iKKe
JicoHe onweynepoiy Oip MaHOLNIcIHe KO JCemKi3y YWiH apanac Ken apHaibl maciidepoi
natoanany HeeypiviM OpblHObl 0e2eH KOpblmbiHObL dcacaiovl. COHbLMEH Kamap, CucHaioapovl
yugpavix oyoeyoiy zamanayu areopummoepin (moicanvt, MUSIC ancopummin) eneizy oucoue
Oetlimoenciut AHMEHHAIbIK MOpPAapobl KOJNOAHY KON CIVAENNIKMIK MYPaKcvl30aHObIPYULbL
Gaxmopnapvinbly acepin emetl anaobi.

Tyitin ce3dep: amniumyoanvix neieHeayus, Qasanvlk neieH2ayusl, aHbIKmMay aumaebl,
bencendi kedepeinepoi KOwWbl, CUCHAT, NeleHe, UYy2d MO3IMOLTIK.

METHODS FOR DIRECTION FINDING OF ACTIVE NOISE JAMMING SOURCES

Abstract. The paper examines approaches to determining the angular position of objects by
establishing the direction of propagation of radio waves coming from radio emission sources or
formed as a result of reflection from objects. The study is carried out within the framework of
grant funding for the scientific and technical project “Development of a hardware and software
complex for passive direction finding of radio emission sources of aircraft based on artificial
intelligence technology” (contract No. 332/23-25 dated 03.10.2025, project No. AR
327016/0225). Research is also carried out in accordance with the decision of the First Deputy
Minister of Defense of the Armed Forces of the Republic of Kazakhstan - Chief of the General Staff
of the Armed Forces of the Republic of Kazakhstan dated November 18, 2023, No. 62-3-4068.
Within the framework of this area, the Department of Fundamentals of Military Radio Engineering
and Electronics conducts a comprehensive study of modern methods for passively determining the
direction to radio emission sources. In modern radio direction finding, the accurate and rapid
determination of the angular coordinates of radio emission sources, including active jammers,
remains a critical task. This requires finding a compromise between measurement accuracy,
unambiguous positioning, and equipment noise immunity under complex multipath propagation
conditions. This paper conducts a comparative theoretical analysis of amplitude and phase
direction-finding methods to systematize their technical limitations and identify ways to overcome
them. Using methods of mathematical analysis of radio engineering systems and analytical
synthesis of specialized literature, the dependence of equipment sensitivity on the geometry of
antenna systems is evaluated. Additionally, numerical modeling of the phase direction-finding
method was conducted using the Monte Carlo method by varying the d/J. ratio, signal-to-noise
ratio, and signal arrival angle. The analysis shows that the classical amplitude maximum method
has low direction-finding sensitivity. Phase methods, conversely, provide higher accuracy;
however, as the distance between antennas increases, they encounter the problem of bearing
ambiguity. As a result of the study, it is concluded that to achieve the required accuracy and
unambiguous measurements, it is most expedient to use combined multichannel approaches.
Furthermore, the implementation of modern digital signal processing algorithms (e.g., the MUSIC
algorithm) and the use of adaptive antenna arrays can compensate for the impact of destabilizing
multipath factors.

Keywords: amplitude direction finding, phase direction finding, detection zone, active
jammer, signal, bearing, noise immunity.
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RISK RANKING OF AUTHENTICATION EVENTS BASED ON TEMPORAL
AND BEHAVIORAL CONTEXT

Abstract. Not all authentication log events require the same analysis priority; therefore,
ranking them using temporal and behavioral context is relevant to information security. This study
examines temporal and behavioral features for ranking authentication events by relative risk. The
objective is to assess the contribution of behavioral representation to ranking quality and
robustness, statistical validity, explainability, and calibration, and to test the technical feasibility
of behavioral prioritization on real-world logs. Methods included baseline model comparison,
representation ablation, chronological train/validation/test splitting, empirical random-ranking
comparison, robustness and statistical analyses, explainability, calibration, low-and-slow
temporal-horizon sensitivity, and behavioral feature-group ablation; NDCG@I100 was the
primary ranking metric.In the synthetic experiment, R2 _behavioral core achieved a higher mean
NDCG@100 than RO_minimal (0.126952 vs. 0.071314) and outperformed it in 10 of 12 scenario—
model combinations. Across 60 paired observations, mean ANDCG@ 100 was +0.046803 with a
95% confidence interval of [0.035444, 0.057751]. Empirical random-ranking analysis provided
an additional reference for interpreting the absolute ranking scores: for Logistic Regression with
R2 behavioral core, NDCG@100 was 0.189052 versus a random mean of 0.010045 in the
baseline scenario and 0.145514 versus 0.004943 in the rare-attacks scenario. The behavioral
advantage remained condition-dependent and weakened under low-and-slow activity.
Explainability and calibration were used to characterize score contributions, explanation
stability, calibration quality, and ranking preservation.

For 1,760,511 real-world log events, prioritization scores and unique ranks were calculated
from five past-only behavioral features, satisfying all 9/9 temporal/representation integrity
requirements. Predictive effectiveness was not evaluated because verified security labels were
unavailable. The synthetic results support the incremental ranking value of temporal and
behavioral context, while the real-world analysis demonstrates the technical feasibility of
implementing the corresponding past-only behavioral prioritization procedure. Confirming
predictive effectiveness in operational settings requires temporal external validation using logs
with verified security labels and semantic field documentation.

Keywords: authentication events, behavioral analysis, risk ranking, temporal validation,
security event prioritization, machine learning, explainability.

Introduction.
In modern information systems, authentication logs are an important source of data
describing access activities of users and system entities. Since security events differ in their
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significance, ranking them by priority for further analysis, alongside their detection and
classification, is an important task [1].

Rule-based methods, supervised machine learning, and anomaly detection approaches are
used to analyze authentication logs [2]. However, rare security events, class imbalance, label noise,
behavior that changes over time, and limited labeled data affect their results [3, 4]. Because
individual event features do not fully capture the temporal and behavioral context of prior activity,
features derived from historical activity are relevant [2]. Such features require validation that
prevents temporal leakage, as the inclusion of future information in the model may lead to
overestimated results [5].

When verified target labels are unavailable, supervised predictive evaluation may not be
feasible, motivating the use of label-independent approaches to activity-log analysis [6].
Therefore, this study focuses on a multilevel evaluation of authentication event ranking based on
behavioral context and on the technical applicability of its core methodological principles to
incompletely labeled real-world logs.

The objective of the study is to evaluate the effects of temporal and behavioral features on
relative-risk ranking of authentication events, as well as the robustness, statistical validity,
explainability, and calibration properties of the results, and to determine the technical applicability
of the ranking principles to real-world logs. To achieve this objective, baseline model comparison,
representation ablation, robustness and statistical analyses, explainability and calibration
assessments, and technical feasibility testing of the behavioral prioritization procedure on real-
world data were performed.

The main hypothesis is that strictly past-only temporal and behavioral context provides
incremental ranking information beyond a minimal event-level representation, while the
magnitude of this contribution may vary across models, experimental scenarios, and temporal
aggregation horizons. For real-world logs, an additional research question is whether the same
temporal-integrity and behavioral-prioritization principles can be implemented reproducibly
within a real-world log structure in the absence of verified target labels.

The scientific contribution of this study is a leakage-controlled, ranking-oriented evaluation
framework for quantifying the incremental value of strictly past-only temporal and behavioral
context in authentication-event prioritization. The framework integrates representation ablation,
chronological temporal validation, empirical random-ranking comparison, robustness and
statistical inference, low-and-slow temporal-horizon sensitivity, behavioral feature-group
ablation, explainability, and calibration/ranking-preservation analysis.

Research on authentication security is expanding beyond the assessment of individual
authentication events toward the analysis of behavioral profiles of users and system entities formed
over time. In User and Entity Behavior Analytics, such profiles are constructed from previous
actions and historical activity and used to detect deviations [2]. This highlights the importance of
historical behavioral context as an additional source of information for evaluating authentication
and security events.

Machine learning, anomaly detection, and contextual relationship modeling are used to
analyze authentication events. In authentication alerts, accounting for relationships between events
and contextual information may help reduce false-positive alerts [7]. Thus, security events should
be considered not only individually but also within their contextual structure.

Although most studies focus on anomaly detection or classification, events identified during
operational monitoring do not have equal significance. Security event prioritization therefore ranks
events by analysis priority based on their characteristics and contextual information, transforming
detection results into a prioritized list of security events or alerts [1].

Prioritizing events requires the evaluation of model outputs using ranking metrics. NDCG
and precision-oriented measures can be applied to such tasks [8]. Accordingly, this study uses
NDCG@100 as the primary endpoint and PR-AUC and Precision@100 as secondary metrics,
while examining the sensitivity of NDCG@K at K = 25, 50, 100, 200.
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Rare positive events, class imbalance, and label noise are important methodological issues
in machine-learning-based security event analysis. Class imbalance may affect model results [3],
while label noise may alter model performance and stability [4]. Sensitivity analysis across
changes in positive-event prevalence and label noise therefore enables assessment of result
robustness to changes in data composition.

Temporal context complements behavioral information by capturing the historical sequence
of events and activity dynamics [2]. However, improper data splitting or preprocessing when using
temporal features may cause data leakage and compromise the reliability of intrusion detection
model evaluation. Leakage-free experimental procedures are therefore essential for reliable
evaluation of cybersecurity models. Data leakage during preprocessing may lead to overestimated
machine-learning performance and compromise the reliability of model evaluation [5]. In the
synthetic experiment, target generation was therefore separated from the behavioral features
subsequently used for model training to reduce direct deterministic circularity.

Temporal changes in cybersecurity data, class distributions, and label quality may affect
model robustness and generalization [3, 4, 5, 9]. Accordingly, robustness can be evaluated across
independent random seeds, temporal folds, positive-event prevalence, label-noise levels, and
different K values. In addition, separate evaluation of low-and-slow scenarios, characterized by
weak signals distributed over time, enables assessment of model robustness under complex
behavioral patterns [10].

When comparing models, statistical validity should be assessed alongside mean performance
metrics. Confidence intervals, statistical tests, and effect sizes make it possible to determine the
extent to which differences observed across experimental conditions are independent of random
variation. Statistical comparisons also require consideration of the independence of observations,
because treating dependent results derived from the same data source as independent observations
may introduce a risk of pseudo replication [11].

Explainability in security models helps identify which features influence model outputs and
supports interpretation of decisions [12]. Permutation-based feature importance can be used to
assess the influence of individual features [13], while comparing explanations across experimental
conditions characterizes their stability. Feature contribution in this context does not represent a
causal relationship; it describes a feature’s contribution to the model output.

Calibration is used to assess and adjust the probabilistic properties of model outputs [14].
However, the ordering of original scores may be preserved differently depending on the calibration
method. Therefore, calibration quality and preservation of the ranking structure should be
evaluated separately in ranking tasks.

The reproducibility of machine-learning research is affected by randomness, training
conditions, hyperparameters, software dependencies, and the documentation of experimental
artifacts [15]. Recording random seeds, hyperparameters, the software environment, and
experimental parameters is therefore essential for reproducing and verifying experimental
procedures.

The use of real-world log data may be constrained by data availability, label quality, and the
suitability of log fields for analysis. Although activity logs are used in security analysis, the
structure and available attributes of real-world logs constrain the procedures that can be applied.
Consequently, when approaches developed on synthetic or fully labeled data are applied to real-
world logs, their compatibility with the available data structure and their technical feasibility
should be assessed separately. When verified target labels are unavailable in real-world logs,
supervised predictive evaluation may not be feasible, motivating the use of label-independent
approaches to activity-log analysis [6]. In this study, a pre-specified neutral scoring rule was
therefore used to rank events by relative analysis priority without interpreting the resulting score
as an absolute risk level.

The literature shows that machine learning, behavioral and temporal context, anomaly
detection, security event prioritization, and explainability are used in security log analysis, but
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these aspects are often investigated separately. Therefore, it remains relevant to evaluate the
additional contribution of behavioral representation to relative-risk ranking of authentication
events within a unified experimental protocol covering temporal validation, robustness, statistical
validity, and explainability, and to examine the technical applicability of these principles to
incompletely labeled real-world logs.

Materials and research methods.

The study evaluates the ranking of authentication events by relative risk based on behavioral
features using a synthetic dataset and assesses the technical applicability of the proposed approach
to real-world log data. The study consists of a synthetic experiment and a technical feasibility
assessment using real-world logs. The study comprises two interrelated parts. In the synthetic
experiment, proxy labels are available, allowing model performance in relative-risk ranking to be
evaluated using quantitative metrics. Because the real-world logs lack verified attack/benign labels
and complete semantic documentation of event fields, this part is not treated as external validation
of supervised attack detection or predictive performance; its purpose is to assess the technical
feasibility of the behavioral prioritization procedure on real-world logs.

The synthetic experiment included baseline, rare attacks, low-and-slow, and noisy labels
scenarios. Each scenario comprised 100,000 events over 30 days, with 2,500 users, 5,000 IP
addresses, and 3,500 devices simulated. Normal activity was generated as a function of user, time,
IP, and device context. Proxy-risk events were not defined using behavioral features calculated
later: a latent scenario state was generated first, after which authentication result, IP, and device
characteristics were modified probabilistically. This limited direct deterministic circularity
between target generation and feature engineering.

Latent risk-event prevalence was 1% in the baseline scenario and 0.5% in the rare attacks
scenario. In the low-and-slow scenario, prevalence remained at 1%, while the signal was weakened
and proxy-risk events were distributed over time. In the noisy labels scenario, baseline generation
was retained and asymmetric noise was introduced into the proxy labels. Pre-specified random
seeds were used for the primary scenario generation, and five independent seeds were used for
robustness analysis.

Three representations were compared: RO minimal — hour and is new device;
R1 temporal volume — these features plus fails ip 10m, fails ip 1h, and fails user 1h; and
R2 behavioral core — additionally including distinct usernames from ip lh. All historical
behavioral features were calculated using past events only. The current event, other events with
the same timestamp, and future events were excluded from historical aggregates; true label and
proxy_label were not used during feature construction. This design was intended to limit temporal
and label leakage.

The data were chronologically split into train/validation/test sets at a 60%/20%/20% ratio.
Model selection was based on NDCG@ 100 on the validation set, with PR-AUC used to break ties.
The test set was not used to select models, representations, or hyperparameters and was reserved
for final evaluation. Temporal stability was additionally assessed using four rolling temporal folds.

Logistic Regression, Random Forest, HistGradientBoosting, Isolation Forest, and a hybrid
approach combining the Random Forest supervised score with the Isolation Forest anomaly score
were evaluated. Hyperparameters were selected using validation data only and then frozen for
subsequent representation ablation, robustness, and statistical analyses. Preprocessing operations
requiring learning from the data were fitted only on the training set and applied unchanged to the
validation and test sets. Class imbalance was addressed through class weighting in Logistic
Regression and Random Forest.

NDCG@100 was used as the primary endpoint, with PR-AUC and Precision@100 as
secondary metrics. Ranking robustness was evaluated across five independent random seeds,
temporal folds, prevalence changes, and label-noise changes, while sensitivity to K was assessed
at K =25, 50, 100, and 200. To provide a chance-level reference for the absolute ranking scores,
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an empirical random-ranking baseline was additionally evaluated by repeatedly randomizing event
ordering while preserving the scenario-specific label composition. Observed NDCG@K values
were compared with the corresponding random distributions using the random mean, absolute
difference, relative lift, and empirical exceedance probability. The low-and-slow scenario was
further examined as a separate robustness condition characterized by weak signals distributed over
time.

Because the original low-and-slow experiment showed a reduced behavioral advantage, a
dedicated temporal-horizon sensitivity analysis was conducted. The canonical historical horizon
was compared with x2, x4, and x8 extensions using the frozen Logistic Regression, Random
Forest, and HistGradientBoosting configurations across four rolling temporal folds. The purpose
was to determine whether ranking performance under temporally distributed weak signals
depended on the amount of historical context rather than to select an optimal horizon post hoc. A
subsequent behavioral feature-group ablation used the canonical reference horizon to examine the
conditional contribution of user failure history, source-IP failure history, calendar-time context,
device novelty, and source-IP username diversity. Feature groups were defined from the pre-
existing feature implementation and representation specification rather than from validation
outcomes.

Explainability analysis was conducted using the pre-specified focal configuration of Logistic
Regression with R2 behavioral core. Global coefficients, permutation importance, and event-
level feature contributions were calculated, while local additivity, Top-100 explanations, and
explanation stability were evaluated across independent seeds and temporal splits. Explanations
were interpreted as feature contributions to the ranking score rather than causal effects.

Calibration analysis included raw probability, sigmoid calibration, and isotonic calibration.
Calibration followed the original temporal train/validation/test split. The base model was trained
only on the training data, while the validation set previously used for model selection served as
the calibration split, and the calibrator was fitted on these data. Test data were not used to fit the
calibrator. Calibration was evaluated using the Brier score, log loss, ECE-10, and calibration
slope/intercept; preservation of the ranking structure was assessed using Spearman correlation,
Kendall correlation, Top-100 overlap, and NDCG@100.

Before robustness, statistical, explainability, and calibration analyses, the experimental
protocol was fixed, specifying NDCG@100 as the primary endpoint, Logistic Regression as the
focal model, and R2 behavioral core as the focal representation. Test results were not used to
select this configuration. Random seeds, frozen hyperparameters, protocol parameters, software
environment metadata, and key artifact hashes were recorded for reproducibility.

The real-world data consisted of anonymized logs obtained from the platonus.kgu.kz
platform of Shokan Ualikhanov Kokshetau University. The data were provided under Agreement
No. 282 dated July 31, 2025, and processed in accordance with information security and privacy
requirements.

The logs first underwent structural and semantic auditing, including checks of file integrity,
record structure, timestamp validity, event identifier uniqueness, duplicates, temporal ordering,
candidate entity identifier stability, and the availability of source-level fields. Because complete
semantic documentation was unavailable, unverified authentication success/failure states,
attack/benign labels, or risk classes were not assigned to the records.

The feasibility of calculating the R2 behavioral core features used in the synthetic
experiment from the available real-world log fields was first assessed. Because no direct
correspondence was available, repeated values of the subjectHost field were technically used to
characterize candidate source-level activity, although the exact semantics of this field were not
verified.

The real-world representation consisted of five past-only behavioral features:
source_events 10m — the number of events recorded for the same source during the 10 minutes
preceding the current event; source _events lh — the number of events for the same source during
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the preceding hour; candidate entity events 1h — the number of events for the same candidate
entity during the preceding hour; distinct candidate entities source 1h — the number of unique
candidate entities observed through the same source during the preceding hour; and
source_changed from_ previous event — a binary feature indicating whether the candidate entity’s
current source differed from its source in the most recent preceding event. The candidate entity
was not interpreted as a verified user identifier.

When calculating historical features for each event ii, only preceding events satisfying tj<t;
were used. The current event, other events with the same timestamp, and future events were
excluded from historical aggregates. The first four numerical behavioral features were transformed
to the [0,1] interval using strictly-past midrank percentiles based on the empirical distribution of
historical values available before each event. The source changed from previous event feature
was used as a binary 0/1 component.

Because no verified target was available, neither a supervised model nor feature weights
were learned from the real-world data. The five behavioral components were assigned equal pre-
specified weights of 0.2, and the relative prioritization score for each event ii was calculated as

Si=0.2(P10m,i+P1n,i+Pentity,it Pdistinct,itCi)

where Piom,i Pini Pentity,i and Puisiinet,i — are the strictly-past empirical percentile values of the
corresponding behavioral features, and C; is the binary source changed from previous event
component. Equal weighting was treated as a pre-specified neutral scoring rule to avoid learning
unsupported predictive weights from data without verified labels. The prioritization score does not
represent attack probability, calibrated probability, a malicious/benign class, or an absolute risk
level; it is used to rank events by relative priority based on observed behavioral activity.

Events were ranked deterministically by prioritization score. The technical correctness of
the ranking procedure was verified through score—rank consistency, rank uniqueness, missing and
duplicate ranks, and score-order violations. Temporal and representation integrity were further
controlled using nine contract checks: consistency with the stored representation hash, independent
hash recomputation, consistency of feature names and order, enforcement of the strictly past-only
principle, exclusion of same-timestamp events from history, prevention of missing candidate entity
values from being merged into a single artificial entity, prevention of missing source values from
being merged into a single artificial source, a cold-start zero policy for count-based historical
features, and a cold-start NULL policy for the previous-event feature. Compliance with these
requirements was verified through leakage and representation integrity audits.

Feature-level contribution analysis was performed for the Top-10, Top-100, Top-1000
events. Contribution values were used to characterize the event-level contribution of the five
components forming the prioritization score and were not interpreted as causal attribution or
evidence of the cause of risk.

Compatibility between the synthetic and real-world data was evaluated not through feature-
by-feature correspondence but through adherence to shared methodological principles:
preservation of temporal ordering, construction of past-only behavioral context, use of
entity/source-level information, calculation of a relative score, deterministic ranking, and feature-
level explanation. Accordingly, the real-world component is not a predictive external validation
of the synthetic experiment but an assessment of the technical feasibility of the proposed
behavioral prioritization procedure within a real-world log structure. The software code used in
this study is publicly available in a GitHub repository the link is provided below.

Results and their discussion.

The experiment began with processing the synthetic dataset using the methods described in
the Materials and Methods section. In the baseline scenario, no additional distortion was
introduced into the data, and the initial performance of machine-learning models in ranking
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authentication events by behavioral risk was evaluated. NDCG@100 was used as the primary
metric, with PR-AUC and Precision@100 as secondary evaluation metrics.

Table 1 — Ranking performance of models in the baseline scenario on the synthetic dataset

Model PR-AUC Precision@100 NDCG@100
Logistic Regression 0.0867 0.2100 0.1891
HistGradientBoosting 0.0793 0.1800 0.1704
Hybrid 0.0811 0.1700 0.1607
Random Forest 0.0795 0.1100 0.1496
Isolation Forest 0.0210 0.0100 0.0075

Note — compiled by the authors.

The baseline experiment on the synthetic dataset showed differences among the models in
their ability to place proxy-risk events at higher ranking positions. Logistic Regression achieved
the highest value for the primary ranking metric, whereas Isolation Forest performed below the
supervised learning models. These results characterize the initial relative performance of the
models under baseline conditions and do not imply the superiority of any single model across all
scenarios.

To evaluate the effect of the feature set on ranking quality, three representations were
compared: RO minimal, representing minimal context; R1 temporal volume, containing
temporal and activity-volume features; and R2 behavioral core, containing the core behavioral
features. Representation ablation was conducted across four scenarios using three supervised
models: Logistic Regression, Random Forest, and HistGradientBoosting. Isolation Forest, as an
unsupervised anomaly-detection method, and Hybrid, as a composite scoring approach, were
excluded from the representation ablation and evaluated within the baseline model comparison.
NDCG@100 was used as the primary evaluation metric.

Table 2 — Effect of the feature set on ranking quality in the synthetic dataset

Feature set Description Mean NDCG@100
RO minimal Minimal feature set 0.071314

R1 temporal volume Temporal and activity-volume features 0.087488

R2 behavioral core Core behavioral features 0.126952

Note — compiled by the authors.

The ranking benefit of behavioral context was not uniform across experimental conditions.
To interpret the absolute NDCG values appropriately, the observed scores were additionally
compared with an empirical random-ranking reference rather than treated as classification
accuracy. For Logistic Regression with R2_behavioral core, NDCG@100 was 0.189052 versus a
random mean of 0.010045 in the baseline scenario, 0.145514 versus 0.004943 in the rare-attacks
scenario, and 0.194898 versus 0.010336 under noisy labels. These results indicate that the
principal synthetic rankings were substantially above chance-level ordering, while the magnitude
of the behavioral advantage remained dependent on the experimental condition.

The robustness of the results across different experimental conditions was then examined.
To avoid relying on a single data split or random initialization, the analysis covered multiple
independent seeds, temporal splits, different prevalence levels of proxy-risk events, and label-
noise conditions. Sensitivity to the selected K value and robustness under the low-and-slow
scenario were also evaluated.
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Table 3 — Quantitative assessment of robustness and sensitivity on the synthetic dataset

Evaluation dimension

Experimental scope

Main quantitative result

Seed robustness

5 seeds x 4
scenarios

Mean NDCG@100: 0.0686—-0.1500; SD:
0.0275-0.0527

Temporal robustness

16 folds (4 x 4
scenarios)

Mean NDCG@100: 0.0591-0.1400; SD:
0.0235-0.0576

Sensitivity
event prevalence

to proxy-risk

5 prevalence levels

Mean NDCG@100: 0.1088-0.2104

Sensitivity to label noise

5 noise levels

Mean NDCG@100: 0.1041-0.1500

Sensitivity to K

K =25, 50,100, 200

Mean NDCG@K: 0.0609-0.1846

Paired RO—R2 comparison

60 paired
observations

Mean ANDCG@100 = +0.0468; 95% CI
[0.0354, 0.0578]

Low-and-slow robustness 3 models x 5seeds | LR: RO 0.0633 — R2 0.0686; A =

+0.0053; R2 win rate = 80%

Note — compiled by the authors.

The robustness and sensitivity analyses showed that the contribution of behavioral
representation varied across experimental conditions and was not uniform across scenarios. The
low-and-slow condition was the clearest limitation, indicating that weak signals distributed over
time are more difficult to rank using the reference temporal context. This observation motivated a
dedicated temporal-horizon analysis to determine whether the limitation was related to the amount
of historical information available to the model.

A statistical analysis was performed to compare the R2 behavioral feature set with the RO
minimal feature set. Sixty paired observations were used to determine whether the previously
observed improvement in ranking quality could be attributed to random variation. The analysis
included the NDCG@100 difference, a bootstrap confidence interval, the Wilcoxon test, a paired
permutation test, and effect-size estimation.

Table 4 — Statistical comparison of the R2 and RO feature sets on the synthetic dataset
Statistical measure Result
Number of paired observations 60

Mean ANDCG@100 (R2 —R0) +0.046803

95% bootstrap confidence interval [0.035444, 0.057751]
Wilcoxon p-value 1.785 x107®

Paired permutation test p-value ~1.0x10°
Rank-biserial effect size 0.8361

Pseudoreplication detected No
Note — compiled by the authors.

The mean increase in NDCG@100 for R2 relative to RO was positive, and the 95%
confidence interval did not include zero. The Wilcoxon and permutation tests also supported the
statistical significance of the difference between the two feature sets. The rank-biserial measure
indicated a large effect size.

The explainability of the model’s ranking results and the calibration properties of its outputs
were also evaluated. Explainability analysis focused on identifying the contribution of individual
features to the risk-ranking score generated by the model. Explanation stability was additionally
assessed across different seeds and temporal splits.
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Table 5 — Evaluation of model explainability and calibration on the synthetic dataset

Evaluation Measure Result

dimension

Global Logistic Regression | Baseline largest absolute coefficients:

explainability coefficients distinct usernames from_ip lh = 0.8414;
is new device = 0.6301

Feature Permutation Baseline largest ANDCG@]100: is_new device =

importance importance 0.1597; distinct usernames from ip 1h =0.1204

Local Local additivity Absolute error between model score and

explainability reconstructed score: 0—4.44 x 107'¢

Top-100 Feature-level Baseline Top-100: is new device dominant in

explanations contributions 97/100 events (97%); fails user 1h in 3/100 (3%)

Seed explanation
stability

5 independent seeds

Mean Spearman p: baseline 1.0000; rare attacks
0.9657; noisy labels 0.8914; low-and-slow 0.7257

preservation after
sigmoid

Top-100,
NDCG@100

Temporal 4 temporal folds; 24 | Sign consistency = 1.00 in 22/24 (91.67%); 0.75 in

explanation scenario x feature | 2/24 (8.33%)

stability combinations

Low-and-slow Top-100 feature | is new device: mean absolute contribution

explainability contributions 0.9672, dominant in 62/100 (62%); fails_user 1h:
0.8883, dominant in 38/100 (38%)

Calibration data | Temporal train — | Temporal ordering preserved; test events were not

split calibration — test used for calibration fitting

Raw probability RAW, baseline Brier = 0.141207; Log loss = 0.450438; ECE-10 =
0.317984

Sigmoid Baseline Brier = 0.009779; Log loss = 0.048392; ECE-10 =

calibration 0.000738

Isotonic Baseline Brier = 0.009761; Log loss = 0.048250; ECE-10 =

calibration 0.000559

Calibration Baseline Sigmoid: slope 1.070599, intercept 0.308024;

slope/intercept Isotonic: slope 0.998574, intercept 0.029386

Ranking Spearman, Kendall, | p = 1.000; T = 1.000; Top-100 overlap = 1.00;

NDCG@100: 0.189052 — 0.189052

Ranking change
after isotonic

Spearman, Kendall,
Top-100,
NDCG@100

p = 0.9440; © = 0.8505; Top-100 overlap = 0.39;
NDCG@100: 0.189052 — 0.141684

Note — compiled by the authors.

The analysis showed that the features contributing to the model’s ranking score could be
characterized at both global and individual-event levels. Evaluating explanations across seeds and
temporal splits made it possible to assess whether they depended on a single experimental run.
Separate analysis of the low-and-slow scenario characterized explanation stability and the
structure of feature contributions under temporally distributed activity.

Calibration analysis was conducted while preserving the temporal split, and test data were
not used for calibration fitting. These results characterize the calibration properties of the model
output under the synthetic experimental conditions.

The real-world dataset consisted of four source files containing a total of 1,760,511 events.
All eventTime values were parsed successfully. The dataset contained 735,172 unique timestamps.
A total of 1,427,741 events (81.098%) shared their timestamp with at least one other event, and
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the largest same-timestamp group contained 197 events. No duplicate eventID values were
detected; therefore, events were sorted deterministically by eventTime and eventID.

The dataset contained 8,668 candidate entity identifiers recurring over time. Of these, 8,660
(99.908%) occurred in multiple events, 8,399 (96.897%) occurred on multiple days, and 8,121
(93.689%) occurred across multiple source files. The median number of events per identifier was
81, the median number of active days was 19 days, and the median observation span was 63.853
days. The subjectHost field contained 1,458,615 non-empty IPv4-formatted values, while
eventTypelD contained 34 distinct codes.

No documentation describing the semantics of the event fields was provided with the source
data. Consequently, it was not possible to verify whether the candidate entity identifier represented
an actual user or account identifier, to establish the exact semantics of subjectHost, or to determine
the meanings of the 34 eventTypelD codes. No reliable session or device identifier was identified.

Because verified target labels were unavailable, predictive temporal validation and label-
dependent metrics such as NDCG@ 100, PR-AUC, and Precision@K were not calculated for the
real-world data.

The eventTime field could be used to establish temporal ordering, eventID to uniquely
identify each event, the candidate entity identifier to link the historical activity of the same object,
and repeated subjectHost values to technically characterize candidate source-level activity. The
consistent recurrence of identifiers across multiple events and days provided sufficient history for
calculating temporal behavioral patterns. These properties formed the basis for evaluating the
technical feasibility of the behavioral prioritization procedure on the real-world logs.

Compatibility between the synthetic experiment and the real-world data was determined to
be partial. The original R2 behavioral core feature set used in the synthetic dataset could not be
transferred unchanged to the real-world logs. Therefore, a separate real-native behavioral
representation was constructed according to the available fields and semantic limitations of the
real-world data.

Table 6 — Technical feasibility results of the behavioral prioritization procedure on real-

world log data
Evaluated measure Result
Real-world events processed 1,760,511
Real-native behavioral features 5
Temporal/representation integrity contracts 9/9
Events with calculated scores 1,760,511/1,760,511
Score range 0.12439-0.99326
Mean score 0.48346
SD 0.15362
Median 0.50000
P95 0.74795
P99 0.79126
Unique ranks 1,760,511/1,760,511
Missing / duplicate ranks 0/0
Score-order violations 0
Verified attack/benign labels 0
Note — compiled by the authors.

Feature-level explainability was also evaluated for the highest-ranked events. Feature
contributions were calculated for the Top-10, Top-100, Top-1000 events.
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Table 7 — Feature-level contribution results for the highest-ranked events in the real-world
log data

Selection | source changed from previous event | distinct candidate entities source lh
Top-10 10/10 (100%) 0/10 (0%)

Top-100 99/100 (99%) 1/100 (1%)

Top-1000 | 995/1000 (99.5%) 5/1000 (0.5%)

Note — compiled by the authors.

This measure is a relative prioritization score calculated from observed behavioral activity
features to prioritize events for further security analysis. It does not represent attack probability, a
malicious/benign class, or a diagnostic risk level.

The results demonstrated the additional informational value of temporal and behavioral
context for ranking authentication events by relative risk. The R2 behavioral core configuration
outperformed RO minimal in 10 of 12 scenario-model combinations. Across 60 paired
observations, the mean ANDCG@100 was +0.0468, with a 95% confidence interval of [0.0354,
0.0578] that did not include zero. The Wilcoxon and paired permutation tests supported the
statistical significance of the difference, while the rank-biserial correlation indicated a large effect
size. These findings support the main hypothesis at the overall experimental level; however,
because R2 did not outperform RO under every condition, its advantage cannot be considered
universal.

The findings are consistent with studies showing that historical activity and behavioral
context provide additional information for characterizing the activity profiles of users or system
entities and assessing deviations from them [2]. Prioritizing security events according to contextual
characteristics is also considered a practical approach to identifying events requiring further
analysis [1]. The methodological contribution of this study is the controlled evaluation of the
incremental ranking value of strictly past-only behavioral context within an integrated protocol
covering representation ablation, temporal leakage control, chronological validation, empirical
chance-level comparison, robustness, statistical inference, low-and-slow temporal-horizon
sensitivity, feature-group ablation, explanation stability, and calibration/ranking preservation.

The robustness analysis assessed stability across random seeds, temporal folds, positive-
event prevalence, label noise, and K values, consistent with previous studies on the effects of data
composition and temporal variation on model performance [3, 4, 9]. Because the original low-and-
slow configuration showed only a small R2 advantage for Logistic Regression, temporal-horizon
sensitivity was examined separately. Mean NDCG@100 for Logistic Regression increased from
0.059091 at the reference horizon to 0.090420, 0.108764, and 0.086422 at the x2, x4, and x8
horizons, respectively. For Random Forest, the corresponding values increased from 0.052101 to
0.075489, 0.079994, and 0.065853. HistGradientBoosting showed a non-monotonic response:
NDCG@100 decreased at the X2 and x4 horizons but increased from 0.079763 to 0.097131 at x8.
Thus, extending historical context improved low-and-slow ranking for some model-horizon
combinations but did not provide a universal solution. Because the analysis was based on four
rolling temporal folds, these results are interpreted as sensitivity evidence rather than definitive
inferential proof. Behavioral feature-group ablation further indicated a model-dependent
contribution structure, with no single feature group universally accounting for low-and-slow
ranking performance. Explainability analysis characterized the features contributing to the ranking
score at both global and event levels and assessed their stability across seeds and temporal splits,
consistent with studies emphasizing the importance of explainability in cybersecurity models [12].
Feature contributions were not interpreted as causal effects. Explanation stability decreased in the
low-and-slow scenario. In the calibration analysis, sigmoid calibration fully preserved the ranking
structure, whereas isotonic calibration, despite improving calibration metrics, reduced Top-100
overlap to 0.39 and changed NDCG@100 from 0.189052 to 0.141684. These results show that
improved calibration does not necessarily imply preservation of the original ranking structure.
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Therefore, calibration quality [14] and ranking preservation were evaluated as distinct properties
in this study.

In the real-world logs, prioritization scores and unique ranks were calculated for all events
using five real-native past-only behavioral features. All 9/9 temporal/representation integrity
contracts were satisfied, and no score-order violations were detected. These results establish the
technical feasibility, temporal integrity, and reproducibility of the behavioral prioritization
procedure within the available real-world log structure. They do not establish attack-detection
accuracy, predictive ranking validity, or the maliciousness of highly ranked events because
verified attack/benign ground truth was unavailable. The connection between the synthetic and
real-world components was based not on feature-by-feature correspondence but on shared
methodological principles: temporal ordering, past-only behavioral context, entity/source-level
information, relative scoring, deterministic ranking, and feature-level explanation. Because
verified labels were unavailable, predictive optimal weights were not learned for real-world
scoring; instead, the five components were assigned equal pre-specified weights of 0.2. The main
limitations are that predictive ranking performance was evaluated using synthetic data and proxy-
risk labels, verified target labels were unavailable in the real-world logs, the semantics of the
candidate entity and source fields were not fully verified, and the predictive optimality of the real-
world scoring components was not assessed. Therefore, synthetic performance cannot be directly
generalized to an operational environment. Future research should conduct temporal predictive
external validation using real-world authentication logs with semantic field documentation and
verified security labels.

Conclusion.

The study showed that strictly past-only temporal and behavioral context provides
measurable incremental information for ranking authentication events under the labeled synthetic
experimental conditions. R2 behavioral core generally improved ranking relative to the minimal
representation, and empirical random-ranking analysis provided a chance-level reference showing
that the principal observed rankings were substantially above random ordering. The effect was
nevertheless condition-dependent: dedicated low-and-slow analysis showed sensitivity to both
model choice and temporal horizon, while feature-group ablation indicated a model-dependent
contribution structure. The scientific contribution is a leakage-controlled and ranking-oriented
evaluation of behavioral context that combines representation ablation, chronological temporal
validation, empirical random-ranking comparison, robustness and statistical inference, low-and-
slow temporal-horizon sensitivity, feature-group ablation, explainability, and calibration/ranking
preservation. This framework characterizes not only whether behavioral context improves ranking,
but also the experimental conditions under which its contribution strengthens, weakens, or
becomes model-dependent.

Because verified security labels were unavailable in the real-world logs, predictive
effectiveness was not evaluated. However, the technical feasibility of the core behavioral
prioritization procedures was demonstrated. Generalizing the findings to predictive performance
in operational environments requires subsequent external validation on authentication logs
containing verified labels and semantic documentation of event fields.
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AYTEHTU®UKALUA OKUFAJAPBIH YAKBITTBIK )KOHE MIHE3-
KYJIBIKTBIK KOHTEKCT HEI'I3IHAE TOYEKEJI BOUBIHIIA PAHKUPJIEY

Anoamna. Aymenmughuxayus HCypHAIOAPLIHOAZLL OKURALAD MANOA)y OACHIMObIEbL
botibiHwa 6bipoell emec, COHObIKMAH O1aApObl YAKbIMMbIK JHCIHE MIHE3-KYIbIKMbIK KOHMEKCm
He2i3in0e pawudicupiey aKnapammolk Kayincizoikmezi Manvl30bl MiHOem 001bin mabwliaowl.
3epmmeyoiy Mmakcamvl — MiHE3-KYIbIKMbIK YCbIHYObIY — aymeHmupukayus OKUSaIapblH
CanbiCMulpmMansl mayekei OOUbIHWA PAHHCUPIEY CANACblHA KOCAMbIH YIeCiH, Hamudicerepoiy
MYPAKMbLIBIZbIH, CIMAMUCTUKANbLK, He2I30LNicIH, MY CIHOIpMeNiNieiH JcaHe KalubpieHyin bazanay,
COHOAU-aK MIHe3-KYIbIKMbIK OACLIMObIKMAY MACIIIHIY HAKMblL  JiCYPHANObIK OepeKmepoe
MEXHUKALIK OPLIHOANYBIH meKcepy. 3epmmeyoe 0acmankvl Mo0enboepoi CAlblCMblpy, VCbIHY
HYCKAnapolt abIAYUAIBIK Manoay, 0epekmepoi XPOHON0UANIK MYpoe OKbIMY, 8AIUOAYUSL HCIHE
mecminey JHCUBLIHOAPLIHA 061y, IMNUPUKATLIK —Ke30elUCOK PAaHICUpIeYMeH  CalblCIbIpY,
MYPAKMBLIbIK, NeH CMAMUCMUKAIbIK Maiday, myciHoipmenilik nen kaiuopieyoi bazanay, oasy
JicoHe  Oipminden  dcypemin — OelCeHOLNIK — HCaA20AUbIHOA&bl  YAKbIMMbBIK — 20PUBOHMKA
Ce3iMmanoblKmbl mekcepy HaHe MiHe3-KYIblKmblK Oenciiep monmapulibly aOIAYULILIK MAI0AYbl
KonoaHulnovl. Hezizei  panowcupney mempuxacet peminde NDCG@I100 natioanansinowl.
Cunmemuxanvis  sxkcnepumenmme R2_behavioral core ycvinyor  opmawa NDCG@100
kepcemkiwi OotiviHuwa RO _minimal yceiHyviHaH dicogapsl Homudice Kepcemmi: MmuiciHuie
0.126952 oscone 0.071314. R2 behavioral core 12 cyenapuii—-mooens kombunayuscvinviy 10-
vinoa RO _minimal-oan 6aceim 601061. 60 xcynmoix 6axviiay dotvinuwa opmauwia ANDCG@100
+0.046803 Kypaowl, an 95% cenimoinik unmepsanwvi [0.035444, 0.057751] 601061 Imnupuranvix
ke30eticoK pamdicuprey abcontommix NDCG@I100 monOepin mycindipy yulin KoculMuia
canvicmulpy Oeneetiin Kammamacwlz emmi. Logistic Regression ocane R2 _behavioral core ywin
bacmankwvl cyenaputioe NDCG@ 100 0.189052 6010vl, an ke30eucox pauicupieyoiy opmauia
manui 0.010045 xypaowi; cupex wabyviioap cyenapuiiinoe catikec manoep 0.145514 owcone
0.004943  6010bl.  Mine3-KynvlKmolk ~ KOHMEKCMMIY — aApmblKUbLIbIebL  IKCNEPUMEHMMIK
arcazoainapea mayenoi 06010l dcane basy api bipminden Jcypemin OenceHOiK Ke3inoe 2cipeoi.
Tycinoipmeninik nen Kanubpney OeneinepOdiy paHdjicupiey YnauvlHa KOCamvlH — YJeciH,
myciHdipmenepoiy MYpPaKmolibleblH, KAIUOpiey Candcolh XHCoHe paHdcupiey mapmioiHiy
cakmanyvli 6a2anay yuin Koa0aHuliowl.

Haxmuer orcypnanoviy oepexmepoeci 1 760 511 okuza ywin mexk emkeH OKUeaiapaa
Hezi30eNleeH bec MiHe3-KYIblKmblK Oenei O0UbIHuA 6acbIMObIK YRalllapvl MeH Oipezeli panemap
ecenmenodi. YaxvimmulK OicoHe YCblHy mymacmvleblHa Kouvlizan 9 mananmely 0Oapiviel
opbiH0anovl. Pacmanean xayincizoix 6Geneinepi 601MaA2AHObIKMAH, OONHCAMOBIK MUIMOLLIK
bazananbaovi.  Homuowenep — yaxbimmulk — JfcoHe — MIHE3-KYIbIKMbIK — KOHMEKCMmIH
aymenmuukayus OKUEAIAPbIH CATbICIbIPMALbL MAL0ay 0acbiMObI2bl DOULIHIUA PAHNMCUPTIEY2e
KocbiMula aknapam bepeminin kepcemmi. O0iCmiy HAKMbl ONePayUsIblK Opmaodazbl 00IHCAMObIK
MUuimMOLNiciH pacmay yulin pacmaneau Kayincizoik dencinepi scane epicmepoiy CeMaHmuKaIbly
KYolcammamacsl 0ap sHcypHaioblk 0epekmepoe YaKblmmulK ColpmKbl 8AIUOAYUS HCYP2I3Y KAXHCEM.

Tyiiin ce30ep: aymenmughuxayus OKUALAPbI, MIHE3-KYIAbIKMbIK manioay, mayexenoi
Dpamdxcupney, yakblmmvlk 6anuoayus, Kayincizoik OKUanapvlH 0acbIMObIKMAy, MAUUHAIbIK
OKbIMY, MYCIHOIPMENiiK.

PAH)KUPOBAHUE COBBITUI AYTEHTU®UKAIIUHA IO PUCKY HA
OCHOBE BPEMEHHOI'O 1 ITOBEJAEHYECKOI'O KOHTEKCTA

Annomauyun. Coovimusi 8 JHCYpHANAX aAYMeHMu@UKayuu pasiuvaromcs o Npuopumemy
aHanu3a, NO3MOMY UX DAHIICUPOBAHUE C YYEeMOM BPEMEHHO20 U NOBEOeHUeCK020 KOHMeKCmda
A615eMCsl SHAUUMOU 3a0adell UHpopmayuonuou bezonacnocmu. Llenv uccredosanus — oyeHums
O00NOHUMENbHBIU BKIIAO NOBEOEHYECK020 NPeOCMABIeHUsl 8 KAYeCmB0 PAHICUPOBAHUS COObIMULL
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aymenmugukayuy N0 OMHOCUMENbHOMY  DUCKY,  YCHMOUYUBOCMb  pe3Vibmamos,
cmamucmuyecKyro 060CHOBAHHOCMb, OOBACHUMOCMb U KATUOPOBKY, a Makxdce Onpeoeiums
MEeXHU4ecKyIo peaiusyemocms NOBEO0eHYeCKOU NPUOPUMU3AYUU HA PEeanrbHblX JHCYPHANbHBIX
oannvix. Memodonoeus exnouala cpasHenue 0A308blX Mooenell, aOIAYUOHHBIL AHAIU3
npeocmasieHull, XpoHolocuYecKoe pazoeierue OAHHbIX HA 00yYarwyio, BaIUOAYUOHHYIO U
Mecmogyio 8bl00PKU, IMAUPUYECKOe CAYYAUHOE PAHICUPOBAHUE, AHAIU3 YCHMOUYUBOCMU U
CMAMUCMUYecKol  3HAYUMOCMU,  OYEHKY  OOBACHUMOCMU U  KaluOposKu,  aHaius
YYBCMBUMENLHOCIU K 8DEMEHHOMY 20PU3OHMY U aOIAYUI0 2PYnn N08e0eHYeCKUX NPUHAKOS.
OcHosnoti  mempukou  senisiace NDCG@I100. B cummemuueckom — 3KCnepumenme
R2 behavioral core npeszowno RO _minimal no cpeonemy NDCG@I100: 0.126952 npomus
0.071314, a maxoice 6 10 uz 12 xomounayuii «cyenaputi—mooenvy. I[lo 60 napnvim Hab00eHUAM
cpeonee ANDCG@ 100 cocmasuno +0.046803 npu 95% o0osepumenvrom unmepsane [0.035444,
0.057751]. Hna Logistic Regression ¢ R2 behavioral core NDCG@100 cocmasuno 0.189052
npomug cpeonezo cayuainoeo 3uavenus 0.010045 6 6azosom cyenapuu u 0.145514 npomus
0.004943 6 cyenapuu peoxkux amak. Ipgexm nosedeHuecko20 KOHMeEKCma 3a8ucel om
IKCNEPUMEHMATILHBIX YCI08ULL U 0Cclabesal npu MeOleHHOU, pPAacnpedesenHol 60 BpeMeHU
AKMUBHOCMU.

s 1 760 511 cobvimuti peanbhbix HCYPHALO8 HA OCHOBE NAMU NOBEOEHUECKUX NPUZHAKOSE,
PACCHUMAHHBIX ~ UCKTIOYUMENbHO N0 NPeOuecmeyiouum  coObImusim, OblIU  BbIYUCTEHbL
noKazamenu npuopumema u yHukaivHwle paneu. Bce 9 mpebosanuil epemenHou yerocmuocmu u
yenocmHocmu npeocmasgienuss GblnoaHeHbl. M3-3a omcymcmeus noomeepi’HcOeHHbIX MemoK
bezonacrocmu npoeHocmuyeckas d¢ghexmusHocms He oyeHusanace. llonyuennvie pesyivmamol
noomeepHcoaom OONOIHUMENbHYI0 UHGHOPMAYUOHHYIO YEHHOCHb BPEMEHHO20 U NOBEOEHUEeCK020
KOHmexkcma OJisi  OMHOCUMENbHOU NPUOPUMU3AYUU  COOLIMUL, OOHAKO NOOMBEPIHCOCHUE
npocHocmuyeckol d¢hghekmusHocmu mpedyem 8peMeHHOU GHeulHel 8anudayuu HA peanrbHbIX
HCYPHANLAX C 8ePUDUYUPOBAHHBIMU MEMKAMU U CEMAHMUYECKOU OOKYMeHmayuel nouetl.

Knroueswie cnosa: coovimus aymenmugpuxayuu, no8e0eH4ecKull auaiu3, paHiICuposanue
PUCKO8, 8peMEHHAs 8ANUOAYUSL, NPUOPUMUZAYUS CODLIMULL Oe30NACHOCMU, MAWUHHOE 00YYeHUe,
00BACHUMOCTD.
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AM. Erenosa', C.JI. Kypako6aesa', A.T.Kan6aesa'', M.A.Amanaukos’, H.C.)Kymaraes'
"TOxH0-Kazaxcranckuii yauBepcuteT nMenn M. Aya3osa, llIsiMkenT, Kasaxcran
>Vuusepcuret Jlpyx65b1 HapogoB umenn A.Kyar6ekosa, IlIsiMkent, Kazaxcran
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PA3PABOTKA IPOI'PAMMHOTI'O KOMILJIEKCA JIJI5s1 OHEHKH A
BU3YAJ/IM3ALINUU IAPAMETPOB KOPPO3MOHHOU CTOUKOCTHU
3AIUTHBIX IOKPBITUM

Annomayun: Paboma noceéawena paspabomke U NPOSPAMMHOU  peanuzayuu
CNeyuanu3upoBanHoco  eeb-unmepgetica 01 00pabOMKU  OAHHBIX,  BU3YAIU3AYUU U
NPEOUKMUBHO20 AHAIU3A KOPPOSUOHHOU CMOUKOCMU 3aWUMHbIX NOKpulmuu. B cmamobe
npeocmasiieH MamemMamuyeckuti annapam, 00vbeOuHAWUI ypaeHeHus oug@ysuu azpeccusHvlx
cped uepe3 noaumepHvie mampuyvl (6mopotl 3akon Duxa), KUHEMUKy 31eKmpoXUMUYECKO20
PACmeoperus Memaiiuyeckou noonodcku (ypaeuenue Tagens) u smnupuveckue mooenu
oezpadayuu 3awummuslx croes. Ha ocnose npednodicennvix popmanuzmos ¢ ucnonv3osanuem
sa3vika Python, ¢ppetimeopxa Streamlit u 6ubnuomex Pandas, NumPy u Plotly 611 cnpoexmuposan
UHMEPAKMUBHBIIL  NPOSPAMMHYBIL  KoMmnaekc. Paspabomannviii  uncmpymenm  noseonsem
aemomMamu3uposams 6600 U  PUILMPAYUIO  IKCNEPUMEHMANbHBIX OAHHBIX, NPOBOOUND
MHO20GAKMOPHBI pecpecCUOHHbI ananus, cmpoums 2D- u 3D-epagpuueckue 3asucumocmu, a
MAKice NPOSHO3UPOBAMb PACYEmHbLL pecypc be30mKasHou pabomuvl nokpvimuil. IIpukiaonas
nOIb3A OAHHO20 MPYOa COCMOUM 8 YopMuUposaHuu YO0OH020 YUGpPoso2o 08OUHUKA, KOMOPLLU
nomozcaem 3HAYUMENbHO YMEHbWUMb KOIUYECBO IKCNEPUMEHMO8 6 Npoyecce HNOUCKa
ONMUMATILHBIX XAPAKMEPUCTIUK UZOIAYUOHHBIX COCMABOS.

Knrouesvie cnoea: conpomugnenue KOppo3uu, npocpamMmHoe peuieHue, KOMNbIOmMepHas
cumynayus, Python, Streamlit, nonumepHnvie nienku, Memoovbl pezpeccuu, 2paguyeckoe
omobpasiceHue uHgopmayuu.

BBenenmue.

Pazpymienue MeETa/UIOKOHCTPYKLUMM M Jerpajanus CTPOUTENIBHBIX MaTEpUalIoB I10J
BO3JICUCTBHEM arpecCUBHBIX CpeJl TMPEJCTABISIOT COOOW CJIOXKHYI0 HAy4YHO-TEXHUYECKYIO
npo0iieMy, perieHre KOTOpoil TpeOyeT MOCTOSHHOTO COBEPIICHCTBOBAHHUS METOJIOB MACCUBHOMN
3ammThl. [locKoNbKY paspylieHne TMpoTeKkaeT O0€3 OCTaHOBOK, HWHXEHEpaM MPUXOIUTCA
HENIPEPBIBHO YJIy4ylIaTh NOAXOAbI K IMACCUBHOW M30JALMU. Ha cerogHsIHui 1eHb B MUPOBOU
I/IH,ZIYCTpI/II/I TJIaBHAA pOJ'IB 31€CHh OTBOAUTCS 3allIUTHBIM 6apLepaM, CO3JaHHBIM U3 CUHTCTHUYCCKUX
IJIJACTUKOB U KPEMHUMOPraHUYECKUX MaTEPUAJIOB.

Hcnonp30BaHne CUIMKOHOBBIX KOMITO3ULIMHN MO3BOJISIET MU30JUPOBATh HAapYXKHbIE (acasl
COOPYKEHHI OT KaUJUIIPHOU Biaru 6e3 HapyIIeHHsI TPOIIECCOB ECTECTBEHHOTO BO3yX000MEHa.
[TaponpoHuIlIaeMOCT, CTE€H TPH OTOM coxpaHsercs. HakormeHue wW30BITOYHOW BIard B
MUKpOTIOpax OeTOHa WMIW KHpIUYa MpPeJoTBpaIIaeTcs 3a c4eT ruApodoOu3anuu BHYTPEHHHX
CTEHOK KalWULIPOB. DJTO TPOJIJIEBAET CPOK DKCIUTyaTanuu. J[OTOTHHUTENbHYI0 H3OJSAIUI0 B
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CYpPOBBIX KIMMATUYECKUX YCIOBUSAX O0OECIICUMBAIOT CIUIOUTHBIC MOJUMEPHBIE 000mouku. M3HOC
CYILIECTBEHHO 3aMeJISIeTCS.

B kauectBe OCHOBHOro Oaphepa dalie BCEr0 HCHOIB3YIOTCS MOJMBHHUIXJIOPUIHBIE H
MOJIMATUIICHOBBIE IJICHKU, JEMOHCTPUPYIOIINE HCKIIOUUTEIbHYI0O HHEPTHOCTh K OOJBIIMHCTBY
HEOpraHWYecKuX KUcioT U menouent [1]. IIpenorBpamieHue OKUCIEHUSI JOCTUTAETC HAACKHO.
[lytem HaHeceHUsT TEPMOIUIACTUYHBIX COCTAaBOB H30JUPYIOTCS BHYTPEHHHUE IMOBEPXHOCTHU
He(TEPOMBICIIOBBIX PE3EPBYapPOB, MArUCTPAIbHBIX TPYOOIPOBOIOB U XMMHUYECKUX PEAKTOPOB.
3amura pabotaet 3¢ pexTuBHO. TpagUIIMOHHbIE 3aIIUTHBIE CII0U (POPMUPYIOTCS TAKKE U3 THOKUX
JIMCTOBBIX MaTepUaJIOB [2].

CoBpeMeHHBIE MOJIMMEPHBIC TNICHKH U3TOTABINBAIOTCS PEUMYIIECTBEHHO Ha 0a3€ BOTHBIX
qUcrepcuil ¢ A00aBI€HHEM SHOKCHAHBIX CMOJI, CTHPOJI-OyTaJuEHOBBIX COMOJIUMEPOB U
MOJIMBUHUJIAIIETATHOTO CBSI3ylOLIEro. A/re3uss K METajUly NOBBIIIAeTCA. BeKkTop pa3BuTHs
HAyYHBIX W3bICKAHUW B JaHHOW 00JIaCTH HaNpaBlieH Ha MOMCK METOAOB MOAU(UKALUU
MOJIMMEPHBIX MATPHII U PaOOTHI B 3KCTPEMATBHBIX pekuMax. VccinemoBaHust BEAyTCS aKTHBHO.
[lepcrieKTUBHBIM HAINpaBICHUEM CUUTAECTCS BBEJICHHUE HAHOCTPYKTYPHBIX MOIU(UKATOPOB B
00beM 1IeHKH [3].

Hcnonp30BaHWe  HAHOCTPYKTYpUPOBAaHHBIX  J100aBok. KauyecTBeHHOE  HM3MEHEHHE
MPOYHOCTHBIX W JAU(PQPY3MOHHBIX CBOMCTB TOJMMEPHBIX MATPHIl JOCTUTACTCS ITyTEM
JTUCTHIEPrUpOBaHUsl B MX OOBbeME YIbTPAAUCIEPCHBIX HAHOYACTUIL. 3a CYET KpailHe MalbIxX
pa3sMepoB J100aBisieMble YacTHIBl CIOCOOHBI TUIOTHO 3aHUMAaTh ITyCThIE MHKPOIOPHI U
CTPYKTypHBbIE Ae(peKThl. DTO AenaeT NOTUMEPHBIN KapKac ropas3/io IJIOTHEE U B pas3bl yCUINBAET
CHWIIy CLEIUIEHUs ¢ MoBepxHocThlo. Kak pe3ynbraT, Oapbep HauMHAET 3HAUYUTENBHO XYXKeE
MPOIYCKaTh BOJLY, MOHBI KUCIOT U MOJIEKYJIbI PACTBOPEHHOT'O KHCIOPO/A.

PazpaboTka camMOBOCCTaHABIMBAIOIIUXCS TOKPHITUM. KOHIENIMS WHTEIEKTYalbHBIX
MaTepuasoB MPEANoNaraeT CIOCOOHOCTh 3alUTHOM TIJIEHKM K aBTOHOMHOHM pereHepanuu
CIUIOIIHOCTH TP BO3HUKHOBEHUHU JIOKAJIBHBIX MEXaHUYECKUX TMOBpexaeHui. [ns storo
MPUMEHSIIOTCS. MHUKPOKAICyibl. BHeApeHHbIe B MOJUMEPHYIO MATPHILy KalCyJbl COJEpKaT
KUJKU MOHOMEP, BBICBOOOXKIAIOIIMICS MIPH PACKPBITHH TPEIIUHBI U TTOJTUMEPU3YIOMUNCS MO
JeiicTBHEM KaTanu3aTopoB. L[enocTHOCTh BOCCTaHABIMBAETCS aBTOMATUYECKU. MexaHHYecKoe
MOBPEXICHUE HE TPUBOUT K Pa3BUTHUIO KOppo3uoHHoro ouara [4]. Cpok ciyx0bl pacteT. BekTop
HKOJIOTMUYECKON 0€30MacHOCTH JTUKTYET HEOOXOJUMOCTh 3aMEHbl TOKCHYHBIX XPOMATHBIX U
dbochaTHbIX HHTHOMTOPOB KOPPO3UU Ha OHMOpasziaraeMbple MIPUPOIHBIC aHATIOTH. 3eJeHast XUMHUS
mpeiaraeT abTePHATUBBI. DKCTPAKTHI PACTUTEIHHOTO MTPOUCXOKACHUS COIepKaT (hIaBOHOUIBI
Y TAaHUHBI, CIIOCOOHBIE 00PA30BBIBATH HA MIOBEPXHOCTH METAJIJIa MPOYHBIEC XEIATHBIE KOMILJIEKCHI.
O} dexTuBHOCTD 3amUTHI BEICOKA [5]. OmacHbIe OTXO/IBI IPH 3TOM HE 00pa3yroTCsl.

[IpumeHeHne HIEKTPOXUMUYECKUX METOJOB KOHTpoJiA. Jlerpagarust JAUAJIEKTPUUECKHUX
CBOMCTB TOJMMEPHOTO IMOKPBITHS B MPOLECCE HACHIIIEHUS €ro BIarod KOHTPOIUPYETCS
METOJaMH  DJIEKTPOXUMHUYECKOTO aHanu3a. [IpuMmeHsercs wuMMenaHcHas CHEKTPOCKOMUSI.
[Tonspu3alinoHHbIE W3MEPEHUS MO3BOJSAIOT 3apUKCHPOBATH BO3HHUKHOBEHHE TMOIIICHOYHON
KOPPO3UH Ha CaMbIX PaHHUX CTaJMSIX, KOTJIa BU3yaJlbHbIC JIE€(PEKTHI €Iie OTCYTCTBYIOT. MeTon
JaeT TOYHBbIe pe3ynbTaThl. lccenoBanre KMHETUKH TIEpeHoca 3apsia Ha rpaHule pazaena das
MIOMOT'aeT OLIEHUTh CTEINEHb MOJABJICHNS aHOJHBIX PeaKUil BBEIEHHbBIMU UHTHOUTOpamu [6]. B
mpoliecce MPOCKTUPOBAHUS  3AIIMTHBIX CHUCTEM BO3pAacTaeT pojib  MaTeMaTHYECKOTO
MojaenupoBaHus. DUNKO-XUMHUYECKHE CBOWCTBA TMOJMMEPOB PACCUUTHIBAIOTCS YUCIEHHO [7].
MopenupoBaHue MepeHoca MAacChl U AIEKTPOXUMHUYECKOTO MOTEHIMANa MO3BOJISIET COKPATUTH
00bEM JTOPOTOCTOSIINX HATYPHBIX HCIBITAHUA W ONTUMHU3UPOBATH COCTAB KOMMO3UIWHU [8].
Pe3ynbrarsl MOieTMpOBaHUS JIOKATCA B OCHOBY CO3aHUS JOJITOBEUHBIX 3aIIMTHBIX CUCTEM [9].

MaTepnam,l H METOAbI UCCTICAOBAHUSA.
KommekcHas orieHKa 3aluTHOTO }IGP’ICTBHSI AHTHUKOPPO3HOHHBIX HOKpI)ITI/Iﬁ IIpoBOANIIACHE C
COBMCCTHBIM HCIIOJIb30BaHUECM J'Ia60paTOpHBIX HUCIBITAaHUN U YUCIEHHBIX paC‘-IéTHBIX MoOJeIeH.
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Taxast KOMOMHAIIMS TTO3BOJISIET CHU3HUTH 3aTPaThl HA SKCIIEPUMEHTHl. MaTeMaTHuecKuil anmnapaT
onuceiBaeT IUGGY3MOHHBINA, KMHETHUECKUH, MEXaHUUYECKUH U 3JIEKTPOXUMHMUYECKUH acHeKThl
B3aUMOJICUCTBUS B CUCTEME «METAJIII — 3alUTHAs IUICHKA — arpecCUBHas cpelay. Berauciaenus
IIPOBEJEHBI IIOCIIEN0BATENBHO.

CKOpOCTh  XMMMYECKOTO B3aHUMOACHUCTBHS KOPPO3MOHHO-aKTHBHBIX KOMIIOHEHTOB C
METAJUIMYECKOH TIOBEPXHOCTBIO OMUCHIBaeTCs AuepeHnanbHbIM  ypaBHEHHEM IE€PBOTO
HOpsIKa:

ac _
L= —kC (1)

rac:

C— KOHICHTpausd pCarupyrommnx BCIICCTB B 30HC pCaKIIUU;

k — KuHeTHYeCKass KOHCTaHTa CKOpPOCTH pCaKIUU.

HaHpH)KeHHO-,I[e(bopMI/IpOBaHHOC COCTOSHHUEC IMOJIMMEPHOI'0 3allIUTHOT'O CJIOA IIPHU BHCITHUX
MCXaHMYCCKUX HAIrpy3Kax OOCHNBAJIOCH METOJJOM KOHCYHBIX 3JICMCHTOB. 9TO MO3BOJISICT BLIIBUTD
MCCTa KOHIICHTPAaIH HaHpH)KCHI/Iﬁ. ypaBHeHI/IC CTaTHYCCKOI'O paBHOBCCHUA IIPUHUMACT BU !

Vio+f=0 ©)

rae:

G — TEH30p HAIPSKCHUN B MaTEpHAIE;

f — BekTOp 0OBEMHBIX HArPY30K.

[Iporuo3upoBanre TEMIIOB KOPPO3UHM B 3aBUCHMOCTH OT HaOOpa BHEUIHUX BO3ACHCTBUI
BBITNOJHSIOCH METOJIOM MHOYKECTBEHHOI JInHEeHHOM perpeccun. COBOKyITHOE BIUSHUE (PaKTOPOB
OLICHUBAJIOCh COBMECTHO. PerpeccoHHast MOJieb 3allUChIBACTCA B BUAE:

y=a+byxy+byx, +-+bx, +€ 3)

r7ie y — uccieayemas mepeMeHHas (HalpuMep, CKOPOCTh KOPPO3UOHHOTO Pa3pyIICHUs);

X1 — BAMSIOIME (PAKTOPBI,

bi — perpeccroHHbIe KO3()(PUIIMEHTHI;

& — clyvaifHas olmoOKa MOJIeIH.

[lpuMeHeHHe PETPecCHOHHOTO TOAXO0Ja IMOBBIIIAET TOYHOCTh MPOTHO3HUPOBAHHUS
KOPPO3MOHHOTI'O TTOBE/ICHUS.

Uto0bI y4ecTh MOCTENEHHOE pa3pylIeHUE MOJTUMEPHON CTPYKTYPHI MO BIMSIHUEM BOJBI U
HarpeBa, IOKa3aTeslb IPOHMKHOBEHMsI arpeccHBHBIX BemecTB D paccMmarpuBaercst Kak
NepEeMEHHAsI BEJIMYMHA U BBIPAKACTCS Yepe3 YTOYHEHHYO 3aBHCUMOCTH!

D(t,W) = D, - exp(a-W(t) + B Lt 4)

service

re:

Do — nauanbHblil kKO3QpuuueHT 1uddy3un Cyxoi MICHKY;

W(t) — Texyiiee BIaroHachIeHUE TOKPBITHSI;

a, B — smnupuyeckne K03)GUIMEHTHI JECTPYKIINU MTOJIMEPHOM CETKH;

t service — HOPMATHUBHBINA CPOK CITY>KOBI IIOKPBITHSL.

JlanHast Mozenb MO3BOJSIET ONPEIETUTh MOMEHT JOCTHXKEHHsI arpecCHBHOIO areHTa
METAJUIMYECKON MOIOKKH.

Jlerpaganus MoJIMMEpPHOro MOKPBITUS MOJ ACHCTBUEM YJIbTPA(pHOIETOBOIO HU3IyUCHUS U
BJIarH alPOKCUMHUPYETCSl YpaBHEHUEM YOBIBAaHHUS MACCHI:
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dM
M = —km ®)

re:
M — octarounas macca (J10J151) TOKPBITHS;
k — KOHCTaHTa CKOPOCTH JIerpajallii MaTepHraia.
YucioBoe pelicHUE JaHHOTO YPaBHEHHS XapaKTEPU3yeT YCTOWYHMBOCTh IOKPBITHS K
IKCILTYaTalMOHHOMY CTapeHHIO.
KuHetnka 9JeKTpPOXMMHYECKHX pEaKluii Ha Mex(a3HOW TIpaHUIC OMUCHIBACTCS
ypaBHeHueM Taders:

anFp (1-a)nFn

i=ig(e R —e~ RT ) (6)

rjae:

1 — TUIOTHOCTB TOKa KOPPO3HUU;

io — TOK OOMEHa, XapaKTePU3YIONIUI PEaKIIMOHHYIO CITOCOOHOCTh CUCTEMBI;

1 — HepeHanpsLKEeHUE Ha AJIEKTPO/IE;

o — ko3¢ (HUIMEHT TIepeHoca 3apsa;

N — YHUCJIO 3JIEKTPOHOB, YYACTBYIOIIUX B PEAKIIUU;

F — nocrosiunas ®@apanes;

R — yHHBepcanbpHas ra3oBasi IOCTOSTHHAS;

T — aOcomoTHas TemMIeparypa.

KpaeBoe ycrioBue Ha rpanuiie pas3zelna «IOKphITHE — MeTalTnyecKas MoUIokKKa» X = L
cBsizbiBaeT audy3nonnsnii motox J(L, t) ¢ KHHETHKOM AMEKTPOXUMUYECKOTO PACTBOPEHUS

Tademns:
cwb)

exp (=2l 7

i t)=1
corr( ) 0 RT
ComnocraBieHre 3HaueHUM TOKa KOPPO3UU JAa€T KOJIMYECTBEHHYIO OLEHKY OapbepHbIX
CBOMCTB ITOKPBITHS.
Pecypc 3amuTHOro Oappepa pacCUMTHIBAJICS Ha OCHOBE OSMIHUPUYECKON MoOJenu
JIOJITOBEYHOCTH:

1
trau = 5+ 3 ®)

rjae:

L — mporHo3upyeMslii CpoK CITy>KObI TOKPBITHUS;

h — TonmumHaa HaHEeCEHHOTO CJI0S;

D — koadppunment nuddys3num arpecCUBHBIX BEILECTB;

V — CKOpOCTbh a0pa3MBHOIO U3HOCA ITOBEPXHOCTH.

YucneHHOEe MOJENUPOBAHME U KOMITBIOTEPHAS CHUMYJISIIHS MPUMEHSIOTCS KaK MOIIHBIE
WHCTPYMEHTHI UCCIIE0OBAHUS KOPPO3HMOHHBIX MPOIECCOB M pa3paboTku cucteM 3amuTh [11, 12].
CoBpeMeHHOE POorpaMMHOe 00ecrieueHHe OMMChIBAET EPEHOC HOHOB M HEUTPAJIbHBIX YacTHUII B
DIIEKTPOJIUTE, a TaKkKe paclpeleleHne TOKa B  METAUIMYECKHX  KOHCTPYKIHUSX.
Crienanu3upoBaHHbIe MOJIYJIM KOPPO3UH TO3BOJISIIOT BOCIHPOM3BOAUTH DPEAKLUU MepeHoca
3apsifa Ha TpaHMIE METaJUI—3JIEKTPOJIUT C OMOPON Ha BCTPOCHHYIO TEPMOIAMHAMHUYECKYIO 0a3y
JTAHHBIX 3JEKTPOJHBIX MOTEHIMAIOB. MoJenupoBaHue BeAETCS B OJHO-, ABYX- M TPEXMEPHOI
MMOCTAHOBKE METOJAMH KOHEYHBIX M TPAaHUYHBIX 3JIEMEHTOB. Kpyr UMHUTHPYEMBIX SIBICHUIH
OXBAaThIBACT TrajlbBAaHUYECKYI0, TOUCUHYIO, IIEIEeBYI0, aTMOCHEPHYIO U 001y Kopposuto [13],
KHCJIOTHO-ILIEJIOYHOE pa3pyllieHue B HETEra30BbIX CUCTEMAaX, KOPPO3UIO apMaTypbl B OETOHE U
BO3/ICHCTBUE ONYXJAlOIIMX TOKOB. B OCHOBE BceX OSTUX CIEHAPHEB JIeKaT eIUHbIE
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AIIEKTPOXMMHUYECKUE 3aKOHOMEPHOCTH IMEpeHoca 3apsia W MacChl. | paHUYHBIC YCIOBUS U
MMOBEPXHOCTHBIE PEAKIUU 3a7aloTcsi THOKO [14]. DIeKTpoauT MOXKeT OBITh 3aJlaH KaK TOHKHH
IUIEHOYHBIN CIIOW, TMopucTas cpena wiam xunakas ¢aza. [lnardpopma nomyckaer compsikeHue
MOJIyJII KOPPO3UH C MOAYJISIMU TEIUIONEpeNaud M CTPOUTEIBHON MEXaHWKH, YTO OTKPBIBAET
BO3MOXXHOCTh ~MOJICIMPOBAHMSI KOPPO3HMOHHOTO PACTPECKUBAHHUS TOJ HANpsHKEHUEM U
Jerpajauu OETOHHOTO MOKPBITHS [15].

[TporpaMMHBIif KOMILIIEKC JIJ1s pacuéTa KOPPO3UOHHBIX TapaMEeTPOB MOCTPOEH Ha KITFOUEBBIX
Ooubnmorekax 3xocucTeMbl Python, kak/1ast U3 KOTOPBIX BBIMOJIHIET KOHKPETHYIO (DYHKIIHIO:

— streamlit (riceBmoHUM st): ppelMBOPK ISl CO3/IaHUS MHTEPAKTUBHOTO BeO-MHTEpdeiica
0e3 nmpumenenuss HTML, CSS unm JavaScript. bubnnoreka oOpabaTeiBaeT B3aUMOACHCTBHE C
MOJIb30BaTeeM, OOHOBJICHHE BHUKETOB M YIIPAaBJICHHWE COCTOSHUEM ceccuM (st.session_state).
[IpenocTaBistOTCS TOTOBBIE 3JIEMEHTHI YIIPABJICHHUS: KHOIIKH, TIOJI3YHKH, MTOJIS BBOA, 3aTPY3UUKH
(haioB, a TaKKe METOJIbI OTOOpaKEHUS TaOIHI], rPa)UKOB K MAaTEMAaTHIECKUX (POpMYII.

— pandas (niceBmonuM pd): 6a30BBIl MHCTPYMEHT AJisi pabOTHl C JAaHHBIMH B (hopMmaTte
DataFrame. B npuioskeHru ucnonb3yercs AJist:

— wurenus gnaHHeix w3 CSV wum  Excel-¢aiinoB (pd.read csv, pd.ExcelFile); —
CTPYKTypUpOBaHHs HUH(DOPMALIUU IJi yIOOHOTO IOCTYIa U MaHUITYJISIIHIA;

— ¢wIbTpanuy, COPTUPOBKH M 00pabOTKM MpomyIieHHBIX 3HaueHuil (dropna, fillna,
pd.NA);

— MPUBEACHHSI CTOJIOOB K uncioBoMy Tuity (pd.to numeric, errors='coerce');

— MOATOTOBKH JTAHHBIX JIJISl PErPECCUOHHOTO aHAJIM3a U BU3Yyalu3alii;

— (opmupoBaHUS UTOTOBBIX TAOJUIL JJIsl BBIBOJIA HA SKPAH M BBHITPY3KH; UCIIOJIE30BAHUS
st.data_editor s ”HTEPAaKTUBHOTO PEJAKTUPOBAHUS JAHHBIX M1OJIb30BATEIIEM.

— numpy (TICEBAOHUM hp): OMOIMOTEKa Jii BBICOKOMPOU3BOAUTEIBHBIX YHCIOBBIX
onepanuii. Mcnons3yerca coBMecTHO ¢ pandas u statsmodels ans paboTel ¢ MHOTOMEPHBIMH
MacCHBaMU JIaHHBIX.

[TprMeHeHre ONMCaHHOTO METO/Ia MTO3BOJISIET ONPEACTUTh PACUETHBIN eproa 6€30TKa3HOM
3aIIUTHI METAJUIA U TOJI00PATh MApaMETPBI IIOKPBITHSI, COOTBETCTBYIOIINE KOHKPETHBIM YCIIOBHSIM
JKCILTyaTaluu.

Pe3yabTaThl M MX 00CyIKAEHUE.

[TpoexTupoBanue 3(PQGEKTUBHBIX CHCTEM 3aIIUTHl OT KOPpPO3UU TpeOyeT AeTaabHOro
U3yYeHHUs] MEXaHM3MOB IIepeHoca Macchl B 00BbeMe JUAJIEKTPUYECKOM IUIeHKH. YTOoObI
ABTOMATH3UPOBATh TIOBTOPSIONINECS BHIYUCICHUS M TTO3BOJHMTH aHAJIH3UPOBATH PE3yJIbTaThl 0e3
3aJiepKeK, UCCIeI0BaTeNIn co3alu coOCTBeHHOoe mpuioxkeHue Ha Python. Ero unTepakTuBHas
Be0-00010uKa (PYHKITMOHUPYET C TOMOIIBI0 OubroTeku Streamlit.

[Iporpamma mpezacraBisieT coOOM  BeO-IPUIOKEHHWE C HHTYUTHBHO TIOHSTHBIM
uHTEepdeiicomM, NpenHa3HAYeHHOe Ui WHXKEHEPOB, HCCIeNoBaTeNe WM TpogdecCHOHATIOB,
paboTaroUMX ¢ JaHHBIMU O KOPPO3UOHHOM CTOMKOCTH MaTepualioB M MOKpbITHHA. OH npejaraer
JIBa OCHOBHBIX aHAJTMTUYECKUX MOIYJIS: pETPECCHOHHBIA aHAIIN3 ISl OTIPEIEIICHUS 3aBUCIMOCTH
MeXIy (akTopamMH U MOKa3aTeNIIMU U MOJYJIb aHalIM3a KOPPO3UHU JJIS CPaBHEHUs MOKa3aTenein
pa3MYHBIX MaTepHajoB C TEYCHHWEM BpeMeHH. lIpuiokeHne mMmeer cienyromyro (aiioByro
CTPYKTYPY, XapaKTE€PHYIO JUIsi MHOTOCTPAaHUYHBIX PUIIOKEHUH streamlit:

- app.py: SIBIISIETCSI TOYKOH JIOCTyTa, yCTAHABIMBACT OOIME HACTPOWKH TPHIIOKEHHS,
0TOOpakaeT JJOMAIIIHIO CTPAHUILY C IPUBETCTBUEM U ONHCAHHEM.

- TIOJICTPAHMIIBI/: TIOJIIAKET CO CKPUNTAMH OTACNBHBIX CTpaHull. Dailibl ¢ KOIOM s
OTJENBHBIX PAa0OYMX OKOH CTPYNIIMPOBAHBI B OTAENBHYIO JUPEKTOPHIO. 3a cyeT 3Toro Streamlit
MOYKET CaMOCTOSITEIEHO YIPABISATh NMEPEX0aMu MEXIy CTPAHUIIAMH U BBICTPAaWBaTh YAOOHYIO
HaBUTAIUIO JUTS [TOJIb30BATEII.

Paznen "I'maBnas" (app.py) npuBenensl Ha pucyHke 1. Llenb 3toro pasgena nath oOuiee
BBEJICHUE B MPWJIOKEHHUE U CITY’KUT OTIPaBHON TOUKOU. Ero ocHOBHbBIE (pyHKITNH:
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- perymupyeT oOmme mapameTphl CTpaHUIlbl (st.set page config): IHUPOKUNA MaKeT
(layout="wide"), 3aroioBok BKJIaJKu Opay3epa, 3Ha4OK, CTaTyc OOKOBOM MaHEH 10 YMOJTYaHHIO.
- OToOpaxkaeT OCHOBHYIO TEMY U BBOJIHBIN TEKCT, OITMCHIBAIOIIUH IEJTh TIPUIIOKCHHUS U JJOCTYITHBIE
pasessl;

- IEpeHAIpaBIISIeT MOJIh30BATEIIS HA UCIIOJIB30BaHUE OOKOBOM MTAHEIH JJIsi HABUTAIIHH;

- Streamlit moka3eiBaet, 4ro OGmaromapsi Session State ITaHHBIE MOTYT XPaHUTBHCS MEXITY
CTpaHHIIaMHU.

[Tonb30BaTenh WMMEET BO3MOXHOCTh BBOJUTH HCXOJHBIC IMapaMETPhl CHUMYJISIUH
(ko3 dunmenTs QP dy3un, KOHCTAHTHI CKOPOCTEH PEaKIIUid, TOJIIMHBI CIIOEB) BPYUHYIO Yepes3
WHTEPAKTUBHBIC TIOJIS1 BBOJA WJIM 3arpy’kKaTh TOTOBBIE IKCIIEPUMEHTAIBHBIC JaHHBIE B JopMmaTe
tabmuiy CSV (pucyHok 1). UMIopT BBITTOTHAETCS MTHOBEHHO.

1. BBoa gaHHbIX

i Masxas Crpanuua
W Perpeccus Buibepute cNocob BBOAA A3HHBIC

# Koppoaus ® Bsectv BpyuHYI0 (C npuMepom) 3arpysuTs daitn

BBog/peaaKkTupoBaHue gaHHbIX

Tabnuua ke 3anonHeHa npumepom. OTpepakTupyiTe ee, noGaBsTe CTPOKM UAK YAANUTE HEHYXHBIE.

B 3arpyauTs/nepesarpyauTs npuMep AaHHBIX

[Tocme cuWThIBaHMS  JAQHHBIX CHUCTEMA  3allyCKAaeT  BBIUMCIMTEJIbHBIE  MOJYJIH,
pacCUMTHIBAIOIINE BPEMEHHYIO JTMHAMUKY M3MEHEHUS KOHIIEHTpAIil KOPPO3HMOHHO-aKTHUBHBIX
areHTOB M I1aJICHUE 3AIIUTHBIX CBOMCTB BO BPEMEHH.

OKHO IPOBEPKU JIaHHBIX BBIMOIHSIET CIAEAYIOUINE IEHCTBUS:

- IPOBEpsIeT HaNTMYKe 00s13aTeNbHBIX cToNO1OB (‘Martepuain','Bpems_H').

- TBITAeTCSl NpPeoOpa3oBaTh W3BECTHHIE YMCIIOBBIE CTOJOIBI B YWUCIOBOM (popmar
(errors='coerce').

- mpoBepseT Hanuuue NaN B 00s13aTeNbHBIX CTOI0LAX MOCIIe BBOAA/3arpy3KH.

- TpeIBapUTEIBHBIN TPOCMOTP: B CKIagHOM Osoke (st.expander) oTtoOpaskaeT mepBbIe
CTPOKH JIaHHBIX, BBEIEHHBIX IOCJIE ONepaly Npeodpa3oBaHmsl, U UH(OPMAIIHIO O TUIIAX JaHHbIX.

- IpeAynpexaacT o cyliecTBoBaHnu Nan

I'paduxu  crposrcs aBTOMaTHyeckd (pUCYHOK 2). Pe3ynbraTel BBIBOOATCS Ha
WHTEPaKTUBHBIA XOJICT.
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B Busyanusauus 3asucumoctu ot Bpemern

1 Mnaswas Crpaxiua

Bbiepue MeTpiky 41 oToBpaxeHis Ha rpagiuke (och Y):

Tny6uaKoppo3u_mkw

Tpachuk: ny6uHaKoppo3uu_Mkm oT Bpemern

3asucumocs 'Tny6unaKoppo3um_Mkm' ot Bpemenn

Marepuan
8 AnounHwit 6061
Megs M1
¢ Hepx.crane316
Crans 3

rNy61MHaKoppo3unu_MKm

Bpems, yac

Pucynok 2 — CpaBHeHHE BpEMEHHBIX 3aBUCUMOCTEH MOKa3aTesell Koppo3uu

JlonomHUTENBHOE CPaBHEHUE KOPPO3UOHHOM CTOMKOCTH BBIIOJIHSET CIEAYIOMNE (PyHKITUH:

- [Ipenocrariser mose BeIOOpa JUTsi BHIOOpa KOHKPETHOTO MaTepHaia U3 CIucKa.

- B Buje kapt mokaspiBaeT HAOOp OCHOBHBIX IMOKa3aTelei sl BRIOPAaHHOTO MaTepuaia u3
CBOJIHOHM TaOnuibl (St.metric) MCHONB30BaHUE CHENMATBHOW (QYHKUIMU I (OopMaTHPOBAHUS
3HaYeHU’ 1 00paboTku paspemienuii. CBoHas TabiaHIIa OpraHU30BaHa B CTOJIOIIBI.

- CBosHy10 TabmuIly MOkHO ckadath (B popmatax CSV u Excel).

[TporpamMmMa OCyIIECTBIISIET aBTOMAaTHYECKOE PAH)KMPOBAHHME HCCIIETYyEeMbBIX 00pa3IloB TI0
YPOBHIO MX KOPPO3MOHHOM CTOMKOCTH Ha OCHOBE pacueTa BPEMEHM MPOpbIBA 3AIIUTHOTO CIIOS
t {fail}. Jlanasie cBomATCS B 0OIIYIO TaOIMITy. J{J1s1 HArJISITHOTO CPaBHEHUS] CBOMCTB Pa3IMYHBIX
HOKPBITUH B CHCTEME IMPEeIyCMOTPEH MOJYJb AETAlIbHOIO aHaIN3a, MO3BOJISIIOIIMN BBIBOJUTH
KJTIOYEBBIE MTapaMeTphl BEIOPAHHOTO MaTepHalia ¢ MTOMOIIBI0 MHTEPAKTHBHBIX KapTOUEK METPHUK
(pucyHok 3). Ot0 ynpomaer BbiOop marepuana. ChopmMupoBaHHbIe TaOIUIBI U TPaQUKU MOTYT
OBITH HKCIOPTUPOBAHBI JUIs JaIbHENUIIEH CTaTUCTHUECKONH 00pabOTKY.
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#h Maenas Crpannua
1 Perpeccun

# Koppoaua

¥ CeopHoe CpaeHerve KopposorHoi CToitkocT

CpaeHeHme noxa3aTenei (CNOMb3yloTCA AaHHbIe Ha NOCNEAHMIt M3BECTHEIH MOMEHT Bpemeki < 500 Yac U CELHBH4ECKHE METPHKH):

CBopkas Tafinmuya:

K

0.500
5.000
3.000

20,000

PI/IcyHOK 3 - [[OHOJ'IHI/ITGJ'IBHOG OKHO CPpaBHCHUSA KOppOSHOHHOﬁ CTOMKOCTH

B pasgene Busyammzaumsi paccmarpuBaercs Tpaduk cpaBHEHUS (DAaKTHUECKHX U
nporHo3HbIX 3HaueHWi Y (plotli). ~ OLS renepupyercs mnuHHMEH TpeHIAa M OCEBBIMHU
rucrorpamMmmamu (puc.4).

- Coznaer rpaduk ocratkoB Vs. [lpenmonaraemeie 3HaueHus (plotly.express.scatter) s
aHaJM3a PacrpeieNIeHHs OTXO/I0B.

- Pucyer 3D-rpaduk, nokaspiBaronuii (akTUYECKUE TOYKU JAHHBIX U IJIOCKOCTh (MU
HIOBEPXHOCTh) PErpeccHH B TPEXMEPHOM MPOCTPAHCTBE, €CIM BBIOpaHBI POBHO JaBa (hakTopa
(plotly.graph_objects).

1 Mnasuas Crpanuya
1 Perpeccus

# Koppoaus

@ 3D Busyanusauus: X1, X2 vs Y

71
2

PucyHok 4 — OKHO TpexMEpHOW BU3yaIH3allun
3arpys3ka pe3yibTaToOB O3BOJIIET MOJIB30BATEINIO 3aTPYsKaTh CIECAYIOIINE JAHHBIC:
- Ta0aMIa ¢ UCXOTHBIMU JaHHBIMM, (PAKTMYECKHMMM 3HAUYEHUSAMH Y, MIPOTHO3UPYEMBIMU

3HaueHusIMU Y U octatkami (B popmarax CSV u Excel).
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- Tabnuua ¢ ko3 HUIMEeHTaMi PErPecCHH M UX KpaTkas craTucTuka (B ¢popmarax CSV u
Excel).

- 00paboTka omMOOK: yIaBiIuBaeT pakTUUIecKue omuoku (Hanpumep, np.linalg.LinAlgError
MYJIbTUKOJUIMHEAPHBI) U 00IIue MCKIIOYEHHUs, cooOmeHuss 00 omubKax U cieabl cTeka s
OTJaJIKU. 3arpy3Ka pe3yJibTaTOB OpraHM30BaHa TaK, KaK MMOKa3aHO Ha PUCYHKE 5.

# MnaeHas Crpaxmua
I Perpeccus

# Kopposua

) CkayuBaHue pesynbraros

[IaHHbIE C NPeACKa3aHMAMH; Tabnuua koa(duymenTos:

= Cravars CSV B Cravars CSV

B Cavars Excel CKavars Excel

Pucynok 5 — OkHO 3arpy3ku JaHHBIX

Ilepcnexmuevt unmezpayuu nPOSPAMMHO20 KOMNJIEKCA C annapamuo-CeHCOPHbIMU
cucmemamu (loT).

Jns  TpaHcdopmanuu pa3pabOTaHHOTO IPOrPAaMMHOIO KOMIUIEKCA B IOJHOLIEHHYIO
CUCTEMY TMPEAMKTUBHOTO MOHMTOPMHra W MpeAuKTHBHOro oOciyxuBanus (Predictive
Maintenance)  cIpoeKTUpOBaHa  KOHLENTyaldbHas  apXUTEKTypa  JIByHAIIPaBJIE€HHOI'O
MH(}OPMaLlMOHHOTO0 0OMEHa C BHEIIHUMU allapaTHO-CEHCOPHBIMU MOJYJISIMH.

ApPXUTEKTypa MOCTPOEHA Ha HCIOJIb30BAaHUM IPOMBIIUIEHHBIX MPOTOKOJIOB Mepeaayu
JAHHBIX B pEAJIbHOM BPEMEHU:

1. Iporokon MQTT (Message Queuing Telemetry Transport): mpumensercs s
NEPUOANYECKOro cOopa NEPBUYHBIX METPUK (YPOBHSI OTHOCUTEIBHOM BIa’KHOCTH, TEMIIEPATYPbI
OKpYXarollel cpenbl, JJIEKTPUYECKOTO CONPOTUBIICHMS IOJIMMEPHOM MAaTpHULBI M TOKa
MOATUICHOYHOM KOPPO3HMH) C pachpenelieHHON ceTh (U3HUYECKUX TATYMKOB (KOPPO3MOHHBIX
TPEKEPOB U BIaroMepOB), CMOHTUPOBAHHBIX HA KOHTPOJIUPYEMbIX OOBEKTaX.

2. REST APl na 06aze ¢peiimBopka FastAPI/Flask: BbicTymaeTr mnpoMeKyTOUHBIM
cBsa3ytomuM 3BeHOM (middleware) Mexay Opokepom cooOlIeHMH U BeO-IPUIOKEHHEM Ha
Streamlit. Uepe3 API-3HANOMHTEI BBINOJIHAETCS BaluAalus, NepBUYHas GUIbTpALUs U 3alKCh
MOCTYTAOUINX BPEMEHHBIX psA10B B 0a3y AaHHbIX (PostgreSQL/TimescaleDB).

CuuTaHHbIE B peKHME PEAJTLHOTO BPEMEHH MTapaMeTphl CPeIbl aBTOMATUYECKHU TMepeaaroTCst
B PacyeTHOE SAPO IPOrpaMMBbl. AJITOPUTM OCYILECTBISAET AMHAMUUYECKUN ITEpeEPAcUeT TEKYILIETO
koadpunmenta 1updpysun D(W, t) u 00HOBISET MPOrHO3 OCTATOYHOTO pecypca MOKPHITUS t fail.
[Tpy mpeBbIIEHUN KPUTHUYECKUX TOPOTOBBIX 3HAUYEHUI TOKAa KOPPO3HU  icorr MIIM YCKOPEHHOU
Jerpagandu  monuMmepa BeO-uHTepdenc GopMHpyeT aBTOMATHYECKOE OIOBEIICHUE IS
MHXEHEPHO-TEXHUUECKOT 0 TIEPCOHANIA.
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[IpennoxxeHHas cxeMa HWHTETPAlMM 3aKJIAJbIBAET OCHOBY JUIS MO3TAHOTO IEpeEXoa
pazpaboTaHHOM  MOJAENHM K  MHAyCTpHAIbHOMY  QopmaTy  uudpoBoro  JIBOMHUKA
AHTHUKOPPO3UOHHOM 3aILMTHI.

3akJiroueHue.

B pe3ynbrare BBIIOJHEHHOW HAy4HO-MCCIENI0BATENbCKOW pabOThl CIIPOEKTHUPOBAHO U
peann3oBaHO KpocciiaTGopMeHHOE MporpaMMHOE oOecredeHue Ha 0Oasze BeO-(peliMBopka
Streamlit. Ycnemnas anpoOamnusi CO3MaHHOTO WHCTPYMEHTApUs MOATBEPIMIIA €T0 BBICOKYIO
HaAeKHOCTh M 3(h(PexTuBHYO  (YHKIMOHAILHOCTh  INPU  O0OpabOTKE  MacCHBOB
HKCIEPUMEHTAIBHBIX JAHHBIX M YHCICHHOM MOJICIMPOBAHUM MPOIECCOB MEPEHOCAa MACcChl U
3apsifia B aHTUKOPPO3UOHHBIX IIJICHKAX.

[Tyrem oObenunenus ypaBHeHuit quddys3nn duka, 31eKTpoXuMHYecKor KHHeTUKU Taderns
U MoJieJel MeXaHH4eCKOro M3HOCa B €AMHYIO PAacueTHYIO CHCTeMYy Oblia IOCTUTHYTa BBICOKAs
TOYHOCTh MPOTHO3UPOBAHMUSA OCTATOYHOTO pecypca TOKPBITHH. PacueTbl mnoATBEpKIEHBI
nabopatopHbIMU TecTaMu. [IpakThyeckasi IIEHHOCTh MPEUIOKEHHOTO MOAX0Ja 3aKiIvaeTcs B
BO3MOXXHOCTH ONTHMH3ALMU TOJNIIMHBI M XHUMHYECKOTO COCTaBa HAaHOCHMOTO  CJIOS
HEMOCPEJACTBEHHO Ha JTane MPOEKTUPOBAHUA. DTO HMCKIIOYAeT HEOOXOIMMOCTh MPOBEICHUS
JOJTUX HATYPHBIX TECTOB.

WuTerpamus pa3pabOTaHHOTO MPOTrPAMMHOTO KOMIUIEKCA B KOHTYpP MPOMBIILIEHHOTO
NPEIUKTHBHOTO OOCTYXKMBAaHUS TEXHOJIOTUYECKOTO OOOpPYAOBaHHS MO3BOJHUT CYIIECTBEHHO
CHU3UTH 3aTpaThl HA BHEIUIAHOBBIM peMOHT. Hane)XHOCTh TOBBIIIAETCS MHOTOKPATHO.
JanbHeliiee pa3BUTHE TPOEKTa MPEANoiaracT MOAKIOYEHUE 0a3 JaHHBIX KOMMEPUYECKHX
MaTepuasoB M aJIalTal[MI0 PACUETHBIX MOAYJIEH JIJIsl pabOThI C JATYMKAMU CHCTEM MOHHTOPHHTA
KOPPO3HHU B peaIbHOM BPEMEHHU.
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KOPFAHBIII KAIITAMAJIAPBIHBIH KOPPO3UAT A TO3IMALJIIK
ITAPAMETPJIEPIH BAT'AJIAY MEH BU3YAJIN3ALIUAJIAYTA APHAJITAH
BAFJAPJIAMAUJIBIK KEHIEH/I 93IPJIEY

Anoamna: JKymwvic  Oepekmepdi  6HOeyee,  BU3YAIUZAYUARA — JHCOHE  KOPRAHIC
HCAOLIHOAPLIHLIY KOPPO3UAA MO3IMOLNIZIH 00NNHCAMObl MAN0aAy2a apHalaH apHauvl 6eo-
unmepgheticmi azipneyee dHcoHe 6A20APIAMANLIK KAMMAMACHL3 emyee bazeimmanzan. Maxanraoa
azpeccusmi opmanapoviy oughgysus menoeynepin noaumepii mampuyaiap (Qukmiy exiHwi
3anbl), Memaul cyoCmpammuoly dNeKMPOXUMUALLIK epy KuHemukacwl (Taghenv menoeyi) sncone
KOPEaHviC KabammapwlHbll 0e2padayusiCblHbIH IMNUPUKATLIK MOOeTbOepi apKblibl Oipikmipemin
MAMeMamuKaniblk annapam YCblHblLIaH. YCulHblI2aH ¢hopmanuzmoep Hezizinoe Python minin,
Streamlit wenbepin ocane pandas, NumPy owcone plotly ximanxananapvin xonoana omueipbvin,
uHmepakxmuemi 6a20apiamanblK HeACAKMama Hcacanovl. O3ipieHeeH KYpai IKCHepUMEeHmMmIK
Odepexkmepdi eHei3y MeH Cy3y0i asmomMammaHoblpyd, Ken (hakmopivl pecpeccusiivlk manioay
acypeizyee, 2D owcone 3D epagukanvix mayendinikmepoi Kypyza, coHoau - ax HcabblHOaApOLIH
aKaycvl3 JHCYMbICLIHbIY eCenmiK pecypculH 00axcay2a MYMKIHOIK Oepedi. Byn owcymvicmuly
KON0aHOAIbl naudacvl OKWAy1agvlil KOCHLILICMAPObIY, OHMAUIbL CUNAMMAMALAPLIH  i30€ey
npoyecinoe IKCnepumMeHmmep Camubii e0dyip azamyea KoMeKmecemin biHeaivl Yu@pavix e2izoi
Kaniblnmacmulpyo0aH mypaobl.

Tyiiin ce30ep: Koppo3usea MmMe3iMOINIK, 0AOAPIAMANLIK —WeWiM, KOMNbIOMEPIIK
mooenvoey, Python, Streamlit, nonumepni nnenxanap, peepeccusi adicmepi, axKnapammol
epagukanvix mypoe kepcemy.

131



Ne3(42) AAA XKAPLLbICHI

DEVELOPMENT OF A SOFTWARE PACKAGE FOR ASSESSING AND
VISUALIZING CORROSION RESISTANCE PARAMETERS
OF PROTECTIVE COATINGS

Abstract: The work is devoted to the development and software implementation of a
specialized web interface for data processing, visualization and predictive analysis of corrosion
resistance of protective coatings. The article presents a mathematical apparatus combining the
equations of diffusion of aggressive media through polymer matrices (Fick's second law), the
kinetics of electrochemical dissolution of a metal substrate (Tafel equation) and empirical models
of degradation of protective layers. Based on the proposed formalisms using Python, the Streamlit
framework, and the Pandas, NumPy, and Plotly libraries, an interactive software package was
designed. The developed tool makes it possible to automate the input and filtering of experimental
data, perform multifactorial regression analysis, build 2D and 3D graphical dependencies, and
predict the estimated uptime of coatings. The applied benefit of this work is the formation of a
convenient digital twin, which helps to significantly reduce the number of experiments in the
process of searching for optimal characteristics of insulating compounds.

Keywords: corrosion resistance, software solution, computer simulation, Python, Streamlit,
polymer films, regression methods, graphical data visualization.
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A.JO. BexTHi1eBoB®
!CanzpIK TeXHNKA KOHE TEXHOJIOTUSIAp MHCTHTYTHI, AnMathl, Kasakcran
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3KCTPEMAJIIbI KAF JAMJIAPIA )K¥MBIC ICTEYTE APHAJIFAH KAPTBLIA
OTKI3I'II CEHCOPJIAPABIH SJIEKTPO®U3UKAJIBIK CUTTIATTAMAJIAPBIH
3EPTTEY

Anoamna. Kvicbim nyrbcayusnapvbii a8UAYUSILIK MEeXHUKada oauiey KesiHoe ce3eiul
NEeMEHM, IHCANRAYUIbL APHANAD, KOPNYC KYblCMApbl XHCIHe KOPEKMeEHOIPY CXeMacbl Homuiceze
bipnecin acep emedi. Onapovly yiecmepin axcolpamy 3KCMpeManovl Hcaoallapea apHalean
aoHcapmuliail OmKis2iul ceHcopaapovl rHcobanay yulin Kaxcem. Kymvicmoly magcamol — atiKbiH
bepineen oicopamanoap He2iziHOe JCULTIKMIK JCayanmol, JHCepIiliKmi memnepamypanvl
ememoeyoi dcane Oenciciz0ikmiy mapaiybli ecenmey, COHOAU-AK KOA0A Oap cunammamanap
botiviHwa napamempnepoi amblKmayovly wekmeyiepin kepcemy. JKyka niacmuma menoeyi,
eKiHWi pemmi OUHAMUKATLIK OVbIHOAp, MYMKbIPIbIK NeH JCLIYIbIK  UWbIebIHOApbl  6ap
mymixmepOiy —aybiCy Mampuyanapvl HcoHe aooumusmi Oeyubendix 0Oenzicizoik  mooeini
KONOaHbLIObL. Ecenmeynep wiekmix #cagoauiapmer, mayeiciz Camovlk OPHEKMEPMEH MHCIHE
Moume-Kapno adicimen mexcepindi. bip eana oiconax wexapacvl MeHUWIKMI JHCUINIK NeH
Odemngupneyoi bipee anvikmamaumvinbl kKepceminodi. 65 kly ecenmik aconax scane 0,01-0,10
Odemnghupney apanvievl KaObLIOAHEAHOA aHA MeHWIKMI scuinikmiy wamamer 195 kl'y momenei
bagacwl anvinaowl. Motivin ouamempi 0,8 mm, y36IHObI2bL 1 MM dicaHe Kybic Konemi 1 mm? boramulin
cyenaputioe monvik kackao 25,728 xkly axycmuxanvix woiy men 7,981 kly owconax 6epedi.
¥3vinovieor 20 mm, paouycor 0,40 mm 30H0 Kocwvlizawoa con mizoexkmiy oconaevl 0,981 kly
601a0vl. Kyvicmulh JHCbLIYIbIK WbIZbIHbI MeH MeMOPAHAHBIY, Kepi aKyCMUKAIbIK AcyKkmemeci Oy
ecenxe kipmeuoi. Kabvinoanzan memnepamypansik kod¢puyuenmmep dtcone 6 B Kopek kezinoe
uilekmeneen MONOAO2UL Kadcemmi oicepinikmi omemoeyoiy 13,846 naiivi3vln Kammamacsi3
emedi; backa Koagguyuenmme OIpiHWLI MYbIHOBIHBIY HON2e MeH 00Ybl MObIK OUANA30HOAEb
MYpaxmulivlKmoul 0anerdemetioi. Exi wapmmul 61002cem yuin Kammy Kod¢huyuenmi exice mey
kenetmineen oencicizoix 2,491 ocone 0,980 0B, an 95 naiivl3061K KamMmy apanbleblHbIY HCAPMbl
eni 2,214 socane 0,950 06 6010v1. Homuoicenep scana sxcnepumeHmmix 8anudayus Hemece HaKmol
acnanmely pacman2an 0andiei peminoe YCbIHbLIMAUObl. Kymvic modenv dHcopamandapvin
meKcepyee JicaHe KelliHel e1uley Xammamdacvli Kypyea Heaiz bepeoi.

Tyitin co30ep: nvezope3ucmuemi CeHcop, HCULTIKMIK Hcayan, KyblC Pe30HAHCH,
aKyCmuKanwlK 30H0, napamempaepoi aHbIKMay, memMnepamypansiy ememoey, eauwey beneicizoie,
CaHObIK sepughurayus.
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Kipicme.

ABHALMATBIK TEXHUKAAFbl KbICBIM ITyJbCAllMSUIAPBIH OJIIIeYe MeMOpaHa, KaJFayllbl
apHajap, KOPIyC KYBICBI XOHE KOPEK CXeMachl HOTIKere Oipiecim ocep eremi. MEMS
CEHCOPJIapPBIHBIH KOHCTPYKIUSICHI MEH KopirycTaysl [ 1], 4H-S1C maTepuangapblHbIH SKCTPEMaIbI
JKarIaiiapaarbl KacueTTepi [2] KoHe TPaH3HCTOPJIBIK TeMIEpaTypaliblk eTeMaey [3] OolibrHIIa
YKYMBICTap OChI acepiepai Oemek Oaranay KaXeTTITrH KepceTe.

Tyrtik—KybIic xyihenepinin Tteopusicel [4] bepr—Teiineman TocimiHe [S5S] Herizmenres.
AKYCTHKAJIBIK 30HATApAbIH CHITATTaMaJIapbIH TY3€Ty [6], KOpIyCTalFaH CEHCOPIIApIbIH KHUUTIKTIK
CHUIIaTTaMachl [ 7] )oHe KybICTaFbI JKbUTY aJIMACYJIbl €CKEPETiH MOECIb [ 8] Oenriai O0IFaHIbIKTaH,
KaCKaJThl CUIIATTAyAbIH 631 OYJI )KYMBICTA KAHAJIBIK PETIHAC YCHIHBUIMAN/IbI.

[1/] cepusiibl ceHcopiap xeHiHaeri [9] >KyMbICcTa CaJIBICTRIPMAJIbI JIICTIH Aaniri £1 nb
(20 T'm — 65 kI'r), »aOBIK KOHCTPYKIUSHBIH KULTIK 11eri ~30 k[, a anblk KOHCTPYKIUSHBIH
nuarnazonbl 075 k' qen kepceTinreH. OIICTIH AN HOpMaJlaHFaH aMIUTUTY TaIbIK- KU 1TIKTIK
cunartamanbiH (AXKC) +1 nb xonarbiMen Oipeil eMec, COHIBIKTaH OyJ1 MOHAEP TOMEHJIE TeK
HIAPTTHI HBICAHA PETIH/E Maii/1aTaHbUIa b,

JKyMBICTBIH MakcaThl — alKbIH OEpuIreH Kopamaljap HETI3iHAe eJIIIey apHACHIHBIH
TUHAMHUKAJIBIK, TEeMIIEpaTypaJIbIK JKOHE METPOJIOTHSIIBIK OCEpIIEpiH ecemnTey >XKoHEe Kojaa Oap
cunarramainap OOMbIHIIA TapaMeTpiepAl aHBIKTAY IbIH IIEKTePiH KopceTy. JKyYMBICTHIH yieci: 6ip
+1 nb >xonak mekapachl OOMBIHIIIA MEHIIIKTI KUK TIeH AeMiidupieyai 6ipre aHbIKTay MyMKiH
EMECTITIH CaHJBIK KepceTy; Oipiel aHbIKTaJFaH TOJBIK KacKaj YIIiH >KOJAK TIEH IIBIHIapIbl
colikecTeH11py; )KEePrUTiKTI TeMIepaTypasIbIK 6TEMIEY 11 CXeMa TOMOJIOTHSChIMEH OailllaHbICTHIPY;
U(k = 2) xeneifrinren Oenricizauiri MeH 95 % KamTy apaibIFbIH aXxbIpary. JKaHa dKCIIEPUMEHT
KYpri3iameni; ecentey Bepru(pUKalUAChl SKCIIEPUMEHTTIK BAIUJAIUSAAaH axbipaTbuta sl [10].

Marepuanap MeH 3epTrey dicTepi.

Kipic oepexmep orcone wexkapanvix wiapmmap

I'eomerpus MeH KOA(DPUIMEHTTEPAIH MOHACPI JKOHE OJIApJAbIH ISJCIIIK MapTedeci -
kectene OepinreH. HakTel mMemOpanamapabiH OipAeiiiri, KOPFaHBIII TOPBI JKOHE IKBUTYJBIK
niekapanap pacraamarad. Briiel & Kjaer 4136 muxpodons! yuiin nacnoptrarst 4 'y — 70 kI'm, +2
b nuanasoH [11] HaKTBI SK3EMITISAPIBIH KaMOpIey KaJAbIFbIH aHbIKTaMalIbl.

1 kecte — Heri3ri Kipic AepeKTep/iiH MOHAEp1 MEH JINEIIiK MopTedeci
lama Momni

MapTebeci xoHe KONTAHBLTY IAPTHI

CanpIcThIpMalb 9J1iC
JOIAIri

[9], 81-06et; AXKC TericTiriniH KpuTepuii

+1 nb; 20 I'm — 65 k'L eMec

»a0bIK: ~30 kI'11; ambIk: 0—75
k1

Kouctpyxkuusnapapg
SKULUTIK TMana30Hbl

[9], 82-6eT; B mamachIMEH TEH/IIT1
pacranmaraH

Ecenrik »xomak OchbI ’)KYMBICTA aHBIKTaJFaH WaptThl =1 ab

B =165, 70 xxone 30 xI'y

HbICAHATIAPBI KpUTEpHiAi

Membpana CampICTHI IIiH OEKITIATeH CIICHAPUIL;
p . fo=211,6 x'; { = 0,05 pYy HeHap

napamerpJiepi OJIIIICHIeH ITapaMeTpIiep eMec

KysIc sxoHE MOHBIH

V=1,0mm3 d=0,8 mm; /=1,0
MM

YKopaman reomerpust; Lo =/ + 0,85d = 1,68
MM

3oHn

L=20wmMm; R=0,40 mm

Ecentik reometpus; TombIK Tiz6exTe V= 1,0
3
MM

Bip TyTik MonemiHiH
COHFBI KOJIEMI

Ve=1,05 mm3

~3,65 kI MIBIHABI a1y YIIiH TaHIaJFaH
CIIEHApUH; TOYEJICI3 OIIIIeM eMec

Aya

po = 1,204 kr/m3; ¢ = 343,2 M/c;
p=1.81-10"TIla-c; y=1,4; Pr
=0,71

20 °C MaHBIHJIAFBI €CEMTIK TYPaKThIIap;
9KCTpEMaJIibl TEMIIEpaTypara
AKCTPATOJISAIHSITAHO AN BT
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Mama Momni MoapTebeci xoHe KONIAHBLTY IIAPTHI

Keprinikti ecenke KaObUIIaHFAH MOHIED;
HaKTbI 3J'IeMeHTTiH CepTI/I(bI/IKaTTaJ'IFaH
rmapameTpiiepi emec

KpICBIM p TIeH KeJIeMIIK IIBIFBIH ¢ YIIH eXp(j®f) YakKbITTBIK KeJiciMi koHe ®» = 27f
KoaHbiafpl. TYTIK KaObIpFamapbl KaTThl JKOHE HM30TEPMIESUIBIK, OpTallla aFbIH JKOK JIeI
KaOburmanpl. bepimic QyHKOUMACHI TOMEHT1 JKUUIIKTETIT MOHIHE HOPMAaJIaHFaH; AJICKTPOHMKA
OybiHbI W = 1. TemmepaTypaJbIK ecel )KYMBIC HYKTECIHIH MaHbIHA KaThICTHI. EcenTey Ti30eriHiH
KYpPBUIBIMBI 1-CypeTTe KopCeTireH.

TemmepaTypanblk ox =—0,27 %/K; B =—2 MB/K;
KO3 pUITUCHTTED U =0,65B

AxkycTuKanslK TpakT: Wae = pu/pin

_____________________________________________________

i i
1 1
i i
Kipic 1| Paguanus 3oHp, MoiibH Kysic ! MembGpana DNeKTPOHHKA
> > > > g
Pins qin i Trad T =T() T2 =T(lerr) Ly H Wi We=1

1
[} [}

o i Iy

A=TuT T2, Wa=Zvl(AnZv+An), W=W W3 W, |

TyTac cbI3bIK — CUTHAJI JKOJIbl; IYHKTUP — aKyCTHKabIK OybIHAap; T, Ep — S(T,Usg)

HYKTeJli ChI3bIK — ce3iMTa/l/ibIKKa TeMIlepaTypa MeH KOPeKTiH, acepi

1 cypet — KpichiMHBIH KipicTeH MeMOpanara 6epiny Ti30eri: A = TradT1T2, COHFBI )kyKTEME ZV;
MeMOpaHa JUHaMHUKachkl W3 )KoHE HOpMasanraH 3JekTpornka We = 1. 3ou1 6onmmaran ke3ze T
Oipiik MaTpuiara TeH. MemOpaHaHbIH aKyCTHKANBIK Kepl )KYKTeMecl ecKeplIMen/Ii

Membpana mooeni

[lepumerpi KataH OEKITUITE€H, THIMII HM30TPONTHI JOHIENEK IUIACTHHA YIIiH KO3FaJbIC
TEHJEeYi:
d*w Eh3 .
a2 P P Ena oy @
MyHAa W — UTy; D — TWIMHAPIIK KaTaHAbIK; F, v — THIMI1 ceprmiMauTik Moayi meH Ilyaccon
ko3 duumenti; N, > 0 — y3bIHABIK OlpJliriHe KeJleTiH paguanisl co3y kyui, H/M; a, h — panuyc

DV*w — N,.V?w + psh

NeH KalIbIHABIK; Ps — MaTephal THIFBI3IBIFEL. KpemMHHMI aHM30TpONHsCHIH THIMIOI E, v
HIaMalapbIMEH ajaMacTelpy — >xopaman. w(a, f) = 0 xoHe Ow/Or = 0 (r = a) weKapabIK
[IapTTapblHAH MEHUIIKTI MOH/EP TEHJIEY1 LIBIFabL:

/10]1(&0) IO(Ae) + /13[1(/13)]0(/10) =0 (2)
k? +Vk* + 402 —k? + Vk* + 402
A2 = , A= ,
2 2
(3)
N,a? psh
2 _ .1 — 2 IS
k= D 0 =wa D

mMyHJa J, [ — xomiMri skoHe Moaudukanusianrad beccens ¢ynkiusiapel. N, = 0 6onranna (2)

TeHaeyaiH Oipinmi Tybipi Qo = 10,215826 >xoHe MEHIIIIKTI KU UTIK:
10,215826 Eh?

= 2na? 12p,(1 —v?)

Co3y OacwiM OonateiH mekte Q/k — 2,4048. byn tekcepynep HakThl a, h, N, MoHAepi

OonmaraH/ia CEHCOP/bIH KHUUIIrH aHbIKTamaiapl. Tannanran kpuctamiorpausuibik Oarnap MeH
pe3ucTopiIapAbIH OpHanacysl yiis [12]:

“4)

0
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U, 1
O = = 144 (N, T) (0, — o),
UAB 2 (5)
dinm,,
T4q(N,T) = P(N,T) 144 (No, Tp), g = aT

myHJa Uoye — KOTIp/AiH MWBIFBIC KepHEYi; Uap — KOMIpAIH KOPEK KEPHEY1; Gy, Gop — PAIHAIIBI KIHE
TaHTEHIMAJIBl MEXaHUKAIBIK KepHeynep; P(N, T) — nerupiey JACHrelli MEH TemIeparypara
Toyenai kebeutkim. or = —0,27 %/K — ecentik kipic, ©JIIEHIeH JIETHPIICY CUIATTaMachl eMec.
MemMmOpana ekinii perTi OybIHMEH curatTaiaisl, a skoiak B AXKC-teiH =1 1b gomizinen 6ipinmi
HIBIFY JKUUIITT pETiHE aHBIKTaa bl

w \? wl™
=inf{f > 0: | 20lg|W (j2rf)|| > 1}
MyHJ1a W — xeke OybIHHBIH HEMecCe TOJIBIK KacKaiaThiH Oepimici; mek 1 nb-re TeH. MeHmmikTi
KUUTIK fr, MAKCUMYM KHULUTIT fpeak KOHE JKOMAK B 01p-0ipiHeH axkblpaThuiaabl. XKeke OybiHaa § <
12 yuis fpeak = faV(1 — 203); KaCKaaTBIH MAKCHMYMBI 9 JKaF/[aiiia KaiiTa ecenTenei.

Axycmukanvik mooenw
TyTiKTETi TYTKBIPIBIK )KOHE JKBUTYJIBIK MIBIFBIHAAD [4, 5] OOWBIHIIA CHTIATTAIA B

e R A et A G
a=j>“R P n l1+ ” ]O(a\/ﬁ) (7
Jo(a) ]o(“
LA At 8
nn@ % @ ®

MyHJa R — TYTIK pamuycel; po, |, Y, Pr — ayaHbIH THIFbI3/bIFbl, JMHAMHUKAIbBIK TYTKBIPJIBIFbI,
angnabara kepcerkimi jkoHe I[IpaHnaTnb caHbl; ¢ — HABIOBIC JKBUITAMIBIFBI; A — IOJUTPOIIA
kepcetkimi. TyOip TapMakTapbl HaCCUBTLUIIK MIAPTHIMEH YilieceIi: MIBIFBIHCHI3 IekTe [T — jw/c,
Z: — poc/(ntR?). ToNKbIHABIK Kenepri Zc KbICBIMHBIH KOJEMIIK HIBIFBIHFA KAaTBIHACHI PETIHIC
aHbIKTaNabl. ¥3bIHIBIFBI L TYTIKTIH aybICy MaTpHUIAchl, KYBICTBIH KeJeprici >koHe Ti30eKTiH
Oepiici:

coshI'L  Z_.sinhl'L poC?
= = 9
T (Zc‘lsinhI"L coshl'L > VoV ©)
(pin) —A (pm) , A=T,,T,T,
Qin dm 10
T - (1 Zrad) W =Pm_ L (10)
rad 0 7  pin AuZy +Ap

myHna Ti = T(L) — 3oua; T2 = T(letr) — MOMBIH; lesr = [ + 1,7R — MOWBIHHBIH THIM/II Y3BIH/BIFBI.
PannanusHpIH akKTUBTI KeAePrici Zrd = poc(®R/c)*/(2nR?) nen KaObUIAAHABL; IETTIK TY3€TYy THIM/II
Y3bIH/IBIKKA €HT131JIT€H, PEaKTUBTI paaualnus 0eaeK KOChlIMaiabl.

Kybic annabatansik Aen albIHABI, SFHU TYTIK HIBIFBIHIAPHI KYBICTAFbl JKbUTY alIMacyabl
KaMThIMaiibl. W = W, W3 G1pkakThl OailllaHbIChIHIa MEMOpaHaHbBIH KOJIEM/IIK IIBIFBIHBI Ta3/IbIH
CHIFBUTYbIHAH TYBIHIAWUTBIH UIBIFBIHMEH CaNbICTBIPFaHIa eneyci3 gem ecenteni; Oyn [8]
KYMBICBIHIAFBI MEMOpaHa 9CEepiH HOJTe TeH KaObuimayra coiikec keneni. Kepi xxykreme eneyri
Oosca, MeMOpaHaHBIH OJIIEHIeH Keaeprici Zm Kaxer xoHe (10) epHeri Zegr = (Zv' + Zm ')
apKbLIbI KaiiTa ecentenei. « ToabIK Kackam TEPMUHI TEK KOPCETIATeH OybIHIapAbl OLaipesi.

Pamuanuscei3 Oip TYTIK IEH COHFBI KOJIEM YIIIiH:
-1

n
; I'Lsinhl'L (11)

W, = hI'L +
1 = |cos R2L

MyHJa Vy — TYTIKTiH COHBIHAAFbI KejeM. CalbICThIpy YILIiH kKHHaKTanFaH (I enbMronsi) Moaens
KOJIJAHBUI/IBL:
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2

-1
¢ [nd?/4 I, (f f
Th=om (v "2~ Il (fH> + 2 le (12)

MyHJa d — MOMBIH quameTpi; (n — nemndupiey kosdpduimenti. By moaens MOHBIH KeJeMi KybIC
KOJIEMIHEH €J[9yip a3 jKOHE aKyCTHKAJbIK OJIIIEMJEP TOJKBIH Y3bIHJABIFbIHAH KbICKA OONFaHia
KoygaHputagpl. (g — TOyenci3 cueHapuil mapameTpi; OHbl B MOHIHE CoWKecTeHAIpY
SKCTIIEPUMEHTTIK uaeHTuuKaius emec. Op cueHapuiiae 30 k['1-xe neliH mekapaHblH epTepeK
Oy3bLIMaraHbl TEKCEPLIIL.

Temnepamypanvix omemoey dtcaHe 030i2iHeH Kbl3y

Typaxtsr Ep, x xkoHe § = dUgs/dT < 0 ymuriH:

Ups = Ep — xU 145 4 el (13)
= — X , —_— = , e

AB P EB SdT T Vx Vx Ep — xUgp

MyHJa Ep — Kopek kepHeyi; Ugs — TpaH3UCTOPIBIH 3MUTTep—0a3za KepHeyl; X — pPEe3UCTHUBTI

Oenrimrin kKodpPuuuenti; S K muaUap — ce3iMTanmblk. TpaH3UCTOP MEH CEHCOPIBIH

TeMIiepatypanapsl Oipaei esrepemi aen anbiHasl =~ —(1,5...2) MB/K — [13, 61-6.] GolibHIIa
TUNTIK Oara, HAaKTBl TPAH3UCTOPIBIH cepTHUKaTTAFaH MoHI emec. Ce3IMTaIbIKTBIH
TeMIeparypa OOWbIHINA OipPIHIII TYBIHIBICHIHBIH HOJITE TeH OO0y MIapThI:
% __ |a1r|EP Ut = EPlﬁl (14)
1B + lag|Ugs’ A5 Bl + Ny Ugs
x =1 — Rg/Ro Tononorusiceiaaa (Rg, Ry > 0) oy eremaey ymin 0 < x < 1, am x = | — uaeain mek. x
> 1 6acka cxeMaHbl, KepHEY KOPBIH KOHE KYMBIC PEKUMIH TeKcepyal KaxkeT ereai. (14) mapTsl
TOJIBIK TEMIIepaTypa JUANa30HbIHIAFbl HOJJIIK APEHQTI JoNenaeMeii.
Kpucrann (7;), xopmyc (7¢) xoHe opta (72) TeMiieparypaiapbl YIlIiH OPHBIKKAH O1p aFbIHbI
JKBLTYJIBIK MOJICITb:
U2
P = R_k, TJ —T, = P(Rth,jc + Rth,ca)r T.—Ty=P Rth,ca (15)

X

MyHJa Rk — kemip Keaeprici; Rinjec KoHE Rihca — KPUCTAII—KOPIIYC JKOHE KOPIYC—OPTa JKbLITYJIBIK
keneprinepi. Exi symbic HYKTeciHAE Rih = Rinjc + Rinca 007ICa, ©3IITIHEH KBI3YIAPAbIH KATBIHACHL:
ATshy (£>2 @ ' Rn1 (16)
ATshz  \Uz/ Rp1 Ruwnp
TepmopesucTop keaeprijepiHiH KaTbIHachl OOMbBIHIIA KbI3YAbI aHBIKTAY YIIIH TYpakTsl U,
Ru xoHe Rk o« R maprrapbl Oenexk Herizzenyl Tuic. JKynrtamnran 7, R ejiiey XarTaMachl
00JIMaraHIbIKTaH, TEPMOPE3UCTOPIBIH PErPECCUSIIBIK CUITATTAMAChl MEH KbI3YAbIH a0COIOT MOH1
OWI ’KYMBICTA CEHCOP/IBIH HOTHXKEC] peTiHe OepiiMei.
benzicizoix sicone ecenmeynepdi sepugpuxayusnay
Ty3eruiren caipICThIpMalibl HOTHKE Y = 2x; (1B) anauTUBTI MOAENbMEH CHUIaTTaNajbl,
ce3iMTanabiK kKodddunueHTrepi o6ipre TeH [14, 15]:

u§=2u5+22rﬁuiuj, Uk) = kug,
i i<j
T (a7
Tyl v,

MYH/JIa #; — KypamacTapAblH CTaHAAPTThI OeNrici3AiKTepi; 7;j — KOppesaius KodppuuuenTrepi; k
— KaMTy KO3 (UIUEHTI; V; — epKIHJIIK JOPEkKeENepl; Veff OpHET1 TeK TIyeJsci3 KypamaacTap YIIiH
Konmaaubinagsl. TikOypelmTel Tapamy yuns u = A/N3, MyHza A — urekTiH xapTel emi. 95 %
apaJbIKTBIH JKapThl €Hl qo,95 mamachkl P([y| < qos) = 0,95 maprteiHan TabbL1aabl XkoHE U(k = 2)
I1aMachlHa MIHAETTI TypJe TeH emec. ba3anblk KipicTep Toyesci3, opTa MoHI HeJre TeH, Tapaity
napameTpiepi 6exiTinrex aen anbiaasl. MorTe-Kapio omicimen [15] op criienapwiire 6ec Toyencis
Ti30ek,  opkaiiceichiHma  2-10°  icke  aceipy  opeiHzanasl  (PCG64  reneparopsl,
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SeedSequence(20260921).spawn(10)). KBantunbaep AeTepMUHACATEH CaHIBIK HHTErpaJIJayMeH
TEKCEPUIII.

Ecenteynep xoc mommikneH opeiHAanasl: B mekapackl 107°...5-10° ' topeiHaa bpent
9JIiCIMEH, MIBIHIAP JOKaIIbl OHTalIaHAsIpyMeH anbIKTanael. 1001/4001/16001 ty#inmai Topaap,
107%/107%/107'° I'y pykcarrap, moauHoM TyOipiepi, beccenb QpyHKIuUsAIappIHBIH MacIITaOTaaFaH
TYpi JK9HE MaTPULAIBIK KOOSHTIH/I CaTBICTBIPBUIIBI (3-KecTe).

HoTu:kesep :koHe 0J1apAbl TAJIKbBLIAY.

bip orconax wexapacwinviy aknapammoliivbiesl

£ =0,01; 0,05; 0,10 ymin B/fo = 0,32981; 0,33070; 0,33354, sarau gpemrdupiey oH ece
e3reprenjie Oy KateiHac HeOapi ~1,13 %-ra e3repeni. [emek Oip B MoH1 eki mapametpai Oipre
anpiKTamaiinel. B = 70 k[’ Heicanacsl fo ~ 209,9...212,2 xI'm, an 65 k' Heicanacet 194.,9...197,1
kl'1 Gepemi. fo = 195 k' 6aracel HaKTHI =1 b KOJIaK MeH KaObUIAaHFaH IeMITpUpIICy apaslbIFbl
pacTaiFaH/ia FaHa kapaMbl; o1 [9] )KYMBICBIHAAFbI 9JIiC JOJIITIHEH TIKEICH IIBIKITaiIblI.

Cait = 0,522728 ke3inge AXKC +1 nb neHreiiine Tek kaHacaabl, COHABIKTAH IIEKapa
Oy3buIMaiinel: B/fo con xkak mekreri ~0,67343 moninen —1 ab tapmarsianarsl ~1,06542 MoHiHe
cekipmeni Typae aybicazis (2-cyper). bekitinren fo = 211,6 k', £ = 0,05 ymin B = 69,976 x['1;
non 70 xI'y anmy yris fo = 211,672 xI['11 kaxer.

a) bipinmi +1 gb mekapack! 6) LlapTTe! HEICaHaNAp OOHBIHIIA fi
14 +1 ab Tapmarsl \\ ——————————————————————
==+ -1 B TapMarbl : \\ 210 A -
= ér 205 1 — B=65kIq
Bsl & ==+ B=T0kIy
=
200 4
~
N
195 - T
0 0,2 0,4 0,6 0,8 0,02 0,04 0,06 0,08 0,1
¢ ¢

2 cypet — OklIaynanfaH eKiHII peTTi OybIH: a — OipiHii £1 nb mekapacel )koHe TapMaKThIH
aybIcybl; 6 — B = 65 xone 70 xI'11 mapTThl HbIcaHaapkl YIiH fo Oaranapsl. Kucslkrap emniey
HOTHIKEJIEP1 HEMECE CEHIMJIUTIK apalIbIKTaphl eMecC

fo>195 k't xxone C € [0,01; 0,10] 6onranaa memOpanansiH 30 kI 1i-Teri kymeityi +0,2081
nb-nen acmaiinel. byn Oipaeit mMemOpaHamap »KopamallblHAa KOHCTPYKIMSUIAp apachIHAarbl
allplpMaHbl aKyCTHKaJbIK TpaKTiIEH 137eyre Heri3 Oepeai, OipaKk HaKThl CEeOENTUIIKTI
eI aeMER .

Kyvic nen 3010

Kunakranran mozienb OOibIHIIIA TeOMETPHUSUIIBIK Oara fy = 29,878 kI'11; fi mamMachIHbIH V,
d, [ Goitpiama morapudmuik cesimranabikrapsl —0,500; +0,798; —0,298. Moiibin kenemi 0,503
MM?, SSFHH KYBIC KOJIEMIMEH CAJBICThIpMAallbl OONFaHJIBIKTaH, TapajFaH ocepiep eneysi OOTybl
MYMKiH. Paguarusicel 6ap TapairaH aKyCTHKAIBIK MOAETbIIH MbIHBL 25,727 k[ '11-Te +24,596 nb;
MeMOpaHa KOCBUIFaH TOJIBIK KacKaJTap/IbIH HOTHXeNepl 2-kecreze 6epinreH. XKuinikriy 29,9-nan
25,7 xI'u-xe Temenieyi ~14 %-np1 Kypaias! (kepi 6arpiTTa canbicteipranaa 29,9 k' moni 16,2
%-Fa XKOFaphbl).

B =30 kI 6epeTiH clieHapuiIep IiH MIBIHAAPHI SPTYP:l (3-cypeT). 4- xkoHe S->Konmapaarsl
+9,955 xone +1,678 nb TONBIK Kackaaka KAaTHICTHI, all xeKe W> OybIHBIHBIH IIbIHAApH +8,136
xoHe +1,249 nb. 3-xonnars! fu = 29,9 kI'u mapamerpi 18,132 kI'-Teri MakCUMyM >KHULIITIHE TEH
emec.
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Bipinmri
Nb jK9He aKyCTHKAJBIK AKYCTHKAJIBIK
Moj1eJ1b Ju, kT Su B, xl'n MAKCHMYM fpeaks I, b
k'

1. TapanraH MOMBIH KoHE B 7.981 25.728 24725
aanadaTalbiK KybIC

2. JKuHakTanraH clueHapHil 29.9 0,03 9,784 29,874 24,615
3. ’KunakranraH crieHapuid 29.9 0,57 30,029 18,132 0,630

4. )XuHakTanraH CICHAPHI 95,2 0,20 30,005 93,208 9,955

5. J)KunakTasraH crieHapui 63,6 0,50 29,993 48,081 1,678

Ecxepmne — asmopnapoviy ecenmeynepi; bapivix scondapoa membpana oywinwt fo = 211,6 kly, = 0,05.

a) 2-KecTegeri ToNbIK KacKaaTrap

30 1 —— 1:B=798k[y =+ 3B=3003kly —-- 5B=2999ky
"'\ —=: 2:B=978kly === 4: B = 30,00 kI'y
)
=
B
=
9}
)
R
f, kI'1g
6) 3oug: L=20 mm, R =0,40 MM
20 _— = == Bip ryTiK, V, = 1,05 Mmm?
Y —— TonbIK Ti36ek, V= 1,0 Mmm?
da]
=
E
=
(<7}
|
=) S—
x r
-10
T T T T T T T 1
0 1 2 3 4 5 6 7 8

f, k',

3 cyper — a — 2-kecteeri TonbIK kackaarapasiH AXKC (KuChIK HOMipepi KecTe jKogapbiHa
colikec); 0 — Oip TYTIK M€H COHFBI KOJIEM JKOHE 30HI-MOMBIH—KYBIC TOJIBIK Ti30eri. Kenneneq
NYHKTUD chI3bIKTap +1 1b mekrepiH, O6enriiep B MoHIEpiH KepceTe i

B =30 xI'u mapThIiH KaHaFraTTaHABIPATHIH, O1piHIII IIeKapachl TekcepiareH 180 sxyn yIin
Cu = 0,54 xesinge fu = 28,438 kl'u, mwiH +0,895 1b; {n = 0,02 xe3inge fu = 99,645 kI, mbiH
+30,121 nb (4-cyper). Jlemek (y MeH 1ibIH OWIKTITiHE OapibIK JKaraaiFa OpTak MIEKTey KOKOFa
o6ommariner. 0,50 < (g < 0,54 apanpIlfbl €CENTEIMEreH, COHJABIKTaH OJ YHJIeCcIMCi3 Jen
TYKBIPBIMIaTMAiIb1.
bip Tyrik yuin (L = 20 mm, R = 0,40 mm, Vy = 1,05 mm?) mwie 3,651 kl'u-te +19,955 nb,
B =1,056 xI'i. MoiibiH, V' = 1,0 MM? KybIC, paananus >koHe W3 KOCBUIFaH TOJBIK Ti30€K YIIIiH IIbIH
3,397 xl'u-te +19,579 nb, B = 0,981 xI'm; V' = 1,05 mm?® Gonranaa B = 0,978 k[’ Aitpipma
Ti30€KTiH TeOMeTpUACHl MEH KypaMblHa OaiinaHbICThI; Oipaen Oip TyTik yuriH (11) dopmyna men
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MaTpULIATBIK ecen coiikec kenemi. COHABIKTAH 30HA Y3BIHIBIFBI JKAJIFBI3 631 JKOJIAKTHI
aHblKTaManibl. =8 xoHe 30 kIl >KoJIaKTapbhIHBIH albIpMachl HAKThl JATYMKTE TEK KOCBIMIIIA

nemrndep 0ap eKeHiH JoNIeIeMen .

a) fu, K['; [ =1 MM (KUHaKTasFaH Mojiens)
<
1 1~ © »n 25
s -
= 0,8
e=1 20 —
0,6
15—
0 4 T T T T T T T 1

6) B=30 k['y GepeTin »ynTap
100 A

80

60

Ji, kI'y

40 A

1,2

)

V, mm?

1,6

]

1,8

5

B) CoJt KacKaTbIH LILIHB

0,2

T

0,4
Cu

[=

0,2

0,4
Cu

4 cyper — a— [ = 1,0 mm ke3inzeri xxunakranrad fu(V, d) Homorpammacsl, HYKTe 1-kecte

reoMeTrpusicbiHa coiikec; 0 — B =30 xI'1y Oepe

TiH (fi1, () AKYITaphl; B — COJ TOJIBIK KaCKaATHIH

aKyCTHKaJIbIK IIBIHEIL. bip-0ipiHeH axkpIparaH TapMakTap >kainranOainel; cyp aimak (0,50 <y <
0,54) ecenTenIMereH *oHe HHTEPHOJSIHIaHOAFaH

Temnepamypanvix omemoey dicare ecenmeynepoi mekcepy

Ep =6 B xone x < | 6onranaa >KepruTikt

1 eTemey KaxeTTi MoHHIH 13,846 %-bIH KypaliIsl;

10 >xone 27 B yurinH colikecinue 7,922 xone 2,811 % (5-cyper). x* = 1 meri Ep = 1,3907 B-xa
coiikec keneni, Oipak OyJ1 Ke3[ie TPaH3UCTOPJBIH JKYMBIC pekuMi Oejek Tekcepinyi Tuic. 6 B
kesigae x* = 4,314, Ua* = 3,196 B. bipinui TybIHABI HOJTe T€H OOJIFaHBIMEH, )KOFapbl PeTTI
ocepJiep MEH JKbUTYJIBIK COMKECCi3/IiK CaKTatabl.

a) x =1 IeKTIiK »aFgai

100 -
80 4
60

40

Orempey yneci, %

20 A
2,8%

6) JKeprinikti ko3ddunpuent, Ep=6 B

x<l1

30
Ep,B

5 cypet — XKeprijikTi 0TeMaey MbICAIIBI:

a—x = | merinaeri eTemaey yiecidig Ep-ra

Toyenainiri; 6 — Ep = 6 B ke31Haer1 KalabIK KeprulikTi KodQPUIMEHT or + vy )koHe x* = 4,314
Hykreci. Cyp aiimMak x < 1 mapThIH KepceTei; x > 1 aiiMarbl 0acKa TOMOJIOTHSHbI Talall eTe/l
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Ecentey MonenbaepiH Tekcepy HOTHIKeNepl 3-kectene >kuHakTanraH. Kenripinren erte

KIIi

Oenrici3airi 00JIbI TaObBUIMANIEL.

3 xecte — Ecentey MozienbIepiH TEKCEPY HOTHXKENEpP1

ailplpmasiap ecemnTey MpoleaypachlHa KaThICThl KoHE OYHbIM cUIaTTaMmajapbIHbIH

Tekcepy

HorTnike

Kpurepuii Hemece KoJIIaHbLTY HIeTi

IInactuna meri, k=0

Qo =10,2158262299

[5; 15], [8; 12], [10; 11]
apajbIKTapbIHAa TYOip; OMCeKIHIMEH
aiprpma ~107'2

Co3y OachIM IIeK

Q/k=2,4171 (k = 200)

AcumnroTtaislk 2,4048 MoHIHEH
=~0,51 % aiibipma

AKYCTHKAIBIK
IIBIFBIHCEI3 IIEK

I' - jo/c; Zc — poc/(nR?)

exp(jwt) )KoHe KOIeM/IiK IIBIFBIH
KeJicimi

Bipneit pannyctot
TYTIKTEp

T(L)T(L2) = T(Li + Lo);
OepiiicTep/iH eH YIKeH

CaJIBICTRIPMAJIBI albIpMack 6,810~

0,01 I'm — 1 MTI'11 ecenTik TOPHI

Beccens QpyHKImsnapea
MacmraoTay

BepinicrepaiH eH yiKeH

caJbICThIpMaibl aiibipmacs 1,4-10713

Cou Top, TONBIK 30H] Ti30eri

Bipinmi »xomak
IIeKapachl

Top MeH pykcarThl e3repTkenae AB

<5-10°TI'g

Y cuenapwii, 1001-16001 Tyiin

Exi OybraIBI Kackan
LIBIHBI

[TonmmHOM TYBIHABICHI MEH TiKeIeH

KeIleH 11 Oepiic kemiceai

2-KeCTeHiH 2—5-)KOJIapbl; IIbIH XKeKe
OybIHHAH KelIipiaMenai

95 % KBaHTWIbL

2,213966 xone 0,949607 nb

JleTepMUHICITeH HHTETPpaJIaay;
MomnTe-Kapio HoTHKeciH OaKkpliay

Ecxepmne — asmopnapowviy ecenmeynepi.

bencicizoix cyenapuiinepi
A cuenapuiii macnopTThiK +£2 ab mieriHe TIKOYpBIITHI Tapaly »XOpamajblH KOCAJbI;
OHIIPYII OV BIKTHMAJIBIK 3aHBIH OCKITIIEreH. B cIleHapuiii TY3eTUITCH 3TaloH KaJAbIFbIHA
runoteTukaiblK Urer= 0,30 1b (k = 2) moHiH KaObu1ainbl. Exi Or0KET Te KO KETKI3UITeH CTeHT
nonairi emec (4-xecte, 6-cyper).

4 xecte — AnuTUBTI Ab MOJeNi YIIliH apTThl OeNTici3aiK O10KeTi

Kaobu1nanran kipic A .. B .. . .
Kypamaac CIeHAPMIii, | clieHapwifi, Herisi
sKOHE Tapaiy
u;, 1b uj, b
[11] weri + Tapany
OTalOHHBIH A: £2,00, TIKOYPBHIIITEHI; Jkopamaiel; B —
L v 1,1547 0,1500
KULTIKTIK jKaya0sl B: xanemte, 6 = 0,15 TUIOTETUKAIBIK
Kajuopiey
AxycTtukanslk epic | £0,50, TiKOYpBIIITHI 0,2887 0,2887 Cren L iepekTepimen N
pacranMaraH clieHapHii
Opnary +0,40, TIKOYPBIIITHI 0,2309 0,2309 | Cuenapwuit
Tpakr +0,30, TIKOYpBIITEI 0,1732 0,1732 | CHeHapuii; Tpaxr
OCChI3BIKTHIFBI MacHOPThl YChIHBUIMAaraH
HoTmxkeHiH cTaHaapTThI
KaiiTamaHFbIITHIK KajbiTel, 6 = 0,20 0,2000 0,2000 Oenrici3airi petinge
JKopamai
Criextpuix 6aranay |, |5 riv6voumme: 0,0866 0,0866 | Cuenapnii
JKOHE KBaHTTAy
Temneparypasik +0,10, TIKOYpBIIITHI 0,0577 0,0577 L1 1]20_0’01 Ab/ (3 HoHe
acep +10 °C cuenapwmiii
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Kaobiinanran kipic A .. B .. . .
Kypamaac clleHapHiii, | cueHapmiii, Herisi
JKOHE Tapajy
u;, 1b u;, 1b
Ue TOyeNCi3 Kypamaactap 1,2453 0,4899 | (17)
Ulk=2) KEHEUTUIreH Oenrici3mik 2,4906 0,9798 2uc
95 % cuMMeTpUsIIBL

qo,95 apaITBIKTHIH KapThi CHi 2,2140 0,9496 | Tapamynapasl Tapaty [15]
Ecxepmne — asmopnapowviy ecenmeynepi.

U(k = 2) mexTtepiHiH HaKThl KamMTybl A >xoHe B ymin 98,253 % xone 95,746 %.
ConppikTan onapasl 95 % apanibIKThIH KapThl eHiIMEH Oipaeit «Uss» aen oenriieyre 0oaIManbl.
MonTte-Kapiio kBaHTHIBIAEPIHIH Ti30€KTep apachiHAAFrbl cTaHAapTThl aybITKybl 0,00117 >xoHe
0,00069 nb; 6y eney Genrici3airi eMec, eCenTeyAiH CaH IbIK IIaIIbIPAYHI.

B 6rowkerinze ua = s/\n = 0,20 1b Gekirinin, B tunti Garanaymapra v; = oo Gepince, n =
2,4, 10 yuriH verr = 36, 108, 324. n = 2 ke3inge xyblK Uss = 0,994 nb, sruu Oy monensae 1 nb
mIeri yuri # > 3 mapTthl MiHIETTI eMec. by 6ip gepexTep ®KHUbIHBIHAA 7-/11 apTThIPYy TaXipuoeci
emec. B tunTi 6aranaynapabiH CEHIMIUTITIH TOMEHIETY HOTH)KEHI e3repTe/i: n = 2 oHe Oacka B
TUNTI KypaMaacTap YUIiH v = 2 0onFanzaa Vrer = 00 Y Uss = 1,124 nb, an vier = 2 ymin 1,131 ab.
Toyenci3 kKypamaactapra apHaiaraH Yomu—CaTTepTy?dT KybIKTaybl ajblH aja OeKiTiireH
Tapaxyiap MojeIiMeH Oipeii emec.

Opic neH opHaTy KypamaacTapbl apacbiHaarsl koppensauus » = 0,3; 0,5; 1 6onca, B ymin
U(k=2)=1,058; 1,108; 1,222 nb. bapneik B TunTi Kypamaacrap TOJBIK KOppEISIUsIIaHFaH JeTl
aneiaranga 2,014 nb — anreOpanblK JKOFapFbl IEK; OPTYpJi Tapaiylapra Oip wmesriie
[Mupconnsiy 7 = 1 koapduIHEeHTIH Oepy ic KY3iHIE KYy3ere acaTbiH OipJIeCKeH MOIETbh eMeC.

a) Benricisgik Kypampgacrapbt

OtanoH

Bpic

Opuary
beiChI3bIKTHIK,
KaiiTanaHrbIITHIK,
Cnextpiik 6aranay

I A cienapuiii

Temniepatypa EZ] B cueHapuiii (THIOTeTHKaBIK, KanuGprey)

04 0,6 0,8 1 1,2
Crangaprre! 6enriciagik u;, 1b

6) OpTypAi KamMTy 3KaHe KOppessiHs apTTaphl

v | N N N -

A: 95 % apThI eHi | 2214
g: ut=2) I o>+
B: 95 % sapThi eHi | 0.950
B: U(k=2),r=0,5 - | 1108
B: anreBpanbik KOFapFbl 1EK | W// ] 2,014
0 D,IS I1 1:5 é 2:5

ApanbIKThIH *apThl eHi Hemece U, 1B

6 cyper —a — A xoHe B cuienapuitiepiniH cTaHIapTThI Oenrici3aik Kypamuaactapsl; 6 — U(k = 2),
95 % apaJBIKTBIH XKapThl €H1, OPIC—OPHATY KOPPEISAIUICHIHBIH 9CEP1 )KOHE alNTreOpabIK JKOFapFbI
Oara. B crienapuifineri 3TajgoH Kanuopieyi TMIOTEeTUKAIIBIK
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Konoanwiny wexkmepi scane sanudayusea Koubliamuli maianmap

Ecen 20 °C maHbIHIArel ayara KaTBICTBI, JKOFapbl TeMIIepaTypaja, arpeccuBTI opTaaa
HEeMece Jipiiae )KyMbICKa KaOiIeTTimiK Oyl )KyMbICTa pactanMaipl. KybicTarbl KbpUTy anMacy,
MeMOpaHaHBIH Kepi JKYKTEMECl >XOHE HaKThl JJICKTPOHHMKA OarajaHOaraH. DKCIIEPUMEHTTIK
BaJMJalMs YIIIH HaKTbl T€OMETpHUs, KOPFaHBIII TOpP, JKbUIYJBIK MIeKapajiap, HOpMajaHFaH
kemeHai AXKC, 3TalioH Ty3eTyJepi ®oHe opTa )Karaaiiapsl Kaxer. Oiey quana3oHbl KYTUICTiH
PE30HAHCTHI KaMTYbl HEMECE OFaH JACHIHT1 maeHTHUKamusa Herizaenyi tvic; 150 kI koFaprbl
mreri >195 k' pe3oHaHCTHI OaKbLIAYFaA )KETKITIKCI3.

TemnepaTypanblk Tekcepy YIIiH >kynTtanraH 7, R emmeMaepi, KbI3IbIpy—CalKbIHIATY
UKJIIIEPi, TOK, KOPEK KepHEY1, TYPAKTaHy YaKbIThI 5KOHE KPUCTAJT MEH KOPITYC TeMITepaTypaiapbl
KakeT. JKeke eIIeMHiH mamblpaybl OpTa MOHHIH OENTICI3MIriHeH aKbIpaThLIybl, ajl KalTaiay
CaHBI MAKCATTHI OCNTICI3IIKKE cail TAHAATYBI THIC.

KopbITbIHABI.

1. bip £1 ab ’konak mieKapachl MEHIIIKTI XHUIUTIK fo meH aemmdupaey (-Hbl Oipre
aHbIKTaMalIel: { OH ece e3reprenae B/fo HeOapi ~1,13 %-ra e3repeni. fo = 195 k[’ Garacer Tek
pactanrad B > 65 xI'11 )xoHe KaObu1aHFaH JeMi(upiiey apaybIFbl Kar1albIHAA KapaM/Ibl.

2. KaOpiganraH MOMBIH—KYBIC T€@OMETPHUSCH YIIIH TOJNBIK Kackan 25,728 kl'1-te mibiH
xoHe B = 7,981 kI’ 6epeni, an 20 MM 30HABI 6ap TONBIK Ti30eKTiH xomarel B = 0,981 kI'1. byn
HAKThl KYPBUIFBIHBIH pacTajfaH cCUIaTTaMasapbl eMec, MOJIENb KOpaMalIapbIHbIH Cajliaphl.

3. Er = 6 B, x < 1 Tononorusice xxeprurikri eremaeyaid 13,846 %-b1a rana O6epeni; x* =
4,314 moHi Tek OipiHII TYBIHBIHBI HOJITE KEATIpeIl koHe Oacka cXeMaHbl Tajall eTell.

4. Waptte 6romkertep yurin Uk =2) = 2,491 xone 0,980 nb, aim 95 % apanbIKThIH XKapThl
enzaepi 2,214 xone 0,950 nb; Oyn mamanapael 6ip-OipiMeH anMacTeipyra Ooimaiinbl. HakTsl
ceHcopabiH £1 nb Aommiri OyI1 )KyYMbICTa MOTIMISTIMEHTi.

5. Keiiinri 3epTTeyiiH 0aFbIThl — YCBIHBUIFAH TaJaNTapFa cail HAKThl T€OMETpHUs OONBIHIIA
kermenai AXKC-ter1, xynTanran 7, R IepeKTepiH xKoHe 3TaJOHHBIH j)KeKe KaJuOpIieyiH ainy, cojaH
KEWiH MOJIETbACPIl TOyeIICi3 SKCIIEPUMEHTTIK Baluialusay.

Kapowcornanovipy. byn 3zepmmeyoi Kazaxcman Pecnyboaukacwt Foluvim dwcone dcozapul
oinim munucmpniciniy Folioim Komumemi Kapicolianowbipovl (2025-2027 ococ., epanm Ne
AP26196431).
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HNCCIEJOBAHUE SJIEKTPOPUINYECKUX XAPAKTEPUCTHUK
HOJYIMPOBOAHUKOBBIX CEHCOPOB, ITPEJHASHAYEHHbLIX /U151 PABOTbHI B
IKCTPEMAJIBHBIX YCJIOBUAX

Annomayua. Ilpu usmepenuu nyarbcayuil 0daeieHusi 6 ABUAYUOHHOU  MeXHUKe
YYBCMBUMETbHDILL JIEMEHM, COeOUHUMENbHble KAHANbl, NOIOCMU KOPHYcd U cXema RUmaHusl
cosmecmuo  enuAlOm Ha pesyabmam. Pazdenenue dmux  61uUAHUL  HEOOXOOUMO  Npu
NPOEKMUPOBAHUU NOTYNPOBOOHUKOBLIX CEHCOPO8 Ol IKCMpeMabhblx ycnosuti. Llens pabomur —
npu  A6HO  3A0AHHBIX — OONYWEHUAX  paccuyumams  4ACMOMHBIN — OMKIUK,  JIOKANbHYIO
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memnepamypHyo KOMREeHCAYUio U pacnpocmpaneHue HeonpeoenéHHOCmU, d Makice YCmaHo8unmbs
02paHudenus u0eHmuUpuUKayuu napamempos no 0OCMynHulM Xapakmepucmuxam. Mcnonv3osanul
YpasHeHue MOHKOU NIACMUHbL, OUHAMUYECKUE 36€Hbs 8MOPO20 NOPAOKA, MaAmMpuybl nepeoavu
MpyooK ¢ BAZKUMU U MENI08bIMU NOMEPAMU U AOOUMUBHASL MOOENb HEeONnpeOeiéHHOCmU 6
Oeyubenax. Pacuémer nposepenvl npedenvHvimu nepexooamu, He3A8UCUMBIMU YUCTIEHHBIMU
svipasiceHusamu u memooom Moume-Kapno. Ilokazano, umo 00Ha epanuya noiocel He onpeoensem
00HOBPEMEHHO CcOOCMBeHHY0 uacmomy u Oemnguposanue. HudwcHnsas oyenka cobCmeeHHOU
yacmomsl okono 195 kl'y nonyuyaemcs moavbko npu npunamuu pacuémuou noaocvl 65 kl'y u
unmepesana oemngpuposanus 0,01-0,10. B cyenapuu ¢ ouamempom coprosunst 0,8 mm, onunou 1
MM U 06vémom norocmu 1 mm® noausiii kackao daém axycmuueckuti nux 235,728 kl'y u nonocy
7,981 xly. Ilpu oobasnenuu 30noa Oonunou 20 mm u paouycom 0,40 mm nonoca smoiu yenu
cocmaensem 0,981 kly. Tennosvie nomepu 6 nonocmu u oOpamuas aKycmuueckas Hazpy3Ka
MemOpanvl 8 OGHHBIU paAcuém He 8KII0YeHbl. [ nPUHAMbBIX MeMnepamypHbix Ko3gpuyuenmos u
numanus 6 B oepanuuennas mononozus obecneuusaem 13,846 npoyenma mpedyemoui 10KaIbHOU
KOMNeHcayuu, OOHyleHUe Nnepeoll Npou3BoOHOU Npu Opyeom Kodp@uyuenme He O0KA3bIBAEM
cmadunbHOCMb 80 8CEM Ouanazone memnepamyp. s 08yx yCi08HbIX O100HCEMO8 pacCuUperHas
HeonpeoenénHocms ¢ Ko3gpuyuenmom oxeama 06a pasua 2,491 u 0,980 ob, a norywupuna 95-
npoyenmuozo unmepeana oxeama — 2,214 u 0,950 ob. Pe3ynvmamul He npedCmasisaomcs KaxK
HOBAsL IKCNEePUMEHMATbHASL 8ANUOAYUA UL NOOMBEPHCOEHHASI MOYHOCMb KOHKPEMHO020 npubopa.
Paboma 0aém ocnosy 0ns npogepku MoOenvhvlx OORYWeHUll U NOCMPOeHUs NOCIeOVIOue2o
UsMepumenbHo20 NPOmoKoJa.

Knrouesvie cnosa: nvezope3ucmugnbviii ceHCOp, 4acCmMOmMHblil OMKIUK, PE3OHAHC NOAOCIU,
akycmuueckuil  30HO, uUOeHmuukayus napamempos, memMnepamypHas  KOMNeHCayus,
HeonpeoenénHOCmb U3MEePeHUl, YUCTeHHAS 8ePUPUKAYUSL.

INVESTIGATION OF THE ELECTROPHYSICAL CHARACTERISTICS OF
SEMICONDUCTOR SENSORS DESIGNED TO OPERATE IN EXTREME
CONDITIONS

Abstract. Pressure-pulsation measurements in aircraft testing depend on the sensing
element, connecting passages, housing cavities and supply circuit. This study separates their
effects on frequency response, local temperature compensation and uncertainty under explicit
assumptions relevant to semiconductor sensors intended for extreme conditions. Thin-plate and
second-order models, viscothermal tube transfer matrices and an additive decibel uncertainty
model are checked through limiting cases, independent calculations and Monte Carlo
propagation. A single bandwidth boundary cannot jointly identify natural frequency and damping.
A lower frequency estimate near 195 kHz requires an assumed 65 kHz bandwidth and damping of
0.01-0.10. For a neck 0.8 mm in diameter and 1 mm long, with a 1 mm? cavity, the complete
cascade has a peak at 25.728 kHz and a bandwidth of 7.981 kHz. A 20 mm probe of radius 0.40
mm reduces the bandwidth to 0.981 kHz. Cavity thermal losses and diaphragm acoustic back-
loading are neglected. With assumed temperature coefficients and a 6 V supply, the restricted
topology provides 13.846 percent of the required local compensation, zeroing the first derivative
does not establish stability across the temperature range. Two illustrative budgets give expanded
uncertainties of 2.491 and 0.980 dB for a coverage factor of two, and 95 percent interval half-
widths of 2.214 and 0.950 dB. The results are conditional computational examples, without new
experimental validation or verified accuracy claims for a particular sensor. The work provides a
basis for testing the model assumptions and for designing a subsequent measurement protocol.

Keywords: piezoresistive sensor, frequency response, cavity resonance, acoustic probe,
parameter identification, temperature compensation, measurement uncertainty, numerical
verification.
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A HYBRID DISCOURSE-AWARE FRAMEWORK FOR MULTILINGUAL POLITICAL
DISCOURSE

Abstract. Political communication has migrated to social platforms, where opinions are
expressed through short, code-switched, and rhetorically dense messages. Conventional sentiment
analysis systems, tuned for product reviews, transfer poorly to this domain because political
polarity is entangled with stance, irony, and discourse structure. This article surveys the principal
families of sentiment analysis methods—Ilexicon-based, classical machine learning, deep neural,
and transformer-based approaches—and introduces PoliSent, a hybrid discourse-aware
architecture for political sentiment analysis on the Internet. PoliSent unifies three complementary
signals: multilingual contextual embeddings produced by an XLM-RoBERTa encoder, a domain-
specific political lexicon (PoliLex) with valence shifters and negation handling, and a graph-
attention module operating over Universal Dependencies parses. A learned gating mechanism
fuses these signals, and a multi-task objective jointly predicts sentiment, stance, and rhetorical
tactic. We evaluate the framework on PoliWeb-CA, a newly annotated corpus of 18,500 Kazakh-
and Russian-language political messages collected from microblogs, messaging channels, and
news comment threads. PoliSent attains a macro-FI1 of 0.904 and a Matthews correlation
coefficient of 0.857, surpassing a fine-tuned KazRoBERTa baseline by 4.6 macro-F1 points and
outperforming all lexicon, classical, and deep baselines by a wide margin (p < 0.01, paired
bootstrap). Ablation studies confirm that each architectural component contributes measurably,
with the dependency-graph attention and lexicon augmentation jointly responsible for a 5.8-point
improvement over the contextual backbone. The results demonstrate that explicit linguistic
structure remains valuable even in the era of large pretrained encoders, particularly for low-
resource and morphologically rich political discourse.

Keywords: sentiment analysis, political discourse, opinion mining, natural language
processing, transformer models, graph attention networks, stance detection, low-resource
languages, Kazakh, multilingual NLP.

Introduction.

The public sphere of political debate has shifted decisively onto the Internet. Microblogging
platforms, encrypted messaging channels, video-hosting comment sections, and online forums
now carry a large share of the discourse through which citizens evaluate policies, parties, and
public figures. The scale and velocity of this material make manual analysis impractical, and they
create a strong demand for automated methods that can estimate the emotional and evaluative
orientation—the sentiment—of political texts at scale. Reliable political sentiment analysis
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underpins applications ranging from election monitoring and the study of public opinion to the
detection of coordinated influence operations and the measurement of polarization.

Sentiment analysis, also called opinion mining, is among the most studied tasks in natural
language processing (NLP) [1, 2]. Yet the bulk of progress has been driven by domains such as
product and movie reviews, where the relationship between lexical choice and polarity is
comparatively direct. Political discourse differs in several respects that degrade the accuracy of
off-the-shelf systems. First, polarity is frequently expressed indirectly, through irony, sarcasm,
rhetorical questions, and appeals to shared values, rather than through overt sentiment words.
Second, political sentiment is entangled with stance: the same proposition may carry opposite
evaluative force depending on the target and the author’s allegiance. Third, online political
messages are short, noisy, and rich in named entities, hashtags, and code-switching between
languages. These properties are especially pronounced in multilingual, morphologically rich
settings, such as the mixed Kazakh—Russian discourse that circulates across Central Asian social
media [3, 4].

Methodologically, the field has passed through three broad generations. Early systems relied
on sentiment lexicons and hand-crafted rules [5]; they are transparent and require no labelled data,
but they are brittle in the face of negation, intensification, and domain shift, although recent work
shows that carefully constructed multilingual lexicons still support competitive zero-shot transfer
into low-resource languages [6]. The second generation applied classical supervised learning —
naive Bayes, logistic regression, and support vector machines over bag-of-words or term-
frequency features [1, 5] — improving robustness at the cost of interpretability and feature-
engineering effort. The third and current generation is built on distributed representations and deep
neural networks: word embeddings, convolutional and recurrent classifiers [5] and, most
influentially, self-attention transformers together with the large multilingual encoders pretrained
on them [7]. Transformer encoders define the present state of the art, yet they remain data-hungry
and tend to underperform on low-resource languages [8] and on phenomena, such as discourse-
level rhetoric, that are not well captured by surface co-occurrence statistics.

This article makes two contributions. The first is a structured comparative review of the
principal sentiment analysis method families as they apply to online political text, organized
around the trade-offs between interpretability, data efficiency, and accuracy. The second, and
central, contribution is PoliSent, a hybrid discourse-aware architecture that we propose and
evaluate. PoliSent is motivated by the observation that the strengths of the older method families—
explicit lexical polarity and explicit syntactic structure—are precisely the signals that purely end-
to-end transformers tend to under-exploit in low-resource political settings. The architecture
therefore retains a multilingual contextual encoder but augments it with two structured streams: a
domain-specific political lexicon equipped with negation and valence-shifter handling, and a
graph-attention network that propagates evaluative information along Universal Dependencies
relations. A learned gating mechanism decides, per instance, how much weight to assign each
stream, and a multi-task head jointly predicts sentiment, stance, and rhetorical tactic, exploiting
the empirical correlation among them.

We summarize the novelty of the work as follows. (i) We introduce a fusion architecture that,
to the best of our knowledge, is among the first to combine multilingual transformer embeddings,
a political-domain lexicon and dependency-graph attention through an instance-adaptive gate for
sentiment analysis of political text. The closest prior systems each differ in at least one component:
the multi-level hybrid of [4] cascades lexical and classifier stages without syntactic attention; the
syntax-aware models of [ 12, 13] weight dependency relations or combine them with prompt-based
encoders but use neither a political-domain lexicon nor an instance-adaptive gate; and the
transformer systems for political text in [3] rely on in-domain pretraining alone. (ii) We formulate
political sentiment estimation as a multi-task problem coupled with stance and rhetorical-tactic
prediction, and show that this coupling improves the primary sentiment task. (iii) We release
PoliWeb-CA, an annotated corpus of 18,500 Kazakh- and Russian-language political messages
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with three-way sentiment, stance, and tactic labels. (iv) We provide a systematic empirical
comparison and ablation across eleven systems, with significance testing, that quantifies the
contribution of explicit linguistic structure in the transformer era.

Lexicon-based and rule-based methods.

Lexicon-based sentiment analysis assigns polarity by aggregating the prior valence of the
words a text contains, optionally modulated by intensifiers, negators, and contrastive connectives
[5]. Carefully curated word lists combined with a small set of compositional rules can rival simple
supervised models on short informal text, and multilingual lexicons have recently been shown to
drive zero-shot sentiment classification across dozens of languages, including code-switched
settings [6]. The principal advantages are transparency, the absence of any training requirement,
and predictable behaviour, which is attractive in politically sensitive applications where
auditability matters. The principal weaknesses are limited coverage, an inability to disambiguate
context-dependent polarity, and severe degradation under domain shift. For political discourse,
generic lexicons miss domain terms whose valence is reversed relative to everyday usage, and they
cannot resolve the target-dependence of evaluative language [4].

Classical machine learning.

Supervised classifiers over sparse lexical features marked the second generation of sentiment
systems [5]. Naive Bayes, logistic regression, and support-vector machines trained on bag-of-
words or term-frequency—inverse-document-frequency (TF—IDF) representations remain strong,
fast, and interpretable baselines, and they continue to serve as references in shared tasks. Their
reliance on surface features, however, prevents them from modelling word order, long-range
dependencies, and compositional negation; performance also depends heavily on feature
engineering and on the availability of in-domain labelled data, which is scarce for political text in
many languages [8].

Deep neural approaches.

Distributed word representations enabled neural classifiers that learn features directly from
data. Convolutional networks capture local n-gram patterns efficiently, while recurrent
architectures, particularly long short-term memory (LSTM) networks and their bidirectional and
attention-augmented variants, model sequential context. Surveys of deep learning for sentiment
analysis document consistent gains over classical baselines on benchmark datasets [1, 5].
Nevertheless, these models require substantial labelled data, and their performance on short, code-
switched political messages in low-resource languages is limited by the quality and coverage of
the underlying embeddings [6].

Transformer-based and multilingual models.

The transformer architecture and the masked-language-model pretraining paradigm
redefined the field. Bidirectional encoders such as BERT and RoBERTa, and their multilingual
counterparts — multilingual BERT and XLM-RoBERTa [7] — provide contextual representations
that transfer across tasks with light fine-tuning [5]. Domain- and language-adapted resources,
including annotated Kazakh corpora and Kazakh-specific encoders, further narrow the gap for
under-resourced languages [8]. Work dedicated to political text confirms that transformer encoders
dominate lexicon and classical baselines and that additional in-domain pretraining yields further
gains [3]. Two limitations motivate the present work: large encoders still underperform on low-
resource languages relative to high-resource ones, and they do not explicitly represent the syntactic
and discourse structure that conveys political evaluation [4].

Stance detection, graph models, and the present contribution.

Stance detection — classifying a text as supporting, opposing, or neutral toward a target —
has been studied as a task closely related to, but distinct from, sentiment [9], and it remains difficult
in small languages and polarizing media environments [10]. Graph neural networks, and in
particular graph attention networks (GAT) [11], have been used to propagate information along
syntactic or discourse graphs, offering a principled way to inject structure into neural classifiers;
recent syntax-aware variants weight dependency relations by their importance for polarity [12] or
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combine dependency graphs with prompt-based pretrained encoders [13]. Universal Dependencies
[14] provide cross-lingual syntactic annotations that make such graphs available even for low-
resource languages. Prior systems have explored these ingredients largely in isolation. The
contribution of this article is to integrate them within a single jointly trained model, which is the
specific respect in which PoliSent differs from the hybrid system of [4] and from the syntax-aware
systems of [12, 13]: PoliSent couples a multilingual transformer with a political lexicon and a
dependency-graph attention module through an adaptive gate, and trains the result jointly for
sentiment, stance, and rhetorical tactic. Table 1 situates the method families with respect to the
criteria that matter most for online political analysis.

Table 1 — Comparative summary of sentiment analysis method families for online political

text
Method family Labelled data Interpretability | Handles Typical macro-
structure F1*

Lexicon / rule- None High Weak 0.55-0.65
based
Classical ML Moderate Moderate Weak 0.66 -0.71
(TF-IDF)
Deep neural High Low Partial 0.74 -0.77
(CNN/BILSTM)
Transformer High Low Implicit 0.82 - 0.86
encoders
Hybrid (PoliSent, High Moderate Explicit 0.90
ours)

Materials and research methods.

Problem formulation.

Let a political message be a sequence of tokens x = (w1, ..., w_T). The primary task is three-

way sentiment classification, assigning x a label y € {negative, neutral, positive}. We additionally
define an auxiliary stance label s € {against, none, for} relative to the salient target of the message,
and a rhetorical-tactic label r drawn from a small inventory (for example, appeal, irony, contrast,
or none). The auxiliary tasks are used during training to regularize the shared representation; at
inference time the sentiment prediction is the quantity of interest, although stance and tactic
predictions are also produced and are useful for downstream interpretation.

Corpus construction and annotation.

We assembled PoliWeb-CA, a corpus of online political messages in Kazakh and Russian.
Messages were collected from four source types—a microblogging platform, public messaging
channels, video-hosting comment threads, and news-portal comment sections—using keyword
and hashtag queries on political topics including elections, public administration, social reform,
local governance, and regional affairs. After language identification, near-duplicate removal, and
the exclusion of non-textual and purely promotional content, the corpus comprised 18,500
message-level segments. Table 2 reports its composition. Collection covered the period from 1
March 2023 to 28 February 2025. The raw crawl returned 41,300 messages — 15,600 from the
microblogging platform, 11,200 from public messaging channels, 7,900 from video-hosting
comment threads and 6,600 from news-portal comment sections — which after filtering yielded
6,845, 4,930, 3,410 and 3,315 annotated segments respectively. A message was included if it
contained 5-120 tokens and at least one political keyword or actor from the query list; advertising,
bot-generated, duplicated, URL-only and emoji-only messages, and posts unrelated to the political
topics, were excluded. Language identification used fastText lid.176 with an acceptance threshold
of 0.80, and manual checking of a 500-message sample confirmed 97.4% accuracy; messages
mixing the two languages were kept and flagged as code-switched. Deduplication was performed
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in two stages, exact hashing followed by MinHash-LSH near-duplicate removal at a Jaccard
threshold of 0.85, which discarded 7,220 messages. User names, URLs and other personal
identifiers were masked before annotation.

Table 2 — Composition of the PoliWeb-CA corpus (18,500 segments)

Attribute Negative Neutral Positive Total
Segments 7,400 6,105 4,995 18,500
Kazakh (58%) 4,292 3,541 2,897 10,730
Russian (42%) 3,108 2,564 2,098 7,770
Mean length (tokens) 24.6 21.2 22.9 23.1
Code-switched (%) 19.1 14.7 16.3 17.0

Each segment was independently annotated by three trained annotators, native or near-native
in both languages, following a written guideline that defined the sentiment, stance, and tactic
schemata and provided adjudication rules for sarcasm and target ambiguity. Final labels were
assigned by majority vote, with disagreements adjudicated by a senior annotator. Inter-annotator
agreement was substantial: the mean pairwise Cohen's k was 0.79 for sentiment and Krippendorff's
a was 0.81 across the three annotators. Cohen's «k is defined in Eq. (1), where p_o is the observed
agreement and p_e the agreement expected by chance.

Po—Pe
k=" ()

The corpus was partitioned into training, validation, and test splits in a 70: 15: 15 ratios,
stratified by label and language, yielding 12,950 training, 2,775 validation, and 2,775 test
segments. Splitting was performed at the author level where author identifiers were available, to
limit information leakage between splits.

Preprocessing and linguistic analysis.

Raw messages were normalized by lower-casing, Unicode NFC normalization, the masking
of user mentions and URLs with placeholder tokens, and the segmentation of hashtags into
constituent words where possible. Emoji were retained and mapped to sentiment-bearing tokens.
Each message was tokenized, lemmatized, and parsed into a Universal Dependencies tree [14]
using a multilingual parser; the dependency tree supplies the graph over which the structural
module of PoliSent operates. For the lexicon stream, the political lexicon PoliLex was compiled
by extending general-purpose Kazakh and Russian sentiment lexicons with domain terms and by
annotating each entry with a polarity v € {—1, 0, +1}, an intensity weight, and flags for negators
and valence shifters. PoliLex contains 12,480 entries, of which 6,930 are Kazakh and 5,550
Russian; 3,180 are political-domain terms added in this work and the remainder were imported
from open Kazakh and Russian sentiment lexicons and manually verified. The extension procedure
had three steps: candidate terms were mined from the unlabelled political stream by a log-odds
ratio against a general-domain reference corpus; two annotators then independently assigned each
candidate a polarity v € {—1, 0, +1} and an intensity weight ® € [0.5, 1.5]; and remaining
disagreements were adjudicated by a senior annotator (Cohen’s k = (.76 for polarity and 0.71 for
intensity binned into three levels). Representative entries are »&eMKOpJbIK ‘corruption’ (v =—1, ®
=1.4), toyencizaik ‘independence’ (v=+1, ® =1.2), pehopma ‘reform’ (v=+1, ® =0.9), mpousson
‘arbitrariness’ (v =—1, = 1.3), the valence shifter tinTi ‘even’ (x1.3) and the negator emec ‘not’
(c=-1).

Baseline methods.

We implemented baselines from each method family. The lexicon baseline, PoliLex, scores
a document by aggregating the polarity of its tokens, modulated by intensity and by local valence
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shifters, as in Eq. (2), where |d| is the document length, ® i is the intensity weight of token i, v(w_1)
its lexicon polarity, and o(w i) € {—1, +1} a negation-scope sign.

Siex(d) = 7 T2y wv(w)a(w) @)

The classical baselines—naive Bayes, logistic regression, and a linear support-vector
machine—operate on TF—IDF features, where the weight of term t in document d is computed as
in Eq. (3); N is the number of documents and df(t) the document frequency oft.

N

tfidf (t,d) = tf (6, )  log 7o 3)

The deep baselines comprise a CNN sentence classifier, a bidirectional LSTM, and a
bidirectional LSTM with an additive attention layer. The transformer baselines are multilingual
BERT, XLM-RoBERTa, and the Kazakh-adapted KazRoBERTa, each fine-tuned with a linear
classification head over the pooled representation. All neural classifiers terminate in a softmax
layer, Eq. (4), and are trained by minimizing the categorical cross-entropy loss, Eq. (5).

Zc

P(J’=C|x)=zgiw 4)

1 N
Legp = Zliv=1 Zg=1 Yiclogyic (5)

- N

All baselines were trained and evaluated on exactly the same stratified splits and with the
same preprocessing pipeline as PoliSent, and no system was tuned on the test split. The classical
baselines used TF—IDF features over unigrams and bigrams (minimum document frequency 3,
50,000 features) with hyperparameters selected by five-fold cross-validation on the training split
(C € {0.1, 1, 10} for logistic regression and the SVM, a € {0.1, 0.5, 1.0} for naive Bayes). The
deep baselines used 300-dimensional fastText embeddings, a hidden size of 256, dropout of 0.3,
Adam with a learning rate of 1 x 10~ and a batch size of 32. The transformer baselines used the
same optimizer, peak learning rate, batch size and maximum sequence length as PoliSent. Every
neural system, including all baselines, used the identical early-stopping criterion (patience of three
epochs on validation macro-F1, at most eight epochs) and the same five random seeds, and all
reported figures are means over those seeds.

Proposed architecture: PoliSent.

PoliSent (Figure 1) is organized as three parallel encoders whose outputs are merged by an
adaptive gate and consumed by a multi-task head. The contextual encoder is an XLM-RoBERTa
model that maps the token sequence to contextual states and a pooled representation h ctx. The
self-attention operation underlying this encoder is given in Eq. (6), where Q, K, and V are the
query, key, and value projections and d_k the key dimension.

Attn(Q,K,V) = softmax (%) %4 (6)

153



Ne3(42) AAA XKAPLLbICHI

! Internet political text I

[Preprocessung & linguistic analysugJ

language ID = normalization = tokenization

/ﬁdt pendency pars ng - le l1lll1dll/d|N‘
Contextual encoder Lexicon augmentation Dependency-graph attn
XLM-RoBERTa PoliLex polarity GAT over UD tree
transformer layers intensity / negation syntactic relations

self- atte ion \talence shifters /dls‘z‘{rse cues
» N t.lx . \cx h_dep

Gated fusion module
adaptive gate g = o(W[h_ctx || h_lex || h_dep])

s = goh_ctx + (i g)e(h_le x:nh G

Sentiment head ] [ Stance head ] [ Rhetorical tactic ]

3-class softmax for / against / irony, appeal,

pos / neu n(iwe ntr ast ..

—-
Joint objective

il S

sentiment label + stance + confidence

- [ Interpreted ocoutput ]

aggregated discourse-level polarity report

Figure 1 — Architecture of PoliSent. Three parallel encoders — a multilingual contextual
transformer, a political-lexicon stream, and a dependency-graph attention module — are merged
by an instance-adaptive gate and consumed by a multi-task head that jointly predicts sentiment,

stance, and rhetorical tactic

The lexicon stream converts the PoliLex features of a message—aggregated polarity,
intensity, negation density, and valence-shifter counts—into a dense vector h_lex through a small
feed-forward network. This stream gives the model direct access to prior word-level evaluative
knowledge that is otherwise diluted in subword embeddings, and it is particularly valuable for rare
or out-of-vocabulary political terms.

The structural stream is a graph attention network [11] operating over the Universal
Dependencies tree. Each token is a node initialized with its contextual state; messages are
processed as graphs in which edges follow syntactic relations. The attention coefficient between a
node 1 and a neighbour j is computed as in Eq. (7), where W is a shared linear transformation, a
the attention vector, | denotes concatenation, and V' _i the neighbourhood of node 1.

exp(LeakyReLU(aT[Whi||Whj])) 7
Yken; exp(LeakyReLU(aT [Wh;||Whg])) )

aij =

The updated node representation aggregates neighbour information weighted by these
coefficients, Eq. (8); a graph-level read-out then yields the structural vector h_dep, which encodes
how evaluative cues propagate along syntactic relations such as negation, conjunction, and the
heads of contrastive clauses.

hi = ELU(Y jen, @ijWh;) )

The three representations are combined by an instance-adaptive gate. The gate vector g is
produced from the concatenation of the three streams, Eq. (9), and modulates their relative
contribution to the fused representation h_fus, Eq. (10), where © is the element-wise product and
D a learned combination. The gate allows the model to rely chiefly on contextual embeddings for
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straightforward messages while deferring to the lexicon and structural streams for short, sparse, or
syntactically marked political utterances.

g = G(% [hctx”hlex”hdep] + bg) )
hfus =9 O hgx + 1- g) © (hlex S hdep) (10)

The fused representation feeds three linear heads predicting sentiment, stance, and rhetorical
tactic. Because the sentiment classes are imbalanced and the neutral class is the hardest, we add a
focal-loss term [15], Eq. (11), which down-weights well-classified examples through the focusing
parameter Y.

1 NN ST

Lfocal = _Ezli\;l Z(c:=1 yi,c(l - Yi,c) ZOQYi,c (11)

The full training objective, Eq. (12), is the sum of the sentiment cross-entropy, the auxiliary

stance and rhetorical-tactic losses, the focal term, and an L. regularizer on the parameters ®; the
coefficients A1, A2, A3, and [ balance the terms.

L = Lcg + MLstance + A3Liactic + /12Lfocal + ﬁ”@”% (12)

A domain-adaptive feedback loop periodically expands PoliLex with high-confidence
sentiment-bearing terms mined from the training stream, so that the lexicon remains current as
political vocabulary evolves. This loop is depicted by the dashed path in Figure 1.

Both auxiliary heads of Figure 1 are therefore optimized during training: L stance and
L tactic are ordinary cross-entropy losses computed over the stance and rhetorical-tactic heads on
the same fused representation h_fus, weighted by A1 = 0.30 and A5 = 0.15. Eq. (12) consequently
covers all three prediction heads shown in Figure 1, and the ablation row ‘— multi-task (stance +
tactic) / focal’ in Table 5, shown as the bar ‘— focal/stance’ in Figure 4, removes both auxiliary
terms together with the focal term.

Domain-adaptive pretraining precedes fine-tuning and consists of continued masked-
language-model training of XLM-RoBERTa-base on 1.2 million unlabelled Kazakh and Russian
political messages (= 46 million tokens) drawn from the same platforms as PoliWeb-CA but
disjoint from all annotated splits. We used whole-word masking at a rate of 15%, a learning rate
of 5 x 10~ with linear decay and 5% warm-up, a batch size of 64 and 60,000 steps (about three
epochs over the stream); the checkpoint with the lowest held-out perplexity was retained (14.2
against 23.8 for the unadapted encoder). The PoliLex update loop operates on the same unlabelled
stream but is separate from this procedure: after each fine-tuning epoch, candidate terms that the
model labels with a confidence of at least 0.9 in twenty or more occurrences are added to the
lexicon, and the lexicon-stream features are recomputed for the next epoch. The two are thus
sequential and share data but not parameters, and the ablation row ‘— domain-adaptive pretraining’
in Table 5 disables both.

Experimental setup.

The contextual backbone was XLM-RoBERTa-base. Inputs were truncated to 256 sub-
tokens. Models were trained with the AdamW optimizer at a peak learning rate of 2 x 10~° with a
linear warm-up over the first 10% of steps, a batch size of 32, dropout of 0.1, and an AdamW
weight-decay coefficient of 0.01, for up to eight epochs with early stopping (patience three) on
validation macro-F1. The graph attention module used four attention heads and a hidden size of
256. The loss coefficients were A1 = 0.3, A2 = 0.2, Az = 0.15, the focal focusing parameter y = 2.0,
and f =1 x 107, Training was performed on two NVIDIA A100 GPUs; each run was repeated
with five random seeds, and we report the mean. Hyperparameters are summarized in Table 3.
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Table 3 — Principal hyperparameters of the PoliSent model
Hyperparameter Value Hyperparameter Value
Backbone XLM-R GAT heads 4
base

Max sequence length 256 GAT hidden size 256
Optimizer AdamW A (stance) 0.30
Learning rate 2x10> A2 (focal) 0.20
Batch size 32 vy (focal) 2.0
Epochs (early stop) 8(3) B (L2 term, Eq. 12) 1 x10°°
Dropout 0.10 Random seeds 5
AdamW weight decay 0.01 As (tactic loss) 0.15

Evaluation metrics.

We report accuracy together with macro-averaged precision, recall, and F1, the weighted F1,
and the Matthews correlation coefficient (MCC). Precision and recall are defined in Eq. (13); the
F1 score and its macro average over the C classes appear in Eq. (14). MCC, Eq. (15), is a balanced
measure that remains informative under class imbalance. Because macro-averaging treats all
classes equally, it is the primary metric, given the difficulty of the neutral class.

.. TP
Precision = , Recall = (13)
TP+FP TP+FN
Precision*Recall 1
F. =2« macro _— (_) C_ F¢ 14
1 Precision+Recall’ 1 c Zc—l 1 (14)
TP-TN—FP-FN
MCC = (15)

J(TP+FP)(TP+FN)(TN+FP)(TN+FN)

Results and discussion.

Overall comparison.

Table 4 reports the performance of all eleven systems on the PoliWeb-CA test split. The
ordering is consistent across metrics and confirms the generational trend: the lexicon baseline is
weakest, classical machine learning improves on it, deep neural models improve further, and
transformer encoders dominate the conventional approaches. PoliSent attains the best result on
every metric, with a macro-F1 of 0.904 and an MCC of 0.857. The strongest baseline, the Kazakh-
adapted KazRoBERTa, reaches a macro-F1 of 0.858; PoliSent therefore improves on it by 4.6
macro-F1 points and on the multilingual XLM-RoBERTa backbone by 5.8 points. Figure 2
visualizes the macro-F1 ranking.

Table 4 — Performance of all systems on the PoliWeb-CA test split (mean over five seeds);
best results are given in bold

System Acc. Macro- Macro- Macro- MCC
P R F1

PoliLex (lexicon) 0.642 0.628 0.607 0.611 0.402
Naive Bayes (TF- 0.688 0.671 0.652 0.659 0.476
IDF)
Logistic 0.709 0.694 0.681 0.686 0.509
Regression
SVM (TF-IDF) 0.724 0.712 0.698 0.703 0.536
BiLSTM 0.758 0.746 0.738 0.741 0.601
CNN 0.769 0.758 0.748 0.752 0.618
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BiLSTM + 0.781 0.772 0.762 0.766 0.640
Attention
mBERT 0.831 0.824 0.814 0.818 0.726
XLM-RoBERTa 0.857 0.851 0.842 0.846 0.768
KazRoBERTa 0.869 0.863 0.855 0.858 0.787
PoliSent (ours) 0.912 0.908 0.901 0.904 0.857
PoliLex (lexicon) - 0.611
Naive Bayes 1 0.659
Logistic Reg. 1 0.686
SVM (TF-IDF) 4 0.703
BILSTM - 0.741
CNN - 0.752
BiLSTM+Attn 0.766
mMBERT A 0.818
XLM-RoBERTa - 0.846
KazRoBERTa - 0.858

rosent (ours) - -0

055 060 065 070 075 080 085 090 0.5
Macro-F1 score

Figure 2 — Macro-F1 of the evaluated systems on PoliWeb-CA. The proposed PoliSent
model outperforms all lexicon, classical, deep, and transformer baselines

Per-class performance.

Disaggregating by class clarifies where the gains arise. As Figure 3 shows, every system
finds the neutral class hardest, because neutral political messages frequently contain emotionally
charged vocabulary without an overall evaluative commitment. PoliSent narrows the neutral gap
most: its per-class F1 scores are 0.929 for negative, 0.886 for neutral, and 0.897 for positive,
compared with 0.885, 0.830, and 0.859 for KazRoBERTa. The improvement on the neutral class,
5.6 points over the strongest baseline, is the single largest per-class gain and accounts for much of
PoliSent's macro-F1 advantage.

Auxiliary-task results. Although stance and rhetorical tactic are auxiliary, both heads are
evaluated on the same test split. PoliSent reaches a macro-F1 of 0.812 (accuracy 0.834) for stance
and 0.741 (accuracy 0.786) for rhetorical tactic, against 0.786 and 0.709 for single-task models
trained on the same data, so the shared representation benefits the auxiliary heads as well as the
primary one. Agreement on these two layers was lower than for sentiment: the mean pairwise
Cohen’s x was 0.74 for stance and 0.68 for rhetorical tactic, with Krippendorff’s a of 0.76 and 0.70
respectively. Most residual disagreement in the tactic layer concerns the boundary between irony
and contrast, which is also the hardest distinction for the model.
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Figure 3 — Per-class F1 for the four strongest systems. The largest improvement of PoliSent
over the baselines is on the difficult neutral class

Ablation study.

To quantify the contribution of each component we removed them one at a time from the
full model; Table 5 and Figure 4 report the results. Removing the lexicon stream lowers macro-F1
from 0.904 to 0.882, and removing the dependency-graph attention lowers it to 0.871, confirming
that explicit lexical and syntactic structure both matter. Disabling the domain-adaptive pretraining
and lexicon update reduces the score to 0.866, and removing the focal and multi-task (stance and
tactic) terms costs 1.5 points. With all structured components removed, the model reduces to its
XLM-RoBERTa backbone at 0.846. The structured streams therefore contribute a combined 5.8
macro-F1 points, the bulk of PoliSent's advantage over a strong transformer.

Table 5 — Ablation of PoliSent components on the PoliWeb-CA test split

Configuration Macro-F1 A vs. full
PoliSent (full model) 0.904 —

— multi-task (stance + tactic) / focal 0.889 —0.015
— lexicon augmentation 0.882 —0.022
— dependency-graph attention 0.871 —0.033
— domain-adaptive pretraining 0.866 —0.038
Backbone only (XLM-R) 0.846 —0.058

0.92 -

0.904

Macro-F1 score
© © o
[ee] [o¢] [(e]
(o)} (o] (=]

o
®
=9

PoliSent — focal/ — lexicon — dep-GAT — domain backbone
(full) stance pretrain only

Figure 4 — Ablation of PoliSent. Each structured component contributes measurably;

removing all of them recovers the transformer backbone
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Error analysis.

The normalized confusion matrix of PoliSent on the test set is shown in Figure 5. The
dominant error mode is the confusion of neutral messages with negative ones: of the 916 neutral
test segments, 50 were predicted negative and 40 positives. This pattern reflects the prevalence of
charged vocabulary in factually descriptive political statements. A manual inspection of 150
misclassified examples identified three recurring causes: unmarked irony, where a literally positive
surface masks a negative intent; target ambiguity, where the message addresses several actors with
conflicting evaluations; and heavy code-switching that fragments subword tokenization. The
lexicon and structural streams reduce, but do not eliminate, the first two categories.

1.0
, 54 24

Negative (4.9%) (2.2%) 0.8
@ 20 0.6 5
© i =]
v Neutral (4.4%) §
= 0.4

- 33 43 673 0.2

Positive 1 (449, (5.7%) (89.9%)
0.0

Negative Neutral Positive
Predicted label

Figure 5 — Normalized confusion matrix of PoliSent on the PoliWeb-CA test set. Cells
show counts and row-wise proportions

Statistical significance.

To confirm that the improvements are not artefacts of sampling, we compared PoliSent with
KazRoBERTa using a paired bootstrap over 1,000 resamples of the test set. The 4.6-point macro-
F1 difference is significant at p < 0.01, with a 95% confidence interval of [0.031, 0.061]. A
McNemar test on the paired predictions yields the same conclusion (%> = 38.7, p < 0.001). The
gains over the deep and classical baselines are significant at p <0.001.

Discussion.

The central empirical finding is that explicit linguistic structure continues to add value on
top of large pretrained encoders, at least in the low-resource, rhetorically dense setting of online
political discourse. The ablation makes the mechanism concrete: the lexicon stream supplies prior
polarity for rare political terms that subword models represent poorly, while the dependency-graph
attention propagates evaluative cues across the syntactic relations—negation scope, contrastive
conjunction, and clausal subordination—that govern compositional sentiment [12, 13]. The
instance-adaptive gate lets the model exploit these signals selectively, which is why the gains
concentrate on short and syntactically marked messages and, in particular, on the neutral class.

The multi-task formulation is a second source of improvement. Sentiment and stance are
correlated but not identical, and training a shared representation to predict both, together with the
rhetorical tactic, regularizes the encoder toward features that generalize. This is consistent with
the broader literature on stance detection [9, 10] and on auxiliary supervision, and it suggests that
political opinion mining is most accurately framed as a joint, rather than isolated, prediction
problem.

Several limitations qualify these conclusions. First, the evaluation is confined to two
languages and to a single regional discourse; although the architecture is language-agnostic by
design, its behaviour on other political ecosystems remains to be verified. Second, the dependency-
graph stream depends on the quality of the upstream parser, which is itself imperfect for code-
switched and ungrammatical social-media text; parser errors propagate into the structural
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representation. Third, the synthetic balance of the corpus, while stratified, does not reproduce the
extreme class skew of organic political streams, where neutral and off-topic content dominate.
Finally, the model inherits the biases of its pretraining data and of the annotation guideline, and its
predictions should be treated as estimates rather than ground truth.

These limitations carry ethical weight. Political sentiment analysis can inform legitimate
research on public opinion and platform integrity, but the same techniques can be repurposed for
surveillance or for the suppression of dissent. We therefore advocate transparent reporting of model
confidence, aggregate rather than individual-level analysis, and the auditability that the lexicon
stream affords. The domain-adaptive lexicon, in particular, makes the lexical basis of a prediction
inspectable, which is a deliberate design choice in favour of accountability.

Future work will extend PoliWeb-CA to additional languages and platforms, replace the
pipeline parser with a jointly trained structural encoder to reduce error propagation, and investigate
the calibration of the model's confidence estimates so that downstream consumers can reason about
uncertainty. We also plan to study temporal drift, since political vocabulary and the polarity of
specific terms shift rapidly around elections and crises.

Conclusion.

This article reviewed the principal families of sentiment analysis methods for political texts
on the Internet and introduced PoliSent, a hybrid discourse-aware architecture that fuses
multilingual contextual embeddings, a domain-specific political lexicon, and dependency-graph
attention through an instance-adaptive gate, trained jointly for sentiment, stance, and rhetorical
tactic. On PoliWeb-CA, a newly annotated corpus of 18,500 Kazakh- and Russian-language
political messages, PoliSent achieved a macro-F1 of 0.904 and an MCC of 0.857, significantly
outperforming lexicon, classical, deep, and transformer baselines, including a strong language-
adapted encoder. Ablation analysis attributed the bulk of the improvement to the explicit lexical
and syntactic streams and to the multi-task objective. The study supports a broader conclusion: in
low-resource and rhetorically complex domains, combining the structural insights of earlier
method generations with modern pretrained encoders yields models that are both more accurate
and more interpretable than either approach alone.

References

1. Wankhade, M., Rao, A. C. S., & Kulkarni, C. (2022). A survey on sentiment analysis
methods, applications, and challenges. Artificial Intelligence Review, 55(7), 5731-5780.
https://do1.org/10.1007/s10462-022-10144-1

2. Nandwani, P, & Verma, R. (2021). A review on sentiment analysis and emotion
detection from text. Social Network Analysis and Mining, 11(1), Article 81.
https://doi.org/10.1007/s13278-021-00776-6

3. Mochtak, M., Rupnik, P., Kuzman, T., & Ljubes$i¢, N. (2025). ParlaSent: Mapping
sentiment in political discourse with large language models. Political Research Exchange, 7(1),
Article 2508377. https://doi.org/10.1080/2474736X.2025.2508377

4. Zulkhazhav, A., Bekmanova, G., Yergesh, B., Nazyrova, A., Lamasheva, Z., &
Aimicheva, G. (2026). A multi-level hybrid architecture for structured sentiment analysis.
Electronics, 15(2), Article 249. https://doi.org/10.3390/electronics 15020249

5. Tan,K. L., Lee, C. P., & Lim, K. M. (2023). A survey of sentiment analysis: Approaches,
datasets, and  future  research. @ Applied  Sciences, 13(7),  Article  4550.
https://doi.org/10.3390/app 13074550

6. Koto, F., Beck, T., Talat, Z., Gurevych, 1., & Baldwin, T. (2024). Zero-shot sentiment
analysis in low-resource languages using a multilingual sentiment lexicon. In Proceedings of the
18th Conference of the European Chapter of the Association for Computational Linguistics (Vol.
1, pp- 298-320). Association for Computational Linguistics.
https://doi.org/10.18653/v1/2024.eacl-long.18

160



Ne3(42) AAA XKAPLLbICHI

7. Conneau, A., Khandelwal, K., Goyal, N., Chaudhary, V., Wenzek, G., Guzman, F.,
Grave, E., Ott, M., Zettlemoyer, L., & Stoyanov, V. (2020). Unsupervised cross-lingual
representation learning at scale. In Proceedings of the 58th Annual Meeting of the Association for
Computational Linguistics (pp. 8440-8451). Association for Computational Linguistics.
https://doi.org/10.18653/v1/2020.acl-main.747

8. Yeshpanov, R., & Varol, H. A. (2024). KazSAnDRA: Kazakh sentiment analysis dataset
of reviews and attitudes. arXiv. https://doi.org/10.48550/arXiv.2403.19335

9. Alturayeif, N., Lugman, H., & Ahmed, M. (2023). A systematic review of machine
learning techniques for stance detection and its applications. Neural Computing and Applications,
35(7), 5113-5144. https://doi.org/10.1007/s00521-023-08285-7

10. Mets, M., Karjus, A., Ibrus, 1., & Schich, M. (2024). Automated stance detection in
complex topics and small languages: The challenging case of immigration in polarizing news
media. PLOS ONE, 19(4), Article €0302380. https://doi.org/10.1371/journal.pone.0302380

11. Velickovié, P., Cucurull, G., Casanova, A., Romero, A., Li0, P., & Bengio, Y. (2018).
Graph attention networks. In Proceedings of the 6th International Conference on Learning
Representations. arXiv. https://doi.org/10.48550/arXiv.1710.10903

12. Jiang, T., Wang, Z., Yang, M., & Li, C. (2023). Aspect-based sentiment analysis with
dependency relation weighted graph attention. Information, 14(3), Article 185.
https://doi.org/10.3390/info 14030185

13. Feng, A., Liu, T., Li, X., Jia, K., & Gao, Z. (2024). Dual syntax aware graph attention
networks with prompt for aspect-based sentiment analysis. Scientific Reports, 14(1), Article
23528. https://doi.org/10.1038/s41598-024-74668-y

14. de Marneffe, M.-C., Manning, C. D., Nivre, J., & Zeman, D. (2021). Universal
Dependencies. Computational Linguistics, 47(2), 255-308. https://doi.org/10.1162/coli_a 00402

15. Lin, T.-Y., Goyal, P., Girshick, R., He, K., & Dollar, P. (2017). Focal loss for dense
object detection. In Proceedings of the IEEE International Conference on Computer Vision (pp.
2999-3007). IEEE. https://doi.org/10.1109/ICCV.2017.324

KONTLIII CASICU JUCKYPCKA APHAJIFAH JIMCKYPCTBIK
EPEKIIEJIKTEPII ECKEPETIH THBPUATI KYPBLIBIM

Anoamna. Cascu KoMMYHUKayusi aneymemmix niam@opmanapea ayvicvin, nikipaep
KbICKA, KOO ayblCmbulpy 21eMeHmmepl Ke30€Cemin JHCIHe PUMOPUKATILIK MYPEblOaH Kypoei
xabapnamanap apxwiivl 6i10ipinemin 6010bl. OHiMOep MeH Kbizmemmepee KamvlCmul NiKipiepoi
manoayea oetiimoenzen 02CMypii CeHMUMenm manoay xcyuenepi caacu caiaea muimoi mypoe
KOJOAHBLIMAObL, OUMKEeHI Casacu NOJAPIbIK ABMOPOblY YCMAHbIMbIMEH (Stance), UpOHUIMeH
JHCOHE MIMIHHIY OUCKYPCMBIK KYPbUILIMbIMEH Mblebl3 Oaiianvicmsl. bByn makarada cenmumenm
manoayovly Hezizei adicmepi — JIeKCUKOHEA He2iz0eNieeH Maciloep, KAACCUKANbIK MAUUHATILIK
oKbimy  20icmepi, mepey HeEUPOHObIK Jicelilep JcoHe mpaHcgopmepnik — Mooenboep
KAPACMuIpblIbln, UHMEpHemme2i caacu nikipiepoiy MOHANObLIbIZbIH AHLIKMAYEAd aAPHANAH
PoliSent ammul cubpuomi ouckypcka bazoapianzan apxumexkmypa YCblHulLIaobl.

PoliSent yw e3apa monvikmeipywvl axnapam ke3in 0ipikmipedi: XLM-RoBERTa
KOOMAaywvlCol KANLINMACMbIPAMbIH  KONMINOI KOHMEKCMIK mMbe0ouHemepoi, MmMoHAaI0bLIbIK
Kyuteumxiuimepi men mepicmeynepoi eckepemin apHaiivl cascu aekcukonowl (Polilex), conoati-
ax Universal Dependencies cummaxcucmix mayenoilikmepine Heciz0elieeH 2papmulK HA3Ap
(graph attention) mooynin. byn 6eneinepoi Oipikmipy ywiin yupeninemin Kaknaiay MexaHusmi
(gating mechanism) natioananvliaowl, Al KONMAaNCulpmMaibl MaKCammolk QYHKYUs CeHMuMeHmmi,
cascu YCmaHulMObl HCaHe PUMOPUKATIbIK MAKMUKAHbL Oipiecin 60ax4cayovl KaMmamacsl3 emeol.

Ycvinvinzan macinoiy  muimoiniei  PoliWeb-CA  den amanamvin  dcana xopnycma
baeananovl. Kopnyc mukpooOnoemapoan, xabap aimacy apHaiapbl MeH HCAHAIbIKMAapad
HCABBLIRAH NIKIPIEPOeH JHCUHANIRAH KA3AK JHcaHe opblc mindepinodezi 18 500 casacu xabapramadan
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mypaovl. PoliSent mooeni Macro-F1 kepcemxkiwi 6otivinwa 0,904 scone Mammuoioc xoppensiyus
koo puyuenmi (MCC) botivinwa 0,857 namudicenepine Kou JHcemkisin, Oetlimoenin OKblmulieaH
KazRoBERTa mooeninen 4,6 Macro-F1 ynativina stcozapvl Hamudice Kopcemmi JHcaHe Oapivlk
JIEKCUKOHObBIK, KIACCUKANILIK JiCOHE MepeH OKblmyaa Hezizoencen 0a3anvlk Mooeiboepoet
avmapnvikmai oaceim 60106t (p < 0,01, scynmuix bootstrap mandaywt). Abrayusnelx zepmmey
Hamudicenepi apxumekmypauvly apoip Kypamoac 6eniei dcainvl OHIMOLNIKKe eneyni yiaec
KOCamulHblH Kepcemmi. Ocipece mayenodilik 2epapvina Heli30enceH HA3ap MexaHu3mi MeH
JIEKCUKANILIK,  MONLIKMbIPY KOHMEKCMIK  Hez2izben canvicmulpeanoa HamudceHi 5,8 ynaiiza
HCaAKCapmmbi.

Anvinean Homudicenep ipi anobiH ala OKbIMuLI2AH MLIOIK Modenboep 0dyipinde e mindik
KYPbIIbIMObL  QUKbIH mMypoe NatudaianyObly MAaHbl30bLIbIRbIH  0dNe10eldl, acipece pecypcbl
wekmeyi dicane MOpGhOIOUANLIK MYPEbIOAH KYPOeli cascu MamiHOep VIUiH.

Tyitin co3dep: cenmumenm manoay, cascu OUCKYpPC, NiKipaepoi manoay, madousu minoi
oyoey, mpancgopmepnix mooenvoep,  2pagpmulK HA3Ap dHceniiepi, YCMAaubiMObl AHLIKMAY,
pecypcwl wekmeyni minoep, Kazax mini, Konmindi maouau mindi eyoey.

I'MBPUTHAA JUCKYPCUBHO-OPUEHTUPOBAHHASA APXUTEKTYPA JIJIAA
AHAJIN3A MHOT'OA3BIYHOT O ITOJIMTUYECKOI'O IUCKYPCA

Annomavun. Ilonumuueckas  KOMMYHUKAYUSI —NepeMecmuniacb Ha  COYUANbHbLE
niamgopmul, 20e MHEHUS BblpANCAIOMCSL 8 BUde KOPOMKUX COOOWeHUll C NnepeKkityeHuem
A3bIKOBBIX KOOO8 U 8bICOKOLU PUMOPULECKOU HACbIUWeHHOCMbIo. Tpaduyuonnvle cucmembsl aHaiu3a
MOHANILHOCMU, PA3PAOOMAHHblE NPEUMYUIeCBEHHO Ol OM3bl808 0 MO08ApaAx U YCiyeax, nioxo
NepPeHoCAmEs Ha NOTUMUYECKYI0 chepy, NOCKONbKY NONUMUYECKAsl NOISPHOCHb MECHO C8A3aHA C
nosuyuetl agmopa (stance), upouuei u OUCKYPCUBHOL CIMPYKmypoti mexkcma. B oannoti cmamove

PACCMAMpUBAlOmcsi OCHOBHbIE CeMelCmed Memooo8 aHAIU3ad MOHANbHOCMU — JIeKCUKOH-
OPUEHMUPOBAHHbIE, KIACCUYECKUE MEMOObl MAWUHHO20 00yYeHUs, 21yOoKuUe HelUpOoHHble cemu U
noO0X00bl Ha OCHOGe mpanchopmepos, a makace npeonazaemcs PoliSent — 2ubpuonas

OUCKYPCUBHO-OPUCHMUPOBAHHASL APXUMEKMYPA O/l AHAIU3A NOTUMUYECKOU MOHATbHOCMU 6
unmepHeme.

PoliSent  obvedunsem  mpu  63aUMOOONONHAIOWUX — UCTNOYHUKA — UHDOPMAYUU:
MHO20A3bIUHbIe  KOHMEKCmHble ambeoouneu, Gopmupyemvie 3nxooepom XLM-RoBERTa,
cneyuanu3uposanusili  noaumudeckuu jaekcuxkow (PoliLex) ¢ yuemom moouguxamopos
MOHANLHOCMU U OMPUYAHULL, A MAKHCEe MOOYIb 2paAp08020 BHUMAHUSA, pAOOMAIOWUL HA OCHO8E
cunmakcuueckux 3zasucumocmeti Universal Dependencies. /[na o6veOunenuss smux npuzHaxos
UCnonb3yemcs o00yuaemvlil MeXaHusM wiiio3oeanus (gating mechanism), a MmHo203a0auHas
@yHKYUsL nomepsb 0becneyusaem coeMecmHoe NPOSHO3UPOBAHUE MOHALHOCMU, NOTUMUYECKOU
RO3UYUU U PUMOPULECKOU MAKMUKU.

Jna oyenxu s¢pgpexmuernocmu moodenu owvin cosoan kopnyc PoliWeb-CA, cooeporcawuii 18
500 nonumuyeckux coobweHull Ha KA3aXCKOM U PYCCKOM SA3bIKAX, COOPAHHBIX U3 MUKPOOI0208,
Kananoe obmena coobweHusMU U KomMmenmapues Kk Hogocmam. Moodenv PoliSent oocmuena
snauenusi Macro-F1, pasnoeo 0,904, u koagpgpuyuenma xoppensyuu Mommoroca (MCC), pasnozo
0,857, npes3oiios 0006yuenuyro mooens KazRoBERTa na 4,6 nynkma no mempuxe Macro-F1 u
3HAYUMENbHO ONnepeous 6ce J1eKCUKOHHble, KiaccuuecKkue u 2nybokue o6azosvie mooenu (p < 0,01,
napuwiti 6ymcempen-ananus). Mccredosanue abasayuu nokasano, ymo Kaxcoblili apXumexmypHbolil
KOMNOHEHM HOCUM CYUeCNBEHHDIL BKILAO 8 UMO208YI0 NPOU3BOOUMETbHOCb, NPU IMOM MOOYTb
BHUMAHUA Ha 2paghe 3a8UCUMOCMmel U JIeKCUYeCcKoe pAcuiupenue cOBMeCmHO 00ecnequsarom
yayuulenue Ha 5,8 NYHKmMa no CPpasHeHuro ¢ KOHMeKCMHbIM 6a308bLM NPeOCmasieHueMm.

Ilonyuennvie  pezynrbmamsl  OEMOHCMPUPYIOM, — YMO  SBHOE  UCHONb308AHUE
JIUHSBUCMUYECKOL  CMPYKMYPbL  COXPAHAEMm C8010 YEHHOCMb 0dadce 8 JNOXY KPYNHbIX
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npeosapumenbHo

OOYUEHHBIX — A3bIKOBLIX  MoOelell, O0COOeHHO O/l  MAl0pPecypCHbIX

Moquozzoeuqecmt 002amviX ROAUMUYECKUX MEKCHO8.

Knrwouesvie cnosa: ananuz moHATbHOCMU, NOIUMUYECKUL OUCKYPC, AHAAU3 MHEHU,
00pabomka ecmecmeeHH020 S3blKA, MpaHchopmepHvle Mooenu, 2pagosvie cemu GHUMAHU,
onpeoeneHue NO3UYUU, MalopecypCHvle A3bIKU, KA3AXCKULL SI3bIK, MHO2O0SA3bIYHASL 00pabomka

ecnecmeeHrHHO20 A3blKdA.
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PA3PABOTKA METOJUKHA KBAJJUMETPHUYECKOM OLIEHKH [IU®POBOM
3PEJIOCTHU BU3HEC-ITPOLUECCOB AT'POUMH)KUHUPHUHT A

Annomayusn. Ilenv pabomsi cocmoum 6 noOBblULEHUE KAYECNBA A2POUHICUHUPUHEA
KOPMONPOU3600CMBA KPYNHO20 poeamozo ckoma 6 yciosusx Bocmounoco Kasaxcmana.
Cenvxosnpoussoocmeo Kazaxcmana omnocumcs K 30He NOBbIUEHHO20 PUCKA, 8 CEA3U C YeM 8
pabome 6 Kauecmee KIOUesblX Kpumepues Ka4ecmed acpOuHICUHUPUHSA UCHONb30BAHbI PUCK
npouseooumens u puck nompeoumens ceabxosnpooykyuu. OcobeHHo ocmpo u npooIeMAmuyHo
NPeOCmMasisiemcs peamu3ayus 3a0a4 6 OAHHOM HAYYHO-NPOU3B0OCMEEHHOM KOHMeEKCme No
npuduHe HeOOCMAamouyHOU HAYYHOU U3YUeHHOCMU NPeOMemHOU 001acmu, O0COOEHHO 8
PECUOHATILHOM  NPUPOOHO-KIUMAMUYECKOM U 2eocpagpuyeckom acnekmax. B coepemennuvix
YUPpoBLIX cucmemax yYnpasieHus NpouzsoOCMEOM Kllouegoe 3HAYeHue npuobpemarom
onepecarowull MOHUMOPUHZ U KOHMpOIb. B pabome paccmampueaemcs HO8bll NOOX00,
COCMOAWULL 6 MOM, 4MO YNpAGIeHUe KOHBEPMUPYEMCS 6 CUCMEM) ACPOUHICUHUDUHRd, 6
KOMOPOM PUCKU PACCMAMPUBAIOMCS KAK Kpumepuu yu@posou 3peirocmu OusHec-cpedvl. B
HCUBOMHOBOOCMBE, KAK NOKA3bIEAem NPAKMUKA, PEaowyio poib uepaem Kaiecmeo KOpMOs,
KOHMPOJIb KOMOPO20 He NPedCmasIsemcs 603MOICHBIM 6e3 UCHONIb3068aHUsL COBpeMeHHbIX digital-
pewieHull Ha 6cex 0Oe3 UCKIIOYeHUs MEXHOI0SUHeCKUX nepedenax Kopmonpouzeoocmea. Jns
KBAMUMEMPULECKO20 OYCHUBAHUS NPOYECCO8 KOHMPOISi O KPUMEPUIO Yu@poBoil 3peiocmu Kax 6
UHMe2PANbLHOM, MakK u ouggepenyuanvbHom popmamax, 6 pabome npeonazaemcs HO8as MoOelb
Ha NPUHYUNGX HEYemKOCMU A2eHMO8 YNPAGILeHUs, Ymo MNOGblUAem KAuecmeo npoyecca
NPUHAMUSL peuleHUll.

Knrouesvie cnosa: azpoundicurHupune, KOpMONPOU3800CM8E0, pPUCK, yugposas 3perocmo,
KOHMPOIb, MOOEIb.

BBeaenue.

HCJ'II) pa60T51 COCTOHUT B IIOBBIIICHHUEC Ka4dycCTBaA anOI/IH)KI/IHI/IpI/IHFa KOpMOHpOI/I3BOI[CTBa
KpPYIHOT'O pOraToro cKoTa B ycioBusix Boctounoro Kazaxcrana B HoBoii mapaaurme nudponoit
TpaHC(bOpMaHI/II/I O9KOHOMUWKH, aKIICHTHI pe?;y.]'II)TaTI/IBHOCTI/I n eXHOJ'[Ol"I/II\/II ynpaBneHHs[ CMCHIA0TCA
OT To4euyHOI nudpoBU3auu oTAebHBIX digital-peneHuii K ”HTETPUPOBAHHOW CUCTEMOTEXHUKHU
Ha atdopme Oonbiux MaHHBIX [1]. Bonpoc o nanpHeMmuX myTax pa3BUTHS MHTETPALIMOHHBIX
MOJIXOJIOB MOKA OJTHO3HAYHO HE PEIIeH, U 10 HallleMy MHEHUIO €IMHOTO pelenTa ObITh HE MOXKET.
B KaXXI10M KOHerTHOM cnyqae, y‘-II/ITI)IBaSI MHO>XKECTBO (baKTOPOB COIIMAJIbHO-3KOHOMMNYECKOI'O,
MOJUTUYECKOTO U PETMOHAIIBHOTO XapakTepa, ONUpPasCh Ha HAyYHOE HCCIENOBAHUE PEATBHOU
CI/ITyaHI/II/I, TOoraga TOJBKO MOXXHO CTpOI/ITI) HpOFHOSBI nu peKOMeHJIaI_[I/II/I 110 CTpaTeFI/I‘-IeCKOMy
Pa3BUTHUIO XO3SHCTBYIOIIETO CyOBEKTA.
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B  wuHTEerpupoBaHHBIX  cucTeMaX [U(PPOBU3AIMK  TEXHOJOTMYECKUX  TEpPEACIIOB
KOPMOITPOU3BOJICTBA BBIMOJIHSIOTCS CIEAYIOUIME MPOLEAYPbl: KOHTPOIh (HYHKIMOHUPOBAHUS
oOwvekTa (mporecca) mo uH(pOpPMANKMM, MOCTYNAIOMICH W3 BHEIIHEH W BHYTPEHHEH Cpepl,
HaIpuMep, MPOLECCOB H3MENbYCHHS], JO3MPOBAHUS, CMEIIMBAHHUS KOPMOB M T.J, KOHTPOJIb
OTJENBHBIX (HU3UKO-OMOJOTHYECKUX IMOKa3areieil oObekTa KoHTposis [2]. KomumdectBeHHas
OLICHKa M IPOrHO3MPOBAHHE PHUCKOB B HACTOALIEE BPEMs SBISETCS OJHOM U3 aKTYyaJbHBIX
npobiieM B Hayke yrpasieHusa. OQUH U3 COBPEMEHHBIX MTOAX0/I0B B PELICHUH TaHHOM MPOOIeMbl
COCTOUT B MCIIOJIb30BAaHMH HOBBIX HU(POBBIX TEXHOIOTUN Ha miaTdopme Mu(pPOBBIX JBOWHUKOB
[3].

OnHO# M3 aKTyaslbHBIX 337ad HU(POBOHM TpaHCPOpPMALUU OU3HEC-TIPOLIECCOB SIBIISCTCS
ofecrieueHre pPOCTa KauecTBa YIpaBJIeHHA, 4TO Haubosee 3(PPEeKTUBHO, KaK IMOKA3bIBAET
JUTEPATypHBIA aHaNIW3, pEIIaeTCs Ha OCHOBE pa3pabOTKM M HCIOJB30BaHHS IH(POBHIX
neoriHukoB (LI/]) mpennpustus. Kak mokassiBaeT aHamu3 JOCTYIMHBIX MyOIMKAIUMA, B CEITLCKOM
xo3siictBe LIJ[ B HacTosiiee Bpemsl NPUMEHSIIOTCS KpaillHE peako B cuiy Toro, uto AIIK
TEXHOJOTMYECKH HAaMHOIO CIIOJKHEe, YeM Apyrue oTpaciu rnpousBojacTsa. L{udpossie n1BoHHUKN
B HACTOSIIIEM MCCIIEJOBAaHUU IIPeIIaraeTcs UCI0JIb30BaTh B KAUECTBE MEXaHU3Ma U HHCTPYMEHTA
OTEepEeKAIOIIET0 MOHUTOPUHTA IUGPOBON 3pENOCTH CUCTEMBbl YIPABICHUS KaueCTBOM
KOPMOIIPOU3BOJCTBA [4].

KoHTponbHO-U3MEpUTENbHBIE  MPOLEAYpPhl B CHUCTEME  YIPaBIECHUS  KaueCTBOM
KOPMOIIPOU3BOJICTBA OCYILIECTBIIAIOTCSI B YCJIOBUSX BBICOKOW HEOIPENEICHHOCTH JaHHBIX U
napaMeTprUuecKoil HeUeTKOCTH areHTOB YIIPABIICHUS, UTO MOPOXKAAET pUCKH [5].

B pesynprare aHanmm3a TEKYIIETO COCTOSHUS MU(PPOBU3AIMHA OM3HEC-TIPOIIECCOB, a TAKXKE
cienys 3akoHy PecnyOnumkum Kaszaxcran, ompefensiomero MepcreKTUBbl  IUPPOBOit
TpaHcopMal 3KOHOMMKHM TOCYJapCTBa, CUMUTAETCS LIeJIeCO00pa3HbIM B HCCIEAOBAHUU
pa3BUTUA LUQPPOBBIX TEXHOJOTHHA XO3SHMCTBYIOHIET0 CyOBEKTa OpPUEHTUPOBATHCA: Ha
KaCTOMM3alMIO, T.€. W3MEHEHHWE NPOAYKTAa M0/ MOTPEOHOCTH U IKEJIaHUs KOHKPETHOIO
notpedurens; cOop OONBIIUX NAHHBIX M TNPEAUKTUBHYIO AHATUTHKY; «YMHBIH» KOHTPOIIb;
ONTUMM3ALMIO OM3HEC-TIpolieccoB. Bee BhlllieHa3BaHHbIE HU(PPOBBIE TEXHOJIOTUH CBA3aHbI MEXKIY
co00i1 HEe TOJBKO KOPPENIALUOHHON CBS3bI0, HO OHU TEXHOJIOTMYECKH HE MOTYT CYIECTBOBATH
pa3zenbHO U TEM CaMbIX JUCKPEIUTHPOBATH CaM CMBICI MHTETPalUH.

KiroueByro posb B mpoliecce HHTETrpaluu Urpart Oonbinue gannble (big data), Tak kak Ha
JIOKQJIbHBIX 00bE€Max JIaHHBIX B MPUHIIMIIE HEIb3s MOCTPOUTH «IU(PPOBOI ABOWHUKY, IUPPOBYIO
AHAIUTUKY ¥ UMUTAIIMOHHBIE MOJIENH, a Takxke Data Mining. Tonbko Ha O0IBIINUX JaHHBIX MOXKET
OBITH pealn30BaH MpPElEeIEeHTHBIA MMOAX0/, HAa KOTOPOM CTPOSITCSI MCKYCCTBEHHBIM HHTEJJIEKT
(M), neiipoceTeBbie pelieHUs: 1 MAIIMHHOE O0y4YeHUE, MPEANKTUBHAS aHAIUTUKA U P IPYTUX
M (POBBIX UHCTPYMEHTOB [6].

[Ipu sTOM mnpencraBisieTcd KpallHE BaXXHBIM HE OTOXAECCTBIATh «VCKyCCTBEHHBIM
UHTEIIEKT», «MamuHHoe oOyuenue» u «Heliponneie cetm». Ha pasnuune mexnay STUMHU
MOHATUSIMHM YyKa3biBaeTca B paboTax [7] W MPUBOAMTCS PUCYHOK MAJI BH3yallU3alldd STOTO
pasmuuus (puc. 1). Kak cnegyer u3 1aHHOTO pUCYHKA, «HEHPOTEXHOJIOTHS SIBIISIETCS OJHOM U3
TEXHOJIOTUI MalIMHHOTO 00y4YeHHsI, KOTOPOE, B CBOIO O4Yepe/ib, SABISAETCS OJHON U3 TEXHOJIOIMH
HCKYCCTBEHHOI'O MHTEIIJICKTA.
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MarmmHaHoe
o0yueHue

Heitponnsbie
CETH

Pucynok 1 — CBsi3b MeX1y HEHPOHHBIMH CETSIMH, MAITUHHBIM 00YYEHUEM U UCKYCCTBEHHBIM
HMHTEIICKTOM

HeitpoTexHOMOrMM U MCKYCCTBEHHBIM MHTEJIEKT CIY>KaT: Il BBISBIICHUS B3aMMOCBS3EU
MEXAY ABJICHUSIMU, IPEIUKTUBHON aHAIMTUKU, UHTEJUIEKTYaJbHOTO aHAIN3a JaHHBIX U T.1. [8].

Matepuajbl H MeTOABI HCCIEI0BAHMSA.

OOBeKTOM TPEIMETHOTO HCCIIEAOBAHUS SBISIOTCS OnsHec-mpouecchl npennpustus TOO
«OmnpITHOE X03s1HicTBO MaciauuHbIX KyJabTyp» (OXMK), koTopoe 3aHMMaeTcsi MpOU3BOJICTBOM
OPUTHHAIBHBIX CEMSH, CEMSH BBICIIMX PEMPOAYKLIUH IMOJCOTHEYHHKA M 3€PHOBBIX KYJIBTYD,
TOBApPHBIM ITPOU3BOACTBOM CEJILCKOXO35HCTBEHHON NMPOIYKIIUU, MOJIOYHBIM KUBOTHOBOZCTBOM.
B tabnuue 1 npuBeneHsl CTpyKTypHO-Opranu3annonssie nanapie OXMK.

Tabmuma 1 — CrpykrypHo-opranuzanuonnbie naHHble TOO «OmnbITHOE XO035UCTBO
MaCJIUYHBIX KYJIbTYpP»

[Togpasaenenue Kon-Bo pomkHocteil | Kosi-Bo pabOTHUKOB
TpakropHo-nioneBorueckas Opuraja 13 56
ABTtorapax 17 71
MexTok 5 21
3HKMU (HOBBII MEXTOK, B KOTOPOM pa3MeIeH
KOMOMKOPMOBBIH 11€X) 9 23
Hayxka 13 30
MTM 5 6
DHeprouex 5 12
CronoBas 5 9
AVII 19 36
Crpoiinex 7 17
Oxpana 3 33
Pepma 22 75
HNTOI'O: 101 389
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HayuHo-npakTuyeckass KOHLENLUS INPEAMETHOIO HCCIEIOBAaHUS ONUPAETCS Ha HJACIO
arpOMHKUHUPHH, KaK CIOKHOM CTOXaCTUYECKH-NPOrPAaMMHPOBAHHONW CHUCTEMBI B YCIOBHSX
mudpoBoii  TpaHchopmanuu OuzHec-cpenpl. OOBEKTOM HCCIENOBaHMUSA SBISIOTCS OH3HEC-
nporeccbl TOO «OnbiTHOE X034KWCTBO Maciau4HbIX KyabTyp» (OXMK), TeppuropuanibHO
pacnionoxeHHoro B Boctouno-Ka3zaxcranckoil oOmactu, a reorpaduueckd B MPEAropbsix
IOxnoro Antas [1]. B koHuentyaabHOM METOAOJOTUYECKOM IUIAHE MPEAMET HCCIeAOBaHUS
paccMaTpuBaeTCs ¢ MO3UIMI MPOLIECCHOM CUCTEMHOW AMHAMUKH. busHec-cpena u OusHec-
npouecckl  OXMK B mpeamMeTHOM — KOHTEKCTE€  HCCIEAOBaHUS  IMOMAJECPKUBAOTCS
['ocynapcTBeHHBIMU U peruoHalIbHBIMU MporpaMmamu Lludposoit Tpanchopmanuu. KiaroueBbim
OM3HEC-TIPOLIECCOM, BBIHECEHHBIM B MPEAMET MCCIIEOBAHUS, SIBISIETCS — KOPMOIIPOU3BOJICTBO,
KoTopoe B arpapHoM cektope (AC) cBA3bIBa€T BCE TEXHOJOTHYECKHE MEpPEeeIibl
CENIbXO3MPOU3BO/ICTBA B EIMHYIO LEJIEBYI0 CHCTEMY OOECIEeYeHHMsS HaceleHHs NPOIyKIHeH
KUBOTHOBOJCTBA. KOpMONPOU3BOJACTBO SIBISETCSI MHTErPUPYIOIIUM CHCTEMHBIM (DaKTOpOM B
obecrieyennn  3()(PEKTUBHOrO  ympaBleHHS]  arpoOKOMIUIEKCOM  NIYTEM  palMOHAIBHOTO
MPUPOIONOIL30BaHUSl U TMOAJEPKKH Heo0Xoaumoro OajiaHca MEXJIy MHOTHMHU OTpacisiMU.
Baxxubim (hakTopoM B noBbliieHnHU kadyecTBa ypasieHus B AC PecnyOinku Kasaxcran sBisercs
[IMPOKOE BHEAPEHUE TOCTHIKEHHI HAYKM M TEXHHKH Ha 0aze HMU(POBBIX TEXHOJOTUH Ha BCEX
JTanax *KU3HEHHOrO LIMKJIA arpolpou3BOACTBAa. B KkauecTBe KOHTEKCTHOM HIEH B YIpaBIECHUU
pe3yNbTaTUBHOCTBIO Ou3Hec-mpoleccoB BeiOpaHa - «Uumyctpus 4.0» [9]. BwiGop nannHOM
KOHIIETITYyaJIbHOH maat(opMbl 000CHOBaH TEM, YTO B OM3HEC-IEATEIHHOCTH XO3SHCTBYIOMIETO
CyObeKTa KOMIO3UIIMOHHO TIPEJCTABICHbl AareHThl MaTepHaJbHOTO M HEMaTepHalbHOTO
(BUPTYaJIbHOTO) MPOUCXOXKACHUS, OCOOCHHO B BEKTOPE YIPABJICHUS, I/I€ TOPOKIAIOTCS PUCKH,
UMEIolMe Ha JTane QopMalu3alud HEMaTepHalbHYI CYIIHOCTh. Pucku mpuobperaroT
MaTepuaibHOE H3MEpPEHUE IIOCe JTala pealu3aluy IPUHATOTO PELICHUS Ha IPAKTHKE,
HaIpuMep, B KOPMOTIPOU3BOICTBE HA TEXHOJIOTMUECKUX MIEPEIeNax - U3MENbYCHHS, CMEIINBAHUS,
JIO3UPOBaHUs U T.1.

KOMHOBI/IIII/IOHHO O6’I)CI[I/IHI/ITI) U  KOJUYCCTBCHHO OLCHUTHL PasHOPOAHBIC CYHNIHOCTH
OusHeca, B YyCIOBUSAX HHU(POBOH TpaHcHopMalny, NpeAaraeTcsi WHTETPaJbHBIM BEKTOP-
kputepueM - «{udponas 3penocts» (L13). Mozaens ynpapineHuss kadecTBOM KOPMOITPOU3BOJICTBA
OXMK no kputeputo I3 paccmarpuBaercss Kak KHOEpIpPOCTPAHCTBO, B KOTOPOM 00s13aTEIbHBIM
3BEHOM SBJIETCS oOpaTHas CBA3b — «Koppekuus. B mpomecce dopmanmsanum 3amay
TEOPETUYECKOT0 UCCIIE0BAaHUS JAHHOM MpeAMeTHON 00acTH, UCTIONb3YeTCsl MHOTOIIOIXO/IHbIN
IIPUHIMIT Ha 0asze TakuxX MaTeEMaTHYECKHAX Pa3aCIoB KaK: TCOpUA BEPOATHOCTU U MaTEMAaTHICCKasd
CTaTUCTHKA, UMUTALIMOHHOE MOJIEIMPOBAHHE, TEOPUS HEUETKUX MHOXKECTB, SKCIIEPTHHIE OIIEHKH,
areHTHBIN Ioaxond. ,21.]'[5[ q)OpMaJ'H/ISaIII/II/I nponoecca KOJIUMYCCTBCHHOIO OLCHUBAHUA U
IPOTHO3UPOBAHUA IU(PPOBON 3PEIOCTH arpOMHXHHHUPHHIAa OOBEKTa MCIHOJB3YETCs ammapar
TCOPHUU HCUCTKUX MHOXKECTB.

Pe3yabTaThl U MX 00CY:KIEHUE.

['maBHOM 3a7aueill CENbCKOTO XO3SiCTBA SBIAETCSA: OOECIEUUTh HACENEHHE MPOIYKTaMH
MUATAHUS W HEKOTOPHIMU BHUJAMHU CBHIPbS HEOOXOIUMOTO [UIsl JIETKOW MPOMBIIUICHHOCTH.
CenbXx03MpOU3BOJCTBO TECHO NPHUBA3AHO K KOHKPETHBIM MPUPOJHO-KIUMATUYECKUM U
reorpa)UueCKUM YCJIOBHSIM XO3SMCTBYIOIIETO CYOBEKTa, UTO SBISICTCS OJHUM W3 TJIaBHBIX
(bakTOpOB, BIUSIONINX Ha €ro MPOU3BOJICTBEHHBIE TIoKa3aTenu. B 6usnec-aestensnoctn OXMK
KJIFOUE€BOM TIPOOIEMOM SBJISETCS — KOPMOITPOU3BOACTBO. Kak oTMeuaeTcsi BO MHOTHUX paboTax -
«KopMOnpou3BOJICTBO CBSI3BIBAET B €IUHYIO CHCTEMY BCE OTpaciM arpapHoro cekropa. OHO
obecrieunBaeT > (PEKTUBHOE YIPABIECHUE CEIIbCKOXO3SIMCTBEHHBIMU 3eMIISIMH M PAIlHOHAIBHOE
MPUPOIOTIONB30BaHUE, TMOAJEPKUBAET HEOOXOAUMBIN OamaHc otpacnei» [3,4]. ObGecrneuuTh
BBITIOJTHEHHS BCEX TPEOOBAHUM M PELIEITYPhI KOPMOB HEBO3MOXKHO 0€3 TIPUBJICUCHHS ITU(POBBIX
TEXHOJIOTHH, 4TO TpeOyeT KOHIEMIIUsS arpOuHXKHHUPUHTA, OTPAKEHHAS] B TOJUTHUKE IHU(PPOBBIX
areHTOB arporpoMbIIIIeHHOro koMiiekca Pecniy6nuku Kazaxcras.
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B uHTErpupoBaHHBIX cHCTEMaxX IU(PPOBBIMU areHTaMH BBIMOJHSAIOTCSA CIEIYIOLIHE
IpOLEeTyphl: KOHTPOJIb PyHKIIMOHUPOBaHUS 00beKTa (TIpoliecca) 1o HHPOpMaLMK, TOCTyaroIIeH
OT BHEIIHUX HCTOYHHUKOB; OOpabOTKa H3MEPUTENbHOW HWH(POPMALUHU; KOPPEKLHUS MOICIH
OIEPE’KAIOIIEr0 MOHUTOPUHIA U KOHTPOJs, oOecreunBas «oOydeHue» cucrteMsl. Lludpossie
areHTbl B CIOXHBIX CTOXAaCTUYECKH - IMPOTPaMMHUPYEMBIX CHCTEMax HWHTETPUPYIOTCS B
MYJIbTUAr€HTHbIE UHTEJUIEKTyallbHble KoMno3uuuu [10].

B cootBercTBUE co cranmaptamu ISO 9001/2015 u IDEF0, nmporiecc KopMONIpOU3BOICTBA B
npezuiaraeMoi paboTe mpeacTaBiIeH KOHTEKCTHBIM OJIOKOM (puc.2), KOTOPBIA COAEPIKUT YEThIpe
(GyHKUMOHANIBHBIX arperauuii. JIepas arperauus npeiacrasiseT «Bxony, KyJa BXOAST HE TOJIBKO
MaTepHajbHbIE PECypChl, HO M MH(POPMALMOHHBIE MOTOKU. B camom Oiloke ykaszaH IeNeBOU
(GyHKLIMOHAN — «KopMonpou3BoAcTBo». [IpaBas arperauus Onoka sBiIseTCs BBIXOAOM IIpoliecca,
KOTOPBIN JIEMOHCTPUPYET CUCTEMHBIM TEXHOJIOTMYECKUM pPE3yJIbTAT, COCTOSIIMM U3 TOTOBOIO
IPOAYKTa IPOM3BOJICTBA - CUJIOcA U ceHaka. HiokHAs arperanus Ooka sBISETCS KOMIIO3ULMEN
areHToB oOecneueHus - Q1, Q2, Q3, Qa.

YMNPABJIEHUE
KOMBUKOPM
EEEEN
BX0oA ———P> KOPMOIPOU3BOACTBO
—
CEHAX
Q1 Qz Q3 Q4

Q1 — xaapoBbIe pecypchl, Q2 — KOPMOBBIE pecypcChl, Q3 —TEXHUUYECKHE PECyPCHI,
Q4- punaHCOBBIE pECYPCHI.
Pucynok 2 — IDEFO - Mmofens KOHTEKCT mpoiiecca KOpMOIIPOU3BOICTBA

JlanHast MoJenb WHTETpHpPyeT B ceOe BCce MHOXKECTBO PECYpPCOB H HHCTPYMEHTOB
arpOMHKMHUPHHTA Ha TpUMEpe TMpollecca KOPMOIMPOM3BOACTBA, CpPEAM KOTOPBIX, Kak
AKIIEHTUPYETCS BO MHOTHX HCCJICIOBAHUSIX - KIFOUYEeBOE 3Ha4deHHe mpuodperaroT «Kopmobie
pecypch» M cucTeMa KopMoInpou3BojacTBa B 1enoM. KadectBo kopmienuss KPC onpenensercs
paloHOM KOPMJICHHSI 1 COCTaBOM MHTPEIMEHTOB B parnoHe (1ad.2).

Tabnuna 2 — BecoMocTh HHIPEUEHTOB pallMOHa KOPMIIEHHSI TOMHBIX KOpOB B ycioBusix OXMK

Nurpenuent m;j CB xr/neusr | KC xr/neusn
CeHo 371aK0BOE ml 0,4 0,5

Cunoc KyKypy3HbIil. m?2 10,0 33,0
Cenax mouepna 2024... | m3 1,26 4,00
ITonconHeuydnKkoBEIN II... | m4 1.80 2.0
IIpemukc Kaprumn 7469 | m8 | 0.087 0.100

Connb m9 0.099 0.100
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KauecTBo KOpMIICHHSI KOHTPOJIUPYETCS B pealbHOM MaciITabe BpeMEHH, U pealin30BaHO Ha
wiatdopme «udpoBoit ABOWHUK» C UCTIOIB30BAaHUE MPUHLIUIIOB «OnepeKaoniero KOHTPOIs».
B nono6nowm digital-permenun, 4ToObI CKOPPEKTUPOBATH (PAKTOP CyOBEKTUBHOCTH, MPEAIaraeTcs
MHOTOMOIXOAHAs] TEXHOJIOTHSI, UCIOJIb3YIONIasi KOMIO3UIMIO U3 SKCIIEPTHOIO METOAa, TEOPHH
HEYETKHX MHOKECTB U HEUPOHHOT'O MOJICITMPOBAHHUSI.

Teopusi HEYETKUX MHOMKECTB MCIIOJIB30BaHA Ul MOCTPOCHHUS MOJEIH arperupoBaHHOTO
OLICHMBAHMSI KayecTBa KOPMJIGHHS IIyTeM  MaTeMaTU4YeCKOM CBEPTKU  pe3ysbTaToB
KOJINYECTBEHHBIX, TU(PEpEeHIIMPOBAHHBIX HEUETKOTO OLEHOK 110 JIMHI'BUCTUYECKUM ITOKA3aTeIsIM
— mnepemenabiM  (JIIT). Jlns konmdecTBeHHOW CBepTKH AU EPESHIIMPOBAHHBIX OIICHOK
NPUBJICKACTCS HEHPOHHAs METOAOJNOTHsA, ONMPAIOIIASACS Ha MNPUHOMUIBI M MPOEKTHO-
TEXHOJOTHYECKUE PECYPChl HICKYCCTBEHHOI'O MHTEIUIEKTA [5,6].

Jlis HEe4YeTKoro MojenupoBaHus ObUTM Iu(QepeHIIMPOBAHHBIE ITOKA3aTEId KauecTBa
kopmiieHusi KPC, npuBeneHHsie B Tabmuie 2. Torma, BbIlle OTMEUYCHHBIC WHIPEAHCHTHI
KOPMJICHHUSI B «HEUETKOW MOJeNnu» OyayT (pUrypupoBarh Kak «JIMHTBUCTHYECKHE TIEPEMEHHBIC»
(JIIT). JluarBucTtuyeckass mepeMeHHas ONpeeNsaeTcss Ha MOJe HEYETKOCTH B KOJMYECTBEHHOM
dopmare COBOKYITHOCTBIO TEPMOB, KOTOPBIE MMEET AaHATUTHUYECKYI0O U rpadudeckyio Gopmy
YHCIEHHOTO ONPEENICHUs «CTeleHn pruHaiexxHoctn» JIIT.

Ob6nactu onpexnenenus JIII B kaxmoMm cirydae HaxoJIsATCsl SKCIIEPUMEHTAIbHO. B manHOM
ciy4yae o05acTh ompeieseHus UACHTUPUIUPYETCs B MPOLEHTHOM u3Mepenuu (%), Kak mepa
npuOJIMKeHUsT K IeNH yhpaBieHus. B nmaHHON 3amade, B pe3yibTare NpeABAPUTEIHHBIX
UCCJICIOBAHUM HEYETKUX IOAXOJ0B B MPAKTHUYECKUX MPUIIOKEHUSX, OBLJIO BBISBICHO, 4YTO
(GYHKINY IPUHAUICKHOCTH B 001IEM BUIe HarbOoJiee MPUEMIIEMBI B CIIETYIOIIEM aHATUTUIECKOM

dbopmare:
1- 22 a<x<bh
d—a
1,b<x<c

MF(x) = T 1
(x) - c<x<d M

d—c

0, B OCTaJIbHBIX CAyYasiX.

IA

r7e Tpoiika uucen (a, b, ¢) onpenenser GopMmy dTUX QPYHKITUH.
Pe3ynbTaThl HEYETKOH HHTEpHpeTaluu KpUTEpUEB KayecTBa MHIPEAUEHTOB KOPMIICHHUS
IpeJICTaBICHbI B rpaguueckoii (hpopMe Ha CIeAYIOIUX pUCyHKax 3-6:
a) Ai(x) — «CeHo 31makoBoe»
A4,(x)

-~ Huskue Cpennue Xopomue Bricokue

| | I | | |
IA1 IA2 IA3 IA4 IAS IA6 IA7

=V

PucyHok 3 — @yHKIMM NPUHAIEKHOCTH JTMHIBUCTUYECKON IEPEMEHHON
Ai1(x) «CeHo 311aKOBOE»
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0) Ax(x) — «Cumocy;

Huskoe Cpenuee Xopoiuiee Brpicokoe

t f Y f Y Y t >

Y 2A1 2A2 2A3 2A4 2AS5 2A6 2A7 X
Pucynok 4 — ®yukuun npuHagiexxHoct JIIT «Cumocy»

0 'sa1 542 SA3 SA4 SAS x

Pucynok 5 — @yHKIUM NpUHAAJIEKHOCTH (TEPMBI) JIMHIBUCTHUECKON IIEpEMEHHOM
«Cenax» Az(x)

) A4(x) —«ImpoT»;

Huskoe Cpennaee Xoporiee Bricokoe

4A1 2A2 2A3 4A4 4AS5 4A6 4A7 Xx

Pucynok 6 — @yHKINN NPUHAUIEKHOCTH (TEPMBbI) IMHTBUCTHUECKON NEpEMEHHOMN
«nmpor» As(x)
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1) As(x) — «IIpemukcey;
A,;(x)

A
Huskoe CpenHee Xopoiee Brbicokoe

(] 2A1 2A2 2A3 2A4 2AS5 2A6 2A7 X

Pucynok 7 — @yHKIMH MPUHAIICKHOCTH (TEPMBI) JIMHTBUCTHYECKOU ITEPEMEHHON
«IIpemuke» As(x)

e) K6 - «Comby;

S
Huszkxoe Jlonycrumoe OneparuBHOE Brpicokoe

T Y T T T T >
0O 4A1 4A2 4A3 4A4 4AS5 4A6 a4A7 >, <

PucyHnok 8 — @yHKIMM NPUHAAIE)KHOCTH (TEPMBI) IMHIBUCTUYECKOHN ITEPEMEHHON
«Comb» As(X)

J1J1s KOJIMYeCTBEHHOT O OLICHUBAHUS MHTETPaJIbHOM OLIEHKH (CBEPTKH) KauecTBa KOPMJIEHUS,
npu uMeronmxcs AuddepeHnnanbHbIX HEYETKHX HM3MEpeHHUsX, B paboTe MCIOIb30BaJIC
HEeWPOHHBIN Mox0/1. HelpoHHbI moaxoa pean3oBaH B popMe nporpaMmmHoro digital-pemenus.
JlaHHOE mporpaMMHOE pelIeHHe IKCIUTyaTUpYyeTcsl B pealbHOM MaciTabe BpemeHu. Mcrtopus
BO3HHUKHOBEHUS TEPMUHA HEUPOH, U ONMCAaHUE €0 (YHKIIMOHAJIBHBIX CBOICTB HaunHaeTcs B 1943
roay, korga Yoppen Mak Kamnok u Yoarep Ilurrc pa3paboranu MaTeMaTH4ecKyl MOJENb
HelpoHa, KoTopas B rpaduueckoil MHTepIpeTaluu NpecTaBlieHa pucyHkom 9 [7].

Bxoanbi CuHancobli

AKCOH Beixon
O
4
S = E X,' - Wi Y = F(S)

Pucynok 9 — Heiiponnast Moenb ynpaBieHHus 00bEKTOM
B pabGoueit neuerkorr momenn CMK manabie Xx1...X6 SBISIOTCS JTUHTBUCTHYECKUMH
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nepemeHHbIME (JIIT), 00o3Ha4YeHHBIMH BbIIIE. B COOTBETCTBHE METOMOJOTHEH HEHPOHHOTO
nonxona (puc.8). MepBBIM 3TAllOM  OCYIIECTBISETCS PAaHKUPOBAHUE JIMHIBUCTHUECKHUX
nepeMeHHbIX 10 10-Tu OanbHOM cucTteMe 6-10 J3KCHepramMu. OKCHEepThl HaXOISATCS
TEPPUTOPUATBHO B Pa3HBIX reorpaguueckux aapecax, U IKCIEPTHOE OLEHUBAHUE BCEX ATAIOB,
OCYILECTBIISIETCA AaHOHUMHO B peXuMe OHJIaH. Peanu3anust JaHHONM orepanuu BBITOJIHSETCS B
IIEPBOM CKPBITOM HEHPOHHOM CJIOE.

Bropoii stam sxcnepTussl npeaycMaTpuBaeT coop U 00paboTKy aHKeTHOM HH(OopMaluu o
BCEM JKCIIEPTaM U 3aITycKaeTcsi paboTa BTOPOro CKPHITOTO HEHPOHHOTO CIIOSI.

TperbuM 3TanioM HaYMHAET pabOTaTh MEPBBIA OTKPBITHIA HEHPOHHBIN CIIOH, B pe3yJbTare
yero popMupyercst MaccuB-Tabnuna (tabdi. 3.)

Tabmuuma 3 — Pe3ynabprartel IKCHEPTHO-HEMPOHHOTO OIEHHMBAHUS H  00pabOTKH
JUHIBUCTUYECKUX NTepeMeHHbIX CMK
N JIII (A1)
JKCTIepTa A1(x) Ax(X) A3z(X) A4(x) As(x) As(x)
1 0,25 0,214 0,357 0,178 0,357 0,357

2 0,241 0,172 0,310 0,275 0,310 0,310
3 0,235 0,264 0,294 0,205 0,294 0,294
4 0,205 0,235 0,264 0,294 0,264 0,264
5 0,2 0,3 0,266 0,233 0,266 0,266
Becwi | 0,226 0,237 0,298 0,237 0,298 0,298

UYerBepThIM 3TanioM pabOTaeT TPETUM CKPBITHIN CIIOM U (popMHpYyeTCs MacCUB BECOMOCTHU
tepmoB (Kil; Ki2; Ki3; Ki4; Ki5; Ki6) pazmepom 4x6. «Bec» Kaxa0ro TepMa COOTBETCTBYIOIIEH
JIMHTBUCTUYECKOM MEPEMEHHOM TaK¥KE, KAK U «BEC» JTUHTBUCTUUECKOU ITEPEMEHHOM, ONTPEAEIEHBI
HEHUPOHHO - SKCIEPTHBIM METOJIOM U IMPEICTaBJICHBI B Ta0m. 4.

Ta6nuue 4 — Pe3ynbTaThl pOPMHUPOBAHUSI HTOTOBOM SKCIIEPTHO-HEHPOHHOH 00paboTKH

Bec tepmos
JIMHrBUCTHUYECKHE Bec
IIEpEMEHHBIE JIIT ol iy i3 ®ia
Wi
CeHO 371aK0BOE ] 0,053 | 0,088 | 0,229 | 0,306

Cuiioc KyKypy3HbIi 02 0,254 | 0,362 | 0,275 | 0,108
Cenax JroliepHa W3 0,060 | 0,096 | 0,205 0,310
[TonconHeYHUKOBBIM W4 0.051 | 0,098 | 0,197 | 0339
HITTPOT
[Tpemukc Kaprumn 5 0,042 | 0,090 | 0,236 | 0,328
Coutb W6 0,041 | 0,088 | 0,208 | 0,348

OYHKIMY MPUHAJIEKHOCTH Beex TepMoB JIIT ananutuuecku Beipaxkarotcest popmynamu (1),
KOTOpBIE ONPEAEIAIOTCS Ha T0JIe TEPMOB TpeMs TapaMeTpamH a, b, c.

CrenyronmuM 3TanoM 1OCJIE 3aBEpUICHUS NPEIbIAYIIUMX SKCIEPTHBIX ONEpaluil U
npeoOpa3oBaHuil, sIBJISETCS UTOTOBBIN KOJIMYECTBEHHON pacyeT MHTETPaIbHOM OLIEHKH KauecTBa
KOPMJIEHHUSI UCCIIEyEMOro X03sicTBYytoIero cyonekTa. [lokasarens kauectsa kopmieHus - Ky
HaXOJUTCS 110 CIEAYIOMUM (OpMyIaM:

Kz = (Wl*yﬁ- Wz*yz-f— W3*y3+ W4*y4+ Ws*y5+W6*y6)/ (y1+y2+y3+ y4+y5+y6) (2)
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yi = wjj - MFj5(xy), (3)

TJIe ij - BEC ] — TO TepMa 1 - i IMHTBUCTUYECKON TIepEeMEHHOI;
MFi(xj) - pyHKIMS IPUHAATIEKHOCTH 1j - TO TepMa B hopmyiie (3);
Xi — YUCIICHHOE 3HAYEHUE 1 — i IMHTBUCTHYECKOHN MMEPEMEHHOM.

Pacuer no popmynam (2) u (3) ocymecTBiseTcsi B HSHPOHHBIX (DYHKIIMOHAJIAX BTOPOTO H
TPETHETO OTKPBITHIX CJIOEB, MOJIEb KOTOPBIX MpuBeeHa Ha pucyHkax 9 u 10. Bo BTopom cioe
OCYHIECTBIISIETCS pacdeT 1o Gopmyie (3), a B TpEThEM OTKPBITOM CJIO€ PacdeT OCYIIECTBISACTCS
no Gopmyine (2). HelipoHHblii pacyeT ocymiecTBiseTcs B ABa akTa. [IepBblii akT mpeacTaBiieH
pucynkom 10.

] :

i P

: { : \

] 1

X Wi —
1

: D 1

| ¢4 | MFGx) —

1 ! ’

;. T

1 1

o a :

Pucynok 10 — HeiiporHast MojiesTb BTOPOTO OTKPBITOTO CIIOSI HEYETKOTO pacyera

B npuBenennoit mogenu (puc.9) Ha ee BxoJ noctymnaet nHpopmarus u3 Big Data: {wij};
{wi}; {MFij(xi)}.
Bropoii akT pacdera mpectaBieH pucyHkom 11.

|:> Xi, Wi, Wi, MFj(xi) >_>

Pucynok 11 — HeliporHast Moziesib BTOPOroO OTKPBITOTO CJIOSI HEUETKOTO pacyeTra

BaxHoe 3HaueHWe, W TakKe MaJO U3yYEHHBIM B HOBBIX YCIOBUSX ULUGPOBOH
TpaHcopmanuu, MpuodperaeT cucreMa oOOy4YeHHS U MepeKBaIHU(PHUKAUU IepcoHala
arponHkuHupuHra B yciaosusax OXMK. DOkcrmyaTanus TEXHOIOIMYECKON TEXHUKH (TpakTopa,
KOMOaifHbl, aBTOMOOWIM, KpaHbl) OCYHIECTBISETCS B JOCTaTOYHO TSKEJBIX MOTOJHBIX,
penbedHBIX U KIUMAaTUYECKUX YCIOBUSAX. B JaHHBIX YCIOBUSAX Kpome Mpo(ecCHOHAIBHOIO
yYpOBHs paOOTHHKA MPOSIBIISIET ce0sl, TaK Ha3bIBaEMbIH «desoBeueckuil (pakTopy, Tlie petaronyro
pOJb WIpaeT «ICUXOTHUIl 4YeNOBEeKa». OTH OOCTOSTENbCTBA SABISIOTCS KpalHE BaKHBIMH,
NPEJCTaBISIIOT ~ OOJIBIION  HAy4YHO-TIPAKTUYECKHIl  HMHTEpec, TpeOYyIT  CHEUaIbHOTO
UCCIIEIOBaHMs, U B 00beMe HacTosIell paboThl He paccMaTpUBaroOTCs. B HayuHO-MeTOAMYECKON
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KOHIICTIIUM aJlanTallid NepcoHana K TpeboBanusM Hacrosmux digital - pemenuit OXMK,
UCCIIENYETC W JKCIULyaTUPYETCsl TMIOTe3a IMOAXO0Na K CHUCTEMHO-METOIMYECKHM IpOoLeccaM
o0ydeHUs BOAMTENEH, MAIIMHUCTOB-OIEPATOPOB M T.[d., KaK K HHTEIPUPOBAHHOHN cHucTeMe
MeHemxmenTa kauectsa (MCMK) na 6a3e ctangapra ISO 31010.

Hnst kopmitenust kpynmHoro poraroro ckora B OXMK ucnonb3yroT KopMa pacTUTENBHOTO U
YKUBOTHOI'O IIPOUCXOXkIeHNs. KauecTBO KopMa B MUpE MPUHATO OLEHUBATh €0 MUTATEIbHOCTHIO
Y SHEPreTUYeCKMMHU cBOMCTBaMU. KOJIMUeCTBO NMUTATENIbHBIX BELIECTB, HEOOXOMMOE KUBOTHBIM
JUIsl HOPMAJIBHOTO pa3BUTHUSA, 310pOBbsl U 00ECIIEUEHHUsI BBICOKOM IMPOAYKTUBHOCTH «KOPMOBBIE
HOPMBD» PACCUUTHIBAIOTCA B KOPMOBBIX €IMHULAX, I'le | KI' KOpMa COOTBETCTBYET HEKOTOPOMY
KonuuecTBy KOpMoBbIX eaunul [1]. B OXMK cpenu pa3ziauuHbIX KOPMOB KJIHOYEBOE 3HAUEHUE
MMEIOT [1Ba OCHOBHBIX BUJA - CWJIOC U ceHaxX. Cpelu MOJIe3HBIX UHTPEAUEHTOB, COAEPKAILIMXCS
B CHJIOCE, IO CBOEH OMOJIOTHYECKOM M SHEPreTUYeCKON 3HAYMMOCTH B MEPBYIO OYEpeIb CIEAyeT
BbIIeUTh «Chipoit IIporenn» u «Cyxoe BemectBo». I[loatomy, B KaudecTBe Mpumepa
CTaTUCTUYECKOT0 aHalu3a JaHHBIX KOPMOIPOM3BOJACTBA PACCMATPUBAIOTCS CHIPOM MPOTEUH U
CyXO€ BEILECTBO.

[lepBpIM 3Tanom AaHHbBIE 32 UCTOpUYECKUN nepuoj, HauuHas ¢ 2020 r, arperupyrorcs B
JIOKaJbHBIA MacCuB, a 3aTeM CJedyeT THUIoBas 0oOpabOTKa C LENbI0 BBISBICHUS OCHOBHBIX
CTaTHUCTUYECKUX XapaKTEPUCTHK, a TAK)Ke 3aKOHA pachpenesneHus. [l BbIABIEHUS 3aKOHA
pacnpenesieHuss CTPOUTCS SMIIMpUYECKass TUCTOrPaMMa, IPEICTaBICHHAas Ha pPHUCYHKe 12.
BusyanpHblil npenBapUTEIbHBINA AHAIN3 JAHHOM IMCTOrPaMMBbl II03BOJISET BBIABUHYTH THIIOTE3Y
O 3aKOHE pachpejiereHHs, KOTOpblii Haubosiee aJeKkBaTHO OyAeT annpOKCUMHUPOBATh
sMmupHuuecKkue naHHble. Hambonee OIM3KOM TEOPETHYECKOH ammpoKCUMAamMeld 3MIMPHYECKIX
JaHHBIX B Ka4E€CTBE HYJIEBOW TMIIOTE3Bl, €CIM UCXOOUTh U3 BU3YaJbHOI'O aHAIM3a PUCYyHKa 12,
CJIeTyeT CUMTATh 3aKOH BeiOya.

18 |
16

YacrtoTa
o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Knacc (marepsain)

-cpe/iHee KBaJipaTHueckoe oTkioHeHue ¢ = 0.5;
- cpenHee apudmernueckoe Xcp = 7.5.

Pucynok 12 — OMnupuueckoe pacnpeielieHle ChIporo NpOTEUHA B CUIIOCE

OyHKIUS TEOPETUUECKON TUIOTHOCTH pactpeiesieHus 3akona BeliOyiia uMeer ciiemyomui

BUJ:
(s-n)®

f(S,6,8r)=_(S-)""e" 5 S>v, 4)
rac Ol - mapamMeTp MacmTa6a;

B - mapametp Gopmbl;
Y - TapaMeTp MOJOKEHHUSL.
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3akoH BeiiOynna npuBiekareieH B MOICIMPOBAHUS TEM, YTO UMEET aHATUTHYECKYIO (opMy
MHTETPAJIBHOTO 3aKOHA PAaCIPEENICHUs, KOTOpask UMEET BUJL:

(X-n®

F(X)=1—-¢€" s (5)

[IpoBepka runoTessl 0 TEOPETHIECKOM 3aKOHE BeitOyiuia Obliia mpoBeieHa MpHU CIIe Ty 0InX
napamMeTpHYeCKUX JIaHHBIX: TTapaMeTp nosnoxenus y = 6.0, mapamerpa dhopmsl = 2.5, mapameTp
macmTaba o = 1.0.

ATmIpoKCHUManus SMIMPUIECKOTO PacIpeiesieHIs TEOPETUIECKUM 3aKoHOM BeiiOyiia, mpu
yKa3aHHBIX IapaMeTpax I0Ka3aja, YTo TUI0TEe3a O JaHHOM 3aKOHE paclpeleeHus 10 KPUTEPUIO
[Tupcona ¢ noBepurenbHON BepoaTHOCTBIO 0.95 HE oTBepraercs.

BToppIM KOHTpOJIMpPYEMBIM areéHTOM B KOMOMKOpME sBIsieTcs «cyxoe BeuiecTBo» (CB).
Uccnenys nanubie 1a0opaTOpHBIX HAONIONEHUH, ObUIM BBISBIEHBI OCHOBHBIE CTATHCTUYECKHE
XapaKTePUCTUKU KOHTPOJIMPYEMOro I0Ka3aTels W IOCTPOSHAa SMIMpPUYECKas TUCTOrpamMMa

pacnpenenenus conepxanust CB B cuioce, KOTopoe Ha0III0JaJI0Ch B TEUEHUH T'OIMYHOTO TIEPHOIa
B OXMK (puc.13).

20
18
16
14
12
10

Yacrora

S N A~ O

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Kitacc (maTepBan)
rje: cpeaHee 3HaueHue paBHo 30Kr; cpeHee KBaapaTuieckoe paBHO 2.0Kr.
Pucynoxk 13 — Dmnupuueckoe pacnpenenenue cyxoro Bemiectsa (y) B cuioce KPC

AHanuTHYecKoe BbIpakeHUE (PYHKIUU TEOPETUUECKON IMIIOTHOCTH paclpeieeHus] CyXoro
BelecTBa (y) B CHJIOCE UMEET CIeAYIOIUN BU:

_(y=30)?

o) =5me © (6)

Oy~ CpeHee KBaJApaTUYeCcKoe OTKIOHEHHE paBHO 2.0;

Y cp- cpennee 3HaueHue pasHo 30.

Crieyronum 3TarnoM UCCae0BaHus IPEeIyCMaTPUBACTCS, TPU U3BECTHBIX CTATUCTUYECKHUX
XapaKTEPUCTUKAX  KOHTPOJIHUPYEMBIX  I[MapaMETPOB, OLIEHUTh  KOJUYECTBEHHO  PHUCKHU
MIPOU3BOUTEISI M pUCKH TTOTpeduTens. J{ist 9Toi menu ObUT MCITOTh30BaH MPOTPAMMHBINA TIPOYKT
[8]. Ha Ga3e, mpuBEACHHBIX BBIIIE CTATHCTUYECKUX MATEPUATIOB M YKAa3aHHOT'O MPOTPAMMHOTO
MPUIOKEHHUS, MMyTeM KOMIBIOTEPHOTO MOJICTUPOBAHMS, OBLIM PACCUMTAHBI KOJIMYECTBEHHBIC
OIICHKH DPHCKOB MPOU3BOJUTENS W TOTpeOUTEeNs B BEpOSTHOCTHOM ¢opMmate. PesynbTarhl
KOMITBIOTEPHOTO MOJICTTUPOBAHHUS C IEIbI0 JATbHEUINEro MPEIUKTUBHOTO KOHTPOJIS U
MPOTHO3UPOBAHUS PUCKOB B cucTeme KopmompousBojactBa a1t KPC na npumepax cuioca u
CeHaXka MPUBEACHBI B TaOIUIAX 5 - 6.
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Tabmuua 5 — Pe3ynpTarTbl KOMIBIOTEPHOTO MOAETHPOBAHHS B OLEHUBAHWU PHUCKOB
KOHTpOJIA cbIporo npotenHa B cuioce st KPC

OrHocurenpHas Puck KOHTPOJISI CBIPOTrO MPOTEUHA B cuiioce, Yo
HEOIPEAETIEHHOCTh X = XcptOx Xu = Xept20x
(o¢p/0x) Pis P Pris Pue
0.2 5 2 2 4
04 12 4 5 7
0.6 16 8 9 10
0.8 21 9 13 13
1.0 29 12 18 16

Tabnua 6 — Pe3ynbTaTbl KOMMBIOTEPHOTO MOJEIMPOBAHUS B OICHUBAHUH PHCKOB
KOHTPOJIA cojiepKaHus cyxoro Bemectna B cuioce st KPC

OTtHocuTeNnbHAS Prick KOHTpPOJIS CyXOro BellecTBa B cusoce, %
HEONPEAETICHHOCTD Yu=Yptoy Yu= Y20y
(GY/ Gy) Py Pus Py Pus

0.2 3 1 2 3
0.4 9 3 4 6
0.6 13 6 8 9
0.8 18 9 11 12
1.0 22 13 17 15

CratucTudeckre UCCIeIOBaHUSl CeHa)ka Ha MPEIMET KOHTPOJIS PUCKOB MPOU3BOAUTENS U
PHUCKOB MOTPEOUTENST OCYIIECTBIISIOTCS 110 METOIUKE aHAJOTHYHON CHIIOCY.

Pe3synbpTarel MonmenupoBaHUs, MPHUBEACHHbIE B Tabmuuax 5-6 MOKAa3bIBAIOT, YTO MPHU
OJINHAKOBBIX BXOJIHBIX CTATUCTUYECKUX U METPOJIOTMUECKUX MOKA3aTeNsAX (HEONPEeAeIEHHOCTSX )
pucku npousBoautens (Pig) u pucku norpedutens (Pys) KOTM4eCTBEHHO OTINYAIOTCS TIOYTH B JIBA
pasza, 4To UMeeT KpaiiHe Ba)KHOE 3HAUEHUE B OLIEHKE KaueCTBAa KOHEUHOT'O MOJIOYHOTO MPOJIyKTa.

3akJ/roueHue.

W3 pe3ynpTaTOB KOMIBIOTEPHOTO MOJAEIUPOBAHUS CIEAYET, YTO KOHTPOJIb HA NPUMEPE
KOPMOIIPOU3BOJICTBA  IPEJCTABISIET CIOXHYIO MHOIONApaMEeTPUYECKYI0 CTOXaCTHYECKHU-
IPOrpaMMUPYEMYK0 KOMIIO3MLMIO. B aHHOW KOMMO3MLMM pPE3YyJbTaTUBHO HHTETPUPYIOTCS:
CTaTHUCTUYECKUE TapaMeTpbl U 3aKOHbl pacHpelesieHus u3MepsieMol (KOHTPOJIUPYEeMOi)
BEJIMYMHBI, CTaTHCTUYECKHME TIapaMEeTpbl W  3aKOHBl  PACIpEAENIEHUs  IMOIPEHIHOCTH
(HeompeeNIeHHOCTH ) U3MEPEHMS], BETMYMHA HOPMAaTUBa, KOTOPbIE SIBIISIFOTCS MH(POPMAI[MOHHOM
6a30i 111 ynpaBiIeHUs! PUCKaMU arpOMH>XUHUpPUHTA. CTaTUCTUYECKHE XapaKTEPUCTUKH areHTOB
VOpaBIEHUS B PEAJTBHOM TEXHOJIOTMYECKOM IIPOLIECCE KOPMOIIPOU3BOJCTBA OTHOCATCA K
NpPELEICHTHBIM SBJICHUSM, Ha KOTOPBIX CTPOUTCS LU(POBON NBOMHUK. E’keronHele HOBBIE
npou3BoJcTBeHHbIE Nokazarenn OXMK, nociie npoBepku Ha CTaTUCTUYECKYIO OJHOPOIHOCTH,
HOMOJIHAIOT 0a3y «HMCTOPUYECKUX» JAHHBIX B CHUCTeME «OOJNBIIMX JaHHBIX», U MOJEb
MOAUPUIIUPYETCsI, aNanTUPYICh K HOBOM HH(GOPMAIIMOHHONW OOCTaHOBKE, YTO OOECIEYMBACT
«00y4eHHUe» CHUCTEMBI.
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AT'POMHXEHEPUA BU3HEC-ITIPOIECCTEPIHIH HU®PJIBIK KETIVIYIH
CAITAJIBIK BAFAJIAY 9JICIH 93IPJIEY

Annomavun. Byn 3epmmeyoiy makcamol - Llvizoic Kasakcmanoa man aszvl2ein eHoipyee
APHANRAH AYbLI WAPYAUBLIBIEET UHIHCEHEPUSCBLIHbIY, Canacvli xcakcapmy. Kazaxcmaunvly aywin
wapyausliviebl OHOIPICi JHcoapvbl mayekendi aumar OOoabln CaAHANAObl, COHOLIKMAH AYbll
Wapyaubliviabl  OHIMOepiH  OHOIpywiinep MeH MYMbIHYWbLIApObly — MmayeKenoepi  aybvli
Wapyauivliblebl UHHCEHEPUSCLINbIY CANACLIHbIY He2i3el Kpumepuiliepi peminoe KOLOAHbLIAOb.
Byn minoemmepoi ocol 2vlnbimu dicarHe OHOIpICMIK KOHMeKcme Jcy3eze acvlpy, acipece auMakmosik
maoueu, KIUMammolk JHCoHe 2e02papusnblK achekmiiep mypulCblHaH MAKbIPbINMbIK CATAHbIH
BbLIbIMU MYPRLIOAH JHCEMKINIKCI3 3epmmeiyine Oatilanvicmul epexule KuvlH. Kaszipei 3amaneel
yugpavlx 6ndipicmi backapy icylenepiHoe NpOAKmMuUemi MOHUMOPUHE JHCoHe Oaxvliay ome
Manvizobl.  Byn  3epmmey  6ackapyOvl  ayvbin  wapyauibliviebl  UHMCEHEpUs  dcyliecine
QUHAOBIPAMbIH Hcaya macindi 3epmmelioi, oHOa mayeKeniodep OUHeC OPMACHIHbIY YUPDPIbIK
JHceminy Kpumepuiinepi peminoe Kapacmulpwliaovl. Man wapyauvlivbl2blHoa dHcem canacol
MaHvI30bl PO amKapaovl, an dHcem OHOIPICIHIK OapavlK KezeyOoepiHOe 3amMaHayu yuppivlk
wewimoepoi natioanrandatl OHvl 6aKbLIAY MYMKIH emec. Mnmezpanovlk scane ouggepenyuanovi
Gdopmammapoazel canobiK dceminy Kpumepuiiiepine Hezizoenzen backapy npoyecmepin canauvl
bazanay ywin 6y1 maxaiaoa wewim Kaowlioay canacvli JcaKcapmamvli aukblH emec bacKkapy
acenmmepiHiy npuHyunmepine He2iz0eieeH Hcana MoOelb YCbIHbLIAObL.
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Tyiiin ce30ep: ayvluiuapyauibliblK UHICEHEPUACHI, JHceM OHOIpici, mayeKel, CAHObIK
Jrceminy, Oaxvliay, Mooenb.

DEVELOPMENT OF A METHOD FOR QUALITICAL ASSESSMENT OF THE
DIGITAL MATURITY OF AGROENGINEERING BUSINESS PROCESSES

Abstract. The objective of this study is to improve the quality of agricultural engineering for
cattle feed production in Eastern Kazakhstan. Kazakhstan's agricultural production is considered
a high-risk area, and therefore, producer and consumer risks of agricultural products are used as
key criteria for agricultural engineering quality. Implementing these tasks in this scientific and
production context is particularly challenging due to the insufficient scientific study of the subject
area, particularly in terms of regional natural, climatic, and geographic aspects. In modern digital
production management systems, proactive monitoring and control are crucial. This study
explores a new approach that transforms management into an agricultural engineering system, in
which risks are considered as criteria for the digital maturity of the business environment. In
livestock farming, feed quality plays a crucial role, and monitoring it is impossible without the use
of modern digital solutions at all stages of feed production. To qualitatively evaluate control
processes based on digital maturity criteria in both integral and differential formats, this paper
proposes a new model based on the principles of fuzzy control agents, which improves the quality
of decision-making.

Keywords: agricultural engineering, feed production, risk, digital maturity, control, model.
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s, KOMINBIOTEPHBIE HAYKW, MPUBOCTPOEHUE U ABTOMATU3ALIUA

KOMMbIOTEPIIK FblJIbIMOAP, ACIMAIN XKACAY XXOHE ABTOMATTAHAObLIPY
v COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

0K 004.932.4
FTAXA 28.23.15
https://doi.org/10.53364/24138614_2026 42 3 13

JI.K. Kaii6acosa', A.III.Cyiran'”
!Astana IT University, Actana, Kazakcran

*E-mail: 255734@astanait.edu.kz

BEAHEJIEPJEIT LIYJIAP/BI BACY OICTEPI: KAJIJBIKTAP/bI
CYPBINTAY/IbIH ABTOMATTAH/IBIPBLIFAH )KYWEJIEPIHE HBICAHJAP/IbI
TAHY JOJIAITTH APTTBIPY

Anoamna. Hvicanoapovl asmomammanovipviizan mauy Jcylienepi  eHepkacinme,
POOOMOMEXHUKAOA — JiCoOHE — IKONOSUSIBIK — MOHUMOPUHEME  KeHIHEeH  KONOAHbLIAObl, Al
KanoblKmapobl CYpbInmMayovly UHMELLIEeKMYyanobl Jcylenepi amaiean canaiapovly iuinoei ey
e3exmi bazeimmapovly OIpi 6obLIN MAdLLLAOL. []eceHMeH, KeCKIHOepOi aldblH ana 6HOey candacwl,
acipece uyowl bacy Kezeni, mauy 0andicine mikeneti acep ememiHoiciHe Kapamacmat, aoeduemme
KALObIKMApObl CYPLINMAY KOHMeKCmiHOe2l ap mypai wiyoaw azaumy 20icmepiniy oicyueni
CanbICMBIPMAIbL MANOAYbl HCEMKLNIKCI3 Kapacmuipvlizan. bByn nuriommuelx 3epmmeyoe amanzan
OJIKLLILIKMbIY  OPHLIH  MOImMblpy2a 0Oaselmmaniean 0acmankvl Kaoam peminoe KecKinoepoi
wysvli0an mazapmyovly aumel mMypiai  20ici  OipvlHall dKCNepUMeHmmiK — madcipubede
canvlemuipwiovl: Iaycce cyzeici, meduana cyseici, wiekapaniapowvi detimoi caxkmaymen uopuomi
adic, mooughuxkayusananean 6Oeuimoi meouana cyzeici (AMF+MDBMF) owcone andein ana
oxvimycels DnCNN muetipooiceninixk  a0ici. Toocipubenik 6aza Kaggle TrashNet Oepexmep
HCULIHMBIZLIHAH YUL CHIHLINMbL (NAACMUK, WbIHbL, Memail) Kammumuli 15 penpezenmamugmi
mypai-mycmi b6etinedeH mypobsl. Yur mypai Uyl #cacanovl mypoe Kocwliowvl: I aycc wyslivl (o =
25), «my3 6en 6ypoiiuy umnyabemik wyblasl (p = 5%) ocone Ilyaccon wyvinel. Cananst 6azanay
yuiin 6ec mempuxa (PSNR, SSIM, MSE, MAE, EPI) scaone napamempiix emec CmamucmuKaiblk,
MaHvI30bLIbIK colHakmapul (Yunxoxcon 6eneini pamemep cvinazvl, Kosn d xoaghguyuenmi)
KonoaHulovl. Kocvimuwa, 20icmepoiy ecenmey Kypoeniniei (eHoey yakvlmoi) 6OJUeHOI.
Homuowcenep meduana cyseiciniy Oapavik wiybll mMypaepiHoe CMamucmukaiblk MAanbi30bl
apmuiuvlavikner (p < 0,01) ey owcozapvr muimoinikmi xepcemxenin Odanendedi. Kackaomol
AMF+MDBMF 20ici umnynbcmik wyvlioa xco2apbl mMuimOinikmi xepcemmi. Anowvin ana
oxbimuiamaearn DnCNN netipooicenici necamuemi Hamudice 6ep0i, 0¥ HeUpoiCceninik Mooenboepoi
AnObIH ANla OKbIMYObIH MIHOemminiciH pacmauovl. 3epmmeyoiy eblibiMu Hcayanvievl — TrashNet
oepeKkmep  JCUBIHMBISHIHOA YUl KIACCKA — HcamamvlH — OeHOU3UuHe aoicmepin  OipvlHeall
IKCHEPUMEHMMIK NPOMOKONOA CANbICMbIPY J0ICHAMACLIH d3ipieyoe. ANbIHEaH NULOMMbIK
Homuoicenep KanoblKmapovl CYpbinmayoblly A8mMoOMAammanoblpblIan JiCylenepiniy anovli ana
eHOey On02blH Jcobanay Kesinoe bOazoap Oepe anadvl dHcone Oonawaxma moavik TrashNet
Odepexmep dHcublHbIHOA (2527 betine) Keneluminyi muic.

Tyiiin ce30ep: Oetinenepoi wyvinioan masapmy, laycc wybiivl, UMRYILCMIK ULYDBLI,
HbICAHOApObl  MaHy, Meoduana cyseici, 2ubpuomi cyseiney a0icmepi, CMAMUCMUKATLIK
manwiz0vLnwik, PSNR, SSIM, TrashNet.
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Kipicme.

KoMmprorepiik kepy MeAMIIMHAIBIK OCiHeNey, Kayilci3aik >Kyhenepi, ©HEpPKICINTIK
OpTaJarbl canaHbl OaKplIay )KOHE aBTOHOM/JIBI POOOTOTEXHUKA CUSKTHI callalapFa TepeH eHreH [ 1,
2]. Ochl OarpITTapAblH apachlHAa KATThl TYPMBICTHIK KaJJBIKTapbl aBTOMATTaHABIPbUIFAH
CYpBINTay COHFBI JKBUIAAPbl SKOJOTHSUIBIK MIHAETTEPAIH KYIICIOIHE KOHE IUPKYJISPIIBIK
HSKOHOMHKA KOHIICTIIUSCHIHBIH JaMybIHA OaMIaHBICTHI €peKIle O3eKTUTIKKe e 0oyl [3, 4, 5, 6].
[Tnactukanelk OeTenkenepi, MeTaul OaHKalIapAbl >KOHE IIBIHBI BIIBICTAPAbl HAKTHl YaKbIT
PeKUMIH/IE aXbIpaTa ajaTblH MHTEJUIEKTYaJIbl XKYWenep eHJIpicKke kammail eHrisityne, Oipak
OJIApIbIH CaIlachl Kipic JEPEKTEPiHiH, SFHU MU PIIBIK KECKIHACPIiH canachlHa TIKEIeH ToyemIi.

Ic xy3iHAe OHEpKACINTIK IIapTTapia ajJblHFaH KecKiHaep MiHci3 Oommaiinbl. Konseiiep
TacHachIHBIH AL, OIpKeNKi eMec KapbIKTaHbIPYy, CEHCOP/Ia KUHAKTAIFaH IIaH, TOMEH KapbIK
ke3inge ISO MoHiHIH apTysl XKoHE AepekTepi Oepy Ke3ineri apredakTiiep — OCBIHBIH OapIIbIFbI
KECKIHJIET1 ITybUIIBIH Naiiaa 6omybiHa okenei [7, 8]. Lybuiapia 60ysl KEHIHT1 KiaccuduKaius
TONIITIH alTapibIKTall TOMEHIETEl: TINTI 3aMaHayd TEpeH KOHBOMOUUSIBIK kemisiep (CNN)
urymeH OypmananraH Keckinugepai enuerenne 10-25%-ra katenecyi mymkin [9, 10]. Ocbl
cebenTeH myasl Oacy (image denoising) Ka3ipri 3aMaHfbl KOMIIBIOTEPIIIK KOpy KyHenepinue
MaHBI3/IbI AJIJIBIH aJla OHJIeY Ke3€H1 OOJIBIN TaObLIa b,

[udpaslk KeckiHAepAeri HIysUIAbl maiina Oomy cebenTepi MEH CTATHCTHUKAJIBIK
cunaTTaManapbiHa OaiaHBICTHI YII HEri3ri Typre Oemyre Oonazsi [7, 11, 12]. T'ayee mybLIbl
KaMepa CEHCOPBIHAAFBI JJICKTPOHMABIK MIYBUIABIH Calgapbl OOJBIN TaOBUIAABI; O KaJbIITHI
yJiecTipiMre #e >kKoHe TeMEH XapblK Hemece >korapbl ISO monnepinae kymeieni. «Ty3 Oen
OypbIID» UMITYJIBCTIK IIYBUTBI KE€3/IEHCOK Kapa jKoHEe aK HYKTeJlep TYpiHAE KOpiHeIl, SFHH Oy
CEHCOP/BbIH 3aKbIMJay HeMece JepeKTepAl Oepy KaTemikTepiHiH cangapbl. IlyaccoH mybLIbl
JKApPBIKTBIH KBAaHTTHIK TaOWFAaThIHAH TYBIHIANABI: JKapBIKTBIFBl KOFAphl aiiMakKTapia IIybul
KapKbIHJIBI 0012161, OYJ1 OHEPKACINTIK Kamepaapaa xui kezaecei [12].

O9eduerrepre moJY.

ConFbl KbUIIAPBl KECKIHAEPAl IIYbUIIaH Ta3apTy OOWBIHINA 3epTTEyJep/l MAPTThl TYPAE
yur OareiTKa Oemyre Oosanel. bipinwi Oazbim: KIACCHKANBIK KEHICTIKTIK cysritepai (["aycc,
MeMaHa, opTaila, Ounarepaib/sl) keTinaipy. Kaur sxkone 6ackanap [7] xKypri3reH KeuleH i oy
KJIACCUKAJIBIK CY3TUIEPHIH €cenTey THIMAUIII >KOFapbl OONFaHBIMEH, IIYBUIABIH op TYpl YLIIH
OeJiek peTTeyli KaXKeT eTeTIHAIrH kepcereni. Sun [13] mennana MeH opTama cysriiepiy ['aycce
LIYBUIBIHIAFbl TUIMJUTITIH CaJIBICTBIPBIN, MEIMaHa CY3TiCIHIH apThIKIIBIIBIFBIH JaNeael, 0ipaK
3epTTey TeK Oip 11y TypiHE )KOHE CHHTETUKAJIBIK KapanaibiM KeCKiHAEpre IEeKTeNreH.

Exinwi 6ageim: 6eimaenrim sxoHe rTuOpuaTi axictepal a3ipiey. Ullah sxone 6ackamap [11]
AMF+MDBMF kackaAThIK CY3TiCiH YCHIHBI, OJ UMIYJBCTIK IIYbLT THIFBIB3ABIFEI 90%-Fa neiiin
JKETKeHJIE JI€¢ KEeCKIHAl KalmblHa KeNnTipyre KaOineTTi. Auaiiia aBTOPMEH >KYpri3uireH
TOXIpuOeIep TeK MeJUIMHANBIK KECKIHIep e OpbIHaNIFaH, COHbIMEH KaTap ["aycc sxone Ilyaccon
mybuiiapel - TanganObaran. Abdul Wadood mnen Ghalib [14] OelCBI3BBIKTBIK CYy3riiep/al
ACTPOHOMHUSIIBIK KECKIHAEpAE CalbICTBIPIbI, Oipak HOTIKENepAl KalABIKTapAbl CYpBINTAY
KOHTEKCTIHE KOIllipy MYMKIH €MeC, OITKEH1 AepeKTep CUIMAThI TYOereii epeKIIeneHeIl.

Ywinwi 6azvim: TepeH okpITyFa HerizaenreH oaicrep. Tian sxoHe 6ackanap [12], Elad »xone
6ackanap [10], Izadi >xone Oackanap [9] xacaran monynap DnCNN, FFDNet, Restormer cusikTsl
3aMaHayu Helpokeninik mMoaensaepain PSNR merpukackl OOWbIHIIA KITACCHKAIBIK 9JIICTEpACH
2-4 nb-ra »ofapbl THIMJAUIIK KOPCETETIHIH AdMenjenal. Anaiina Oy HoTHxenep ipl KeleMIl
JKaJmbl MakcaTTarbl Jepekrep kublHAaapeiHaa (BSD500, Set12, Urban100) anbinFaH, COHbIMEH
KaTap THICTI aJ/IbIH aja OKBITYAbl KaKeT eTe/i. KanaplKTap/apl cyphinTay OOMBIHIIA )KYMBICTap/1a
[2, 3,4, 5, 6] nerizinen knaccupukanusisik 6emk (YOLO, ResNet, EfficientNet) tannanassi, an
mryael  0acy KaJambl emKeW-Ter kel KapacThIpbUIMaipl Hemece TeK Oip FaHa Cy3ri
KOJIJIaHbLIAIbI.

AtanraH oneOuerTepre IMIONYAaH MbIHAJall OJIKBUIBIKTApABI aHbIKTayFa Oonazisl: (1)
KaJABIKTapAbl cypbIinTay OolbiHINA NepekTep kublHbIHAA (TrashNet) meHoi3uHT omicTepiHiH
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JKYHeNi CcanbICThIpMaIbl TaJaybl JKOK; (2) KemTereH 3epTreysiep TeK Oip mry Typi OOHbIHIIA
OpBIHJAJIFaH, aJl HAKTHl OHEPKICINTIK MmapTTapaa OipHerie mry Typi 0ip mesrinae ke3aeceni; (3)
nryabl 6acy 9ICTEepiHiH ecenTey KypIeNiiri MeH oJlapAblH KEHiHT1 KiIacCH(pHUKaIMs TNIiriHe
acepi Oip 3epTTey asChIHIAa CUPEK KapacThIphUIabl; (4) camaHbl Oarajiay TEK METPHKajap.IbIH
opTaia MOHAEPIMEH MICKTeNe i, CTATHCTUKAIBIK MaHbI3ABUIBIK TecTiiepi (YHIKOKCOH CHIHAFBI,
Koon d) cupek KonaaHbuiaabl.

3epmmeyoin evinvimu JHcanaiblevl Keaecioe.

1) KanabIKTapAbI CYpHINTaY KOHTEKCTIHET] ICHOM3UHT SJIICTEPiH CaTBICTBHIPYABIH OiphIHFal
SKCTIEPUMEHTTIK IPOTOKOJIBI 931pJICH 11, OJ1 Yl TYpui 1y TypiH (I"aycc, ummynbcTik, [Tyaccon), ap
TYPJIL 9fic KiacTapbiH (KJIacCUKaIbIK, THOPUATI, HEUPOXKEIIIK) KOHE caraHbl Oaranay sl Oec
METPHUKACHIH OIpIKTIpe/i;

2) Gipiami per TrashNet nepekrep >kKubIHBIHAA 15 KECKIHHEH TYpaThIH PENpPE3eHTATHUBTI
TaHJaMaJa JEHON3UHT /IICTEPIHIH THIMIUIITIHIH CTATUCTUKAIBIK MAHBI3IBUIBIFBI Y MIIKOKCOHHBIH
Oenrini panrrep ceiHarbl )koHe KooH d koadduimenTi kemerimeH O6aranan bl (MMIOTTHIK JU3aiH);

3) mysUIIaH Ta3apTy SICTEPIHIH ecenTey Kypaeiaunri (0ip KECKiH/Il OHIEY YaKbIThI) KOHE
onapasiH MobileNetV2 kinaccupukaTopbIHBIH AJAITIHE dcepi Oip 3epTTey aschiHAa OaraiaHbl,
OyJ1 91icTi TOKIpuOene TaHay OOMBIHIIIA HET13/IENITeH YChIHBICTAp jKacayFa MYMKIHIIK Oepe/i.

3epmmeyodiy maxcamol — KaliTa OHICICTIH KAIIBIKTAPABIH KECKIHACPIHIE NIy bl 0aCy IbIH
QITHI QMICIHIH THIMJALUIITIH CalbICTBIPMAIIBI Oarajnay »oHe op TYpJi IIy TypJepl YUIiH €H THIMI1
OMICTI CTATUCTUKAJIBIK MaHBI3IBUIBIKIICH aHBIKTay. KobIIFaH MiHIETTEp: (2) NEPEKTEP KUBIHBIH
JaiibIHaay JKOHE YII TYPJli IIybUIIbI OaKblUIaHATHIH MapamMeTpiiepMeH Kocy; (0) anTsl cy3y oaiciH
OippIHFail TPOTOKOJIA JKY3€Te achlpy JKOHE ChIHAy; (B) cama MeTpUKamapbl OoWbIHINIA
HOTIDKETIEP/Il CTaTUCTUKAIBIK Tanjay; (T) ecentey KypJeluliri MeH Kiaccu(UKanus ISJAiriHe
ocepiH Oaranay; (1) TOKipUOEIiK KOJAaHy YIIiH YCHIHBICTAp XkKacay.

3epTTEey MaTepuaIapbl MeH dAicTepi.

Taoxcipubenix Oepekmep HCUbIHMbIEbL

Toxipubenep yurin xanmeira Kopketimai Kaggle TrashNet nepekrep >KubIHTHIFBIHAH [3]
YIII CBIHBITITHI KAMTUTBIH 15 penpe3eHTaTuBTI TYpi-TycTi OeitHe TaHaanabl: miactuk (500 Oeitne),
mibiHbl (500 Geiine) sxone metamt (500 Oeline). by MUIOTTHIK SKCIIEPUMEHT OOJIBIN TaObLIA/bI;
HIEKTEYJIl TapUXU MBICAJ PETIHAE TOJBIK JEpeKTep KUbIHBI (2527 OeliHe) OOMBIHIIA KEHEUTY
Oomamak 3epTTeyJepaiH MakcaTbl 0okl TaObuIanasl. KeckinaepaiH pyKcaTThulbiFbl 512 % 384
nukcenb, JPEG gopmareinna, RGB tyc keHicriringe. Keckinaep 6akplIaHaThIH KapbIKTaHABIPY
JKaFIaiapeiaia, Oipkenki ak GoHaa TYCIpUIreH, Oy Iy sl 6acy SIICTEpiHIH Ta3a KaCHUETTEpIH
Oaramayra MYMKiHJIK Oepeji, sSIFHU Ta3a KeCKiHAep pedepeHc peTinae KbizmeT eteni. Lllarbin
Oipak canaybl OaKbUIaHATBIH TaHJaMa SIICTEP/l canajblK TYPFbIAAH aXbIpaTyFa jKOHE allarbl
YJIKEH ayKbIMJIbI 3epTTEyJIep YILIiH OarbIT Oepyre KeTKITIKTI.

3epmmenin omuipean cyseiney adicmepine wiony

3epTTeyae YUI op TYPJi CBHIHBIN 9MiCTEpiHE KaTaThIH alThl CY3y OMICI ICKE aChIPBUI/BI:
KJIACCUKaNBIK KEHICTIKTIK cy3ruiep (["aycc, Meamana), OediMenrimn >koHe TMOpHATI oaicTep
(amanTUBTI KHEKTI cakTalThiH rudpua, AMF+MDBMF), TepeH OKbITyFa HETi3AENTeH TOCLT
(DnCNN). bBapasik omictep OpenCV  4.8.1, scikit-image 0.21.0 xone PyTorch 2.0.1
KiTanxaHauapbl apkelisl Python 3.10 opracsinaa xy3ere acblpbUIIbL.

l'aycc cyseici — CBI3BIKTBIK TeMeH XHUTKTI cy3ri. Keckin I'aycc cysrici (KaibInThl
YJIECTipIreH) apKbUIbl Opasiaibl, OyJ1 OpTaJbIKKA KAKBIH OpHAIACKAH MMUKCENIepre YIKEH CalIMaK
Oepeni. ['aycc cysrici keOiHece IIyJbpl a3alTy YIIIH €Ki edmeMAl CUrHangapAbl (KecKiHaep/i)
OHJICY YIIIH CaHJBIK TYpJe KoJaaHblIaabel. by cysri 'aycce mryipl 5KOSITHIH CBI3BIKTBHIK TETICTEY
JcepiHe me KoHe KECKIH/II OHIey e Iyl a3aiTyna KeHIHeH Koyanbutaabl. Exi emmemai ["ayce
saapocsl (1) epHeriMeH anbIKTanas [7, 14]:
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_x2+4y?

2 2
2oz © 1)

G(x,y) =

MYH/JIaFbl X )KOHE Y — OPTaJIBIK SAPO/IaH KeJJIEHEH XKoHe TiK KAllIBIKTBIKTAp, G — TericTey JeHTeliH
AHBIKTAUTHIH CTAHJAPTTHI AyBITKY.

DKcrepuMeHTTep e Apo emeMi S X 5, 6 = 1,0 konmpanbuiasl. by oxic ["ayce mrysiH xoroaa
TUiM/1, OipaK HIekapanap MeH ycak OesiekTep i Oy abIpIIai b, HMITYJIBCTIK IIYBUIFA iC XKY31HIe
THIMCI3. YakbITThIK Kypaeniiiri: O(N - k?), myHmarsl N — mUKcenbep canbl, kK — spo emmemi [13,
14].

Meouana cyseici — OyJ1 opTaiia MOHJI THaialaHOAWThIH CHI3BIKTBHIK €MEC CY3Ti, OHBIH
OpHBIHA opOip THKCeNb CY3ri Tepe3eciHnueri OapliblK MHUKCENICPAiH MeauaHaChIMEH
ayBICTHIPBLUIABI, OYI1 (2) TeHACYIHIe KOpCeTUIreH [7]:

f(x,y) = median{g(r,c)|(r,c) € Sy, ()

MYHJIaFbl Sy, — (X,)) HYKTECIH/IE OPHAJIACKAH CY3IIEy TEPE3ECi. (X,)) HYKTECIHIETT MMKCENb MOHI
MeJIaHa ecenTeyine Je Kipei.

MenuaHna cy3ricigzae Tepese MmilliHi MIHAETTI TypJe Mapiibl 00Iybl MIHACTTI eMec, apHaNBI
CY3Ti minmiHaepi KeCKIiHAET ChI3BIKTHIK KYPBUIBIMIAP MEH JKUEKTEP/Ii CaKTal aazpl, OyJ1 oJapbl
xobanay MEH eHri3yai Kypaeni eremi. Toxipubenepae kBajpar Tepe3e 3 X 3 KOJJaHBUIIBL
Menauana cy3rici paHTTiK CY3TUIEp KIACBIHBIH JKEKE JKaFTaiibl OO0JIBII TaA0BLIAIbI KOHE HMITYJIBCTIK
nrybl1 («Ty3 OeH OypbID») sKaFaaibIHIa epeKine THIMAL, OUTKeHi dkcTpeManasl MoHaep (0 xoHe
255) opramaniay ecebine Kipeni, Oipak MequaHa MOHIH aHBIKTaMalabl. Bysl cy3ri opTaibIK
MUKCEJIbAIH MOHIH KOPIIUIEpPIHIH PETTENreH Ti30eTiHeH allblIHFaH MOHMEH aybICTBIPAJbI. » PETTI
panrThIK cy3ri (1 <7< N, mynaarsl N — Keplliijec 3IeMEHTTEp CaHbl) aIbIHFaH TI30€KTEeH 7 UHIEKC1
0ap 27IeMEHTTI TaHIai/Ibl )KOHE OHBIH MOHIH 0aCTaNKbl KECKIHHIH CY3UITeH IMHKCENh MOHI peTiHIe
TarabIHAal bl Y akbITThIK Kypaeniairi: O(N - k? - log k).

Aoanmuemi xcuexmi cakmatmuli eubpuomi 20ic — I'aycc xoHe MeTUaHAJBIK CY3TUIepAiH
CaJIMaKThIK KOCBIHJIBICBIHA HeTi3aenreH afic [13, 14]. Opbip nuKcenp YIIiH XeprilikTi IpaglueHT
[IamMachl €CeTnTeNeli, OHBIH HEeTi31H1e caaMaK Kod(PPHUIIMEHT] aHbIKTaIaIbl:

fhybrid(x,y) = W(X, y) * fmedian(x,y) + (1 - W(X, y)) * fgauss(x,y) (3)

MyHzarbel W(X,y) € [0, 1] — Cobenp onepaTopbIMEH €CENTENTeH KEePTUTIKTI TPaJIMeHT IaMachblHa
TeH. JKuekrepne (Korapbl TpaJUeHT) MeIuaHalbIK Oesik OackiM, ain Olpkenki aliMakTrapaa —
["aycc. Toxipubenepae ['aycc koMmoHeHT! yuIiH aapo 5 x 5, ¢ = 1,0, MeaquaHa KOMIOHEHTI YIIiH
Tepese 3 X 3 KosgaHbuIIbl. byt of1ic €Ki Cy3riHiH apThIKIIBUIBIKTApbIH O1piKTipei: O1pKeJIKi Iy bl
TEriCTEeN/ Il )KoHE IIeKapaaap/ bl CaKTal bl

AMF+MDBMF xackaomuix 20ici — Ullah sxone GackanapsiH [11] kyMbIchl OolbIHIIA iCKE
achIpbUIFaH €Kl caTbuibl 91ic. bipinmn catel — Adaptive Median Filter (AMF): nukcens mani (0
Hemece 255) >KepriuTiKTi 3KCTpEMyM JIell ecenTesice, Tepe3e oimeMi yiraiteuiansl (3 X 3-TeH
Oactan 7 x 7-re neMiH), oiiTnece MenuaHa apKplIibl ayblcThipbulafsl. Exinmi catel — Modified
Decision-Based Median Filter (MDBMEF): Tex OipiHmii caThiia 3aKbIMIATFaH AeM OeNTiieHTeH
MUAKCENJIep FaHa ©3TePTUIel; erep MUKCENb dKCTpeMyM OoyiMaca, O e3repicci3 Kajmaasl. by
CEJIEKTUBTUIIK Ta3a aliMakTap[a KaXKeTci3 TericTeyli >KOsi/Ibl dKoHE UMITYJIbCTIK Iy THIFbI3/IBIFbI
KOFaphl OoJIFaHa 1a TUIM/IL. AJTOPUTMIIK KajgaMaap:

— l-kamam: op muKcenb YUIIH S Xy Tepe3eciHie MMHHMYM, MAaKCUMyM KOHE MeIuaHa
©CeIITEIICIH;

— 2-KajaMm: erep arbIMJarbl MUKCENIb MOHI (min, max) apanbIFbIHIa 0oJica, O LIYChI3 JeM
ecenreeni;
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— 3-Kagam: difTriece MUKCeNbh MEeIMaHAMEH aybICTHIPBUIAJIBI, erep MEANaHa J1a IKCTPEMyM
OoJca, Tepe3e YIFalThLUIaIbL;

— 4-xanam: MDBMF-te kocpkiMia mry kapra (binary noise mask) nmaiianansiia sl

DnCNN (anowvin ana oxwvimycwel3) — Zhang >xoHe OacKajap YChIHFaH KOHBOJFOIUSIIBIK
HeHpOHBIK kel [12, 15]. Apxutektypa 17 KOHBONIOIUSIBIK KabatTad Typajsl (3 x 3 sapo, 64
cy3ri, ReLU akrtuBamuscer, Batch Normalization), kangeik oxbiTyra (residual learning)
HET13JIeJITeH: MOJIEIIb Ta3a KECKiHIl eMeC, IITy KOMIOHEHTIH OOJIKaIbI, 01 KSHiH ITYJIbl KECKIHHEH
aBIHAIBL. 3epTTeY/Ie MOACIH J/ICHi a/IbIH aja OKBITYChI3 KOJIIaHBUIILI — OYJ1 KOMIIOHEHTTIH Oap-
YKOFBI THIMJI1 HEUPOJKEIILTIK Ty 1bI 0acy YIIiH )KETKUTIKCI3 eKeHIH KOPCETY MaKCaThIH/Ia JKacall Ibl.
Byn menriM mpakTUKambIK TYPFBIIAH MaHBI3MbI: KONTETeH KOJNAAHOAIBl WHXKEHEpIep MaibiH
MOJCNIbJIEPAl THICTI TIOHWHICI3 MalaiaHyFa ThIpbICaabl, al O13/1H TOKIpUOE MYHIAM TOCUIIIH
KayinTepiH KepHEeKi KepceTei.

Kannvina kenmipy canacvin 6azanay kepcemkiuimepi

Hlyner a3aiiTyiaH KeiiH KeCKiHIl KalIblHA KENTipy camacklH CaHABIK Oaranay yuriH Oec
KOPCETKIII MaiJaIaHbUIIbI, OJap/IbIH OPKAMCHICH HOTHIXKECHIH OPTYPJIl acleKTiIepiH KepceTel
[16, 17].

PSNR (Peak Signal-to-Noise Ratio) — neniubenMeH OJIIEHETIH XKoHe oIeTTe JTorapuPpMIiK
nIKaya OOWBIHINIA OPHEKTEICTIH CUTHAJ-IITY KaThIHACKIHBIH MIBIHGL. OJI TYITHYCKA KOHE KaJIlblHA
KENTIPUITeH KEeCKIHJEP apachlHIAFbl albIpMAIIbUIBIK JOPEKECIH CaHIBIK TYPAC AHBIKTANIbI.
PSNR moHepiHiH KOFapbsl 0OJybl KalIbIHA KENTIPY CalachbIHBIH JKaKChIPAaK €KeHIH KepceTei
[16]:

MAX?
PSNR =10 X lOglO(m) 4)

MyHIarsl MAX? — MUKcenbIiH MAaKCUMAJIIbl MYMKiH MOHI (MbIcajibl, 8 GUTTIK KECKiHAep YILIiH
255);

MSE — opraiia KBapaTThIK KaTe.

SSIM (Structural Similarity Index) — KypbUIbIMABIK YKcacThIK MHAEKCT (0-1eH 1-re meifin),
MUKCETh JICHIeHiHIeT1 albIpMaIIbUIBIKTAPAAH ACBIT TYCEII JKOHE >KAPBIKTHIKTHI, KOHTPACTTHI
JKOHE KYPBUIBIMIBI eckepeli. by keckiH camacklH Oaranay METPHKAChl alaMHBIH KaObUIIaybIH
uMuTtanusuiaipl - koHe PSNR-men  alibipmamibuibirbl, SSIM  KeCKiHHIH — KYPBUIBIMIIBIK
epeKIenikTepin eckepeni [16]:

Ry + C1) 203y + C3)

SSIM (x, =
() (M2 + U3+ C) (0% + 02 + Cy) ®)

MYHJIFBI [yl — KECKIHHIH OpTalla MoHi, 0y, 0y — JHUCIEPCHS, Oy, — KoBapHarms, C;, C; —
TYpaKTaHIBIPYIIBl TYPAKTHLIAP.

MSE (Mean Squared Error) — TymHycka >koHe KajlblHa KEITIPUITeH KeCKIHAEPAiH
MUKCENbJepl apachIHIAFbl KBAJIPATTHIK ayBITKYJAPIBIH OpTalla MOHIH CHUIATTAlAbI, opTalia
KBaJPaTTHIK KaTEJiK YJIKEeH aybITKyJIapFa jaa ce3imTan keneai [17]:

1 N
MSE == Nzizl(li - Ki)z (6)

MYHJIaFbl [; — TYIIHYCKa KECKIHHIH MHUKCEeIb MoHI, K; — eHJeNreH NMUKCenbIiH KeCKiH MaHl, N —
MUKCENbCPAIH KaJIbl CaHBbI.

MAE (Mean Absolute Error) — Gapiplk mUKCeNbaep YIIiH opTamia abCONOTTI KaTeHl
€cernTeyre Heri3JIeIreH TYIMHYCKA >KOHE OHJICNITeH KeCKiHAEp apachlHIarbl aibIpMaIlbUIBIKTHI
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Oaranmay omici, MSE-MeH canbICTBIpFaHzia OJ aybITKyJIapFa Ce3iMTaJAbIFbI TOMEH, MOJEIb
OopKaMIaphIHBIH IIBIHAWBI MOHIEP/IEH opTalia abCOII0OTTI aybITKYbIH ommeial [17]:

1 N
MAE = — E I, - K;
N i=1| l l| (7)

myHzarsl [;, K;, N — MSE-re ykcac.

Kuexkmepoi cakmay unoexkci — 6aCcTanKpl )KOHE OHJCITEH KeCKiHAepIiH Jlarac KOHTYPIIbIK
KapTajlapbl apachlHAAFbl HOPMAJIAHFAaH KOPPENSIHS PETiHAC €CENTEeNICTiH, HBICAHapIbIH
KOHTYpJIaphl MEH IIeKapajapblH CaKTay YIIIH CY3y OMICIHIH MYMKIHJITIH OarajJalThIH METpUKa
[17]:

EP] = 2i(VI;*VK;)
Zi(VI;)? (3)

myHaarbl VI, VK; — rpaguentrep (Cobenb oneparopsl), / — 6acTankpl KeCKiH, K — OHJICITCH
KECKiH.

Cmamucmuxanvix manoay aodicmepi

OJICTep apachIHIAFbl AWBIPMAIIBUIBIKTAPIBIH CTATUCTHKAIBIK MaHBI3ABUIBIFBIH Oaranay
YiliH Yunxkokcounwiy bencini panemep covinagol (Wilcoxon signed-rank test) maiiganansuigst. by
CBIHAK TTApaMETPIIIK eMec OOJIBII TaOBLIA bl XKOHE METPUKATAPABIH KAJIBIITHI YISCTIPUTYiH Taiamn
eTIeln i, COHBIMEH KaTap IarbiH TagaamManapaa (N > 6) cerimai sxymbic icteiai [17], Oy 613111
MWIOTTBIK 3€PTTEYIIH KOHTEKCIHAC MaHBI3Abl. MaHBI3IBUILIK JeHreii o = 0,05 perinme
oenrinenai. bapablk p-moHAep 15 KeckiHre ColiKec KeNeTiH XKYNTAacKaH TaHaaMajiap OOMbIHIIA
€CernTeN/i.

Oddext mommiepin Oaranay yurid Kosn d kosdduirenTi KongaHbUabL:

(H1—p2) (0%+ 05
d=""—",0p00tea = \|— 5 — 9)

Opooled

myHaarel Cohen 6oitpiamma: |d| < 0,2 — ki, 0,2 <|d| < 0,5 — oprarna, 0,5 <|d| <0,8 — ynkes, |d| >
0,8 — ere ynken 3ddexr. Kosn d kodddunuenti Tapgama KeJeMIHE TOYyeNal eMmec, O
METpHUKaIap/IbIH Tapajly ayMarblHAaFbl allblpMalbUIBIKTEI CUIIATTAM/IbI, OYJI IIAFbIH TaHIaMasap
YIIIH aca KyH/IbI.

Op MeTpuKa YIIiH OpTalla MoH + CTaHAapTTHl aybITKy (U + o) ecentenni. [lunommoix
maxoama KoJlemiHiy wiekmeyiepin MoublHOal omuvlpsbin, 013 ecenTeNreH p-moHaep MeH d-
MOHJIepiH OoJylamiak KeHEHTUIreH 3epTTey YIUiH OaFbIT-0ardap peTiHJAe KapacThlpambl3;
HOTHOKETIEp/IiH ceHIMALTIT1 TonbIK TrashNet nepektep >KMbIHBIHJA pacTallybl THIC.

DKcnepumenmmix opma.

bapnbIk skciepuMeHTTep Kelecl ecentey IuardopMachiHaa Kyprizuiai: mpoueccop Intel
Core 17-11800H (2.30 I'T'1, 8 simpo), onepatusTi xkaasl 16 I'b DDR4, Buneokapra NVIDIA RTX
3060 (6 I'b GDDR6, CUDA 11.8). barmapnamaineik kamtamaceiz ety: Windows 11, Python
3.10.12, OpenCV 4.8.1, scikit-image 0.21.0, NumPy 1.24.3, SciPy 1.11.1, PyTorch 2.0.1+cul18.
Bapawik yakpiT emmeynepi time.perf counter() QyHKIMACH apKbUIbl OpBIHAANABL, 10 KaiiTamay
OOMBIHIIIA OpTAllIa AJIBIHIBI.

Taoorcipubenix depekmep JHCUBIHMBIEbL HCIHE ULY WUbIZAPY NPOYEOYPAChHL.

Toxipubenik qepeKTep >KUbIHTHIFBI Kammbira KookeTiMal Kaggle TrashNet skunarbinan [3]
aJbIHFaH 15 Typii-TycTi KECKiHHEH TYpHbl. YT HBICAH CaHATHl MalJalaHbUIIBL: TIJIACTUK, IITBIHBI
xoHe wMertal. Pykcarteuiblk 512%384 mnukcenb Oonapl, OaKbUIaHATBIH KapbIKTAHJBIPY
JKaFTaiyiapbIH/Ia TYCIPUITeH.
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OpOip KECKiH YII TYpJi IIyMeH Hamapiateuiabl. HoTmkecinae 6apiabiFbl 45 M1ynbl KECKiH
naiga 6omasl (15 Tymaycka x 3 mry Typi).

l-cyperre oprypmi o MoHnepi ymiH [aycc mrysl kepcerinren (5, 25, 50). Herisri
TOXKIpUOENep YIIIH G = 25 OHEPKICINTIK OCiHeney jKaFaaiapblH HAKTHl JKYBIKTay PpETIHJIE
TaHIaJI]IBL.

Icyper — CTanaapTThl aybITKY napametpiepi ¢ = {5, 25, 50} 6onatbia ["aycc uryst

2-cyperte OacTankbl MoH1 5%-Fa OpHAThUIFaH, BIKTUMANIBIFEL 1%, 5% xone 10% OonateiH
«Ty3 O6eH OyphIID) NIyl KOPCETUITEH.

2 cyp.‘ef - <<T¥3.66H 6¥pblHI>> UMITYJIBCTIK mysl: p = 1% (anci3), p = 5% (opramma), p =
10% (xymuri)

3-cyperTe oprala >KapbhIKThIK aliMaKTapblH/a alKbIH KOPIHETiH, ©31He TOH TYHIpIIIKTI
KypbUTBIMBI Oap IlyaccoH mrysl KkepceTinreH.

3 cypet — bacranks! keckin MeH [lyaccoH mrysl 6ap KeCKiH/I CaJIBICTBIPY

bapnsik ko OpenCV, NumPy xane scikit-image kemeriMen Python TiniHae »*a3bliraH.
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Hotnxenep koHe TATKbLIAY.

Bapiblk METpUKAIBIK MOHIED JIEPEKTEP KUBIHBIHAAFBI 15 cypeTr OoibIHIIIA opTalia MOHICP
6o Tabbutaael. PSNR xone SSIM ymin | + o ¢popmarteiaga 6epinren; MSE, MAE xone EPI
YIIIH oOpTamia MOHIEp KenTipuireH (IIarblH TaHAamMada dSKCTPEMyM MOHJIEPre Ce3iMTall,
JUCIIEPCUSIHBI TYCIHIIPY KUBIH). 1, 2 %oHe 3-kecTenepae corkecinmie ['aycc nryblibl, UMITYJIbCTIK
nrysL skoHe [TyaccoH HIybUibl YIIIH HOTHIKENIEP KENTipiireH.

1 kecte — ["aycc mybutbiH cy3y HoTIXKenepi (o = 25, N = 15, PSNR/SSIM: p + o)

Oxic PSNR (zb) SSIM MSE MAE EPI
Iyns! kKeckiH 23,55+ 0,47 0,2774 £ 0,043 288,73 13,49 0,632
T'aycc 30,70 £ 1,04 0,8276 + 0,030 56,86 5,53 0,765
Mennana 31,68 £1,03 0,8536 + 0,029 45,36 5,00 0,832
I'ubpunTi 31,23 £0,87 0,8448 + 0,028 49,87 5,15 0,815
AMF+MDBMF 29,18 £ 1,06 0,7013 £ 0,031 80,77 6,50 0,737
(011235311223) 21,34+ 1,73 0,2779 + 0,044 514,13 17,06 0,632

Ecxepmne: en sicaxcol nomuoicenep Kanviy Kapinnen Oenciieneen.

["aycc mybUTbIH CY3y JKarJaiiblHIa MeauaHa cys3rici O0apiblk Oec MeTpuka OOHBIHIIA €H
)akchl HoTmkenepai kepceTti (PSNR = 31,68 + 1,03 ab; SSIM = 0,854 £ 0,029). I'ubpunri omic
JKakpIH HoTmxkenepre Kou ketkizai (PSNR = 31,23 + 0,87 nb), 6ipak YHIKOKCOH CHIHAFbBI
OOMBIHIIA AWBIPMAIIIBITBIK CTATUCTHKAIBIK MaHbI3bI (p = 0,0047). I'aycc cy3rici YIIiHII OpbIH/IbI
uenenai (PSNR = 30,70 + 1,04 nb), Oyt mrybUIIbIH CTATUCTHKANBIK KacueTTepl ['ayce cysricinig
TEOPHSIIBIK ONTHMYMBI OOJIFAHBIMEH, METHaHa CY3TiCi MPaKTHUKAa/a )KUEKTEePl )KAKChIPaK CaKTall,
MAE wmen EPI monmepin xofapbl aidyra MyMKiHOIK OepeTiHiH kepcereni. AMF+MDBMF
aiftapnbikTaii ToMeH HoTIOKe KopcerTi (PSNR = 29,18 + 1,06 nb), eliTkeHi OHBIH aJrOpUTMi
sKcTpeMyM MaHAepai (0/255) i3neyre Herizaenrex, an ['aycc myblisl MyHIal SKCTpeMyMIapibl
kypmaiael. OkpiTbiMarad DnCNN keckin canackid 2,21 nb-ra HamapnatTsl (U1ybUIAbI KECKIHTE
KaparaHja), OyJ1 anfblH ana OKbITYAbIH MIHACTTIIITIH alKbIH ATENSHII.

2 kecte — IMIynbCTiK MIybUIIBI («TY3 O€H OyphInDy) cy3y HoTHx)enepi (p = 5%, N =15,
PSNR/SSIM: p + o)

Oxic PSNR (zb) SSIM MSE MAE EPI
lyns! keckin 15,12+ 0,67 0,1125 + 0,026 2025,52 13,60 0,366
laycc 24,70 = 0,98 0,4810 + 0,048 225,97 9,93 0,513
Mennana 36,05 £ 3,61 0,9635 + 0,015 19,68 1,88 0,915
I'mbpuari 27,40 + 0,89 0,5572 + 0,057 120,66 6,07 0,645
AMF+MDBMF 33,66 2,67 0,9244 £ 0,013 32,62 2,55 0,871
(0112125311\2:13) 14,54 £ 0,45 0,1130 + 0,026 2297,66 20,78 0,367

WMy nbCTIK OIyBIIIA 9/1ICTEP apachlHAAFbl allbIpMAIIbUIBIK €H aiiKpIH Oaiikanel. Meauana
cy3rici pekopAThIK HoTIKeNnep kepcerti: PSNR = 36,05 + 3,61 nb, SSIM = 0,964 + 0,015, MAE
= 1,88. bys1 Mmeinana amasbIHBIH TaOUFH KaCUETIMEH TYCIHIpieal — skcTpeMyM MaHep (0 sxoHe
255) emkaman Menuana MoHiHe aitHanMaiapl. AMF+MDBMEF exinmii opsiaasr uenenai (PSNR
= 33,66 + 2,67 nb), Oyn omic MMIYJBCTIK HIYBLI YLIIH apHailbl d3ipJIeHTeHIHE KapaMmacTaH,
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menuananad 2,39 nb-ra temen 6onapl. Cebebi: AMF+MDBMF Tek 3kcTpemMyM MuKcenaepai
ayBICTBIPAJIbI, a1 KapamnaiblM MeIuaHa Cy3Tici OapJiblK MUKCeNaepAl O1p KaibIThl OHIACH1, Oy
a3zaraH apThIK Tericrey eceOineH skanmbl PSNR-ni xorapeimaransl. ['aycc cysriciHiH Hamap
notmkeci (PSNR = 24,70 £ 0,98 ab) kyTineTiH OGOJIbI: CHI3BIKTHIK OpTallajay HMITYJIbCTIK
HIBIHAAP/IBI KOUMAMIBI, TEK KOpIIiIepiHe TapaTaabl. YMIKOKCOH ChIHAFbI OOWBIHINA MEIHaHa
Cy3riciHig OapibIK 6acka oficTepIeH apThIKIIBUIBIFBI CTATUCTUKAIBIK MaHbI3bI (p < 0,001).

3 kecte — [lyaccon mybutsin cy3y Hotmxenepi (N = 15, PSNR/SSIM: p + o)

Oxic PSNR (zb) SSIM MSE MAE EPI
Iyns! kKeckiH 22,01 + 5,50 0,4240 + 0,160 1037,54 15,15 0,622
T'aycc 26,02 + 6,59 0,8128 + 0,180 536,36 10,49 0,746
Mennana 27,89 £ 6,63 0,8673 £ 0,124 340,42 8,20 0,810
I'ubpunTi 26,97 + 6,56 0,8138 +£ 0,190 419,89 9,13 0,781
AMF+MDBMF 26,48 £ 5,78 0,7386 + 0,190 373,37 9,43 0,743
(0225}2213) 20,11 £ 4,46 0,4230 + 0,159 1160,84 18,87 0,622

[TyaccoH OrybUTBl YIIIH MEIUaHa CY3Tici TaFbl a xeTekmimikke mblKTel (PSNR = 27,89 +
6,63 nb, SSIM = 0,867). I'uGpuari omic exinmi opsiHabl nenaeHai (PSNR = 26,97 + 6,56 nb).
[TyaccoH mybUIBIHIAFEI CTAHIAPTTHI AyBITKYIBIH CAIBICTHIPMAIIBI YIKSH MoHIEpi (~6 nb) mry
KApKbIHABUIBIFBIHBIH CUTHAJIFa TOYyeNAl TaOUFAaThIMEH TYCIHAIpLIeNi: XKapblK aliMakrapaa Iy
KYIITipeK, OYJ1 op TYpPJIi KECKIHJIEp apachIH A il TapIIbIKTal Bapranus Oepei. Y MIIKOKCOH ChIHAFbI
(p < 0,001) aifibIpMamIbUIBIKTAP/IbIH CTATUCTUKAJIBIK MAaHBI3/IbI €KeHIH pactaiabl, 0ipak Kosn d
ko3 dunumentinin MaHi (d = 0,29 meanana vs I'aycc ymin) [lyaccon mrysuisiaaa 3¢ dexr memmepi
["aycc )KoHEe UMITYJIBCTIK IIYBUIIAPMEH CaJIBICTBIPFaH/IA €lI9Yip a3 €KCHIH KOpCeTe/Ii.

4 xecte — MenuaHa cy3riciHiH 0acka OAICTEPACH apTHIKIIBUIBIFBIHBIH CTAaTHCTUKAIBIK
MaHbI3BUTBIFB (PSNR GoiibiHina YunkokcoH ceiHarel, N = 15)

T'aycc)

CanpICThIpy INaycc mypuisl WMy ibCTiK 1ybUT IlyaccoH nrybuisl
Menuana vs ["aycc p =0,0067 ** p=0,0001 *** p=0,0001 ***
Menuana vs ['nbpunTi p =0,0047 ** p =0,0007 *** p=0,0001 ***
Menuana vs _ - _ sk — )
AMF-MDBMFE p =0,0007 p =0,0001 p =0,0007
Menunana vs DnCNN p=0,0001 *** p=0,0001 *** p=0,0001 ***
Koon d (Memana vs 0,96 (oTe yiKeH) 4,44 (eTe yiken) 0,29 (oprarma)

HlaprTe! 6enrinep: * p <0,001; p <0,01; p <0,05. bapibIK KYNTHIK CaIbICTBIPYJIApP YIIiH
VYunkokcon ceiHarbel p < 0,01 6epai, Oys1 MeauaHa Cy3TiCiHIH apTHIKIIBUIBIFRI KE3EHCOK emMec,
CTaTUCTHKAJIBIK MaHbI3Jbl ekeHiH KepceTeni. Kosn d koaduuueHTiHiH MoHAEp! (MMITYJIBCTIK
urysut yurie d = 4,44 — ete ynkeH a¢dext; I'ayce mysiisl yurin d = 0,96 — ete yikeH 3pQexT;
[Tyaccon mysutsl ymin d = 0,29 — oprama >(QeKT) mpakTUKaiIblK TYpFBIIAH Ja MeIuaHa
CY3TICIHIH apTHIKIIBUIBIFBI AU TAPJIBIKTa MaHbBI3IbI eKeHI1H KopceTel. [[MIoTTHIK TaH aMa Keaemi
(N = 15) eckepinrenje, Oy HOTHXKeENEp CEHIMII TPEH PETiH/IE KapacThIPhLIAIbl, OJAPABIH CaH
JKarbIHAH JIJT Oarayiapbl TOJBIK IEPEKTEp KUBIHBIHIA KOCBIMIIIA TEKCEPY/Ii TaJlal eTeIi.
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Anvinean Hamudicenepdi backa asmopnapobiy 0epekmepiMeHr CalblCmblpy.

AJIBIHFaH HOTIDKENIEPAIH CEHIMIUIITIH TeKCepy MakcaTblHAa ojap 0acka aBTOpPJIApAbIH
JKApUSJIAaHFaH JIEPEKTEPIMEH CalbICTRIPBULABL (5-kecte). MMMIynbCTIK IIYBUITAFBl MeAHaHa
cysricinin PSNR wmoni (36,05 ab) Sun [13] xymbiceiHna anbiaFad MoHMeH (35,2 ab, Setl2
nepekrep kubiHbIHIA) koHe Ullah koHe ©OackamapaeiH [11]  JKyMBICBIHIA — alibIHFaH
AMF+MDBMF yurin PSNR-men (34,1 nb, MmenunuHaIbIK KECKiHICP/E) XKaAKChl yiieceni. by
013/11H SKCTIEPUMEHTTIK MTPOTOKOIBIMBI3JIBIH AYPBICTHIFBIH JOICIICH/II.

5 xecte — AJBIHFAH HOTHXKEJepAl 0acka aBTOpiapAbIH JaepekTepiMeH caibicThipy (PSNR,
b, UMIyIBCTIK HIybU1 p = 5%)

3eprrey JepexTep >KUbIHBI Omic PSNR (nb)
Sun [13], 2023 Set12 (12 Geiine) Menuana 3x3 35,20
Ullah et al. [11], 2025 MenuuHabIK KECKIHACP AMF+MDBMF 34,10
Tian et al. [12], 2020 BSD500 DnCNN (OKBITBLIFaH) 37,80

**TrashNet (15 Oetine,

3k sk 3k skk
THOT)** Menaunana 3x3 36,05

**Bbepinren seprrey**

**TrashNet (15 Oetine,

o ** AMF+MDBME** **33,66%*
MTHJIOT)

**Bbepinren seprrey**

biznig HoTIXKENEpiMI3 oneduerTeri MoHaepMeH (+1-2 nb aysITKy IIeriHie) colkec Keei,
OyJ1 oicTeMelniK IYPBICTHIKTBI pactaijpl. KeiOip albpMamIbLIbIKTAp JEPEKTEP KUBIHBIHBIH
epekuenikrepimer tycingipineai: TrashNet-te ambik (oH MeH OipKesKi *KapbIKTaHABIPY OachIM,
an Setl2-ne Taburu KOpiHICTEp YCHIHBIIFaH.

Odicmepoiy ecenmey Kypoeniniei.

Toxipubenik KoaaHy YIIiH mry 0acy oJiCiH TaHAay Ke3iHJe cara MeTpuKajlapblHaH 0acka
ecenrey KypIesaiiri e MaHb3abl. 6-kectene Oip 512x384 keckiHIl eHaeyre KeTKEH opralia
yakbIT kepcetinreH (Intel Core 17-11800H npoueccopringa 10 kaiitanay opraiia).

6 kecTe — OicTepIiH ecenTey Kypaeniuiri (0ip 512x384 keckiHli OHIey YaKbIThI)

Onic YaKpITTBIK KYPAEILTIK
T"aycc cy3rici (5%5) O(N-k?)
Menuana cy3rici (3%3) O(N-k?-log k)
I'mbGpunari oxic O(N-k?-log k)
AMF+MDBMF O(N"k*log k)
DnCNN (CPU) O(N-L-F?)

N — nukcenaep canbl, k — cy3ri Tepe3eciHiy enmemi, L — KOHBOTIOIMSIIBIK KabaTTap CaHbl
(17), F — cysrinep canbl (64). Cana MeH KbUIIaMIBIKTBIH apachbIHAaFbl OalaHC TYPFBICHIHAH
MeuaHa CYy3rici eH THIMII menriM Ooibin Tadbutanel: of eH xkorapbl PSNR/SSIM mMonnepin
KepceTeIl )KoHe KOHBEHEPIIIK KYMBIC YIITH JKETKUTIKTI KbUIIaM.

Ecxkepmne: 6yn kecmeniy yakeim 6agananapvl KOCbIMUuLa IKCHEPUMEHMMIK onuieyiepoeH
KelliH COHabl 8epCuUs0a MoamulpoblLiaobl.
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[y 6acynbiH knaccuduKanms Taairine acepi (0onammak 3epTrey).

AnbIH ana eHAeyAiH MPaKTUKAJBIK MaiJachliH Tikeslel Oaraay yIiH 11y 6acy KaJiaMbIHbIH
KJlaccuuKaTop AdJAIriHe ocepin enmey KaxeT. [lerenmen, MobileNetV2 nemece ResNet-18
CEKLI/I1 TEPEH >KeJiep YIIiH CeHIM/1 accuracy O6aranaysl KeM JIeTeH/ i€ KY3/IeTeH TecT OeliHenepin
tanan ereni (TrashNet mepexrep xwublHbIHIA ycbiHbUTFaH 80/20 Oeny — ~500 TecT KeckiHi).
bepinren nmunoTThIK 3eprreyne mekreyn Tangama (N = 15) Oynpail OaranayIbl Kyprizyre
MYMKIHIIK OepMmeni, OWTKEHI IIarblH TECT J>KUBIHTHIFBIHAH aJbIHFAH accuracy CaHaapbl
CTaTHCTUKAIIBIK CEHIMCI3 O0map ei.

CoHIBIKTaH OCBI OAFBITTA TOJBIK SKCTIEPUMEHT JKYMBICTHIH KeJIeCi Ke3eHiHe KOCIapIaHFaH:
TrashNet nepexrep xubIHBIHAAFBI ~2527 keckinne MobileNetV2 monenin fine-tune sxacar,
HIybUIIAaH Ta3apTy aaictepidiy Top-1 accuracy MeTpukachiHa ocepiH caHIbIK Oaranay. by aniasix
ayia eHJeYy OJIOTBIHBIH TaHJAAybl TYpajbl NMPAaKTUKAJIBIK YCHIHBICTAP/bl HAKTBUIAYFa MYMKIHIIK
Oepei.

Homuowcenepoiy epaghuxanvix manoayul.

HlynerH yiu Typi OofibiHIIa anThl cy3y oaiciHig PSNR MoHIepiHiH canbICTBIpMaIIbl Ty bl
4-cyperte kenrtipinre. ['padukreH Meauana Cy3TiCiHIH YII Iy Typi OOWBIHIIA Ja TYPaKThl €H
YKOFapbl HOTIOKENIep OepeTini alkpiH KopiHeni. SSIM merpukachkl O0ibIHIIA YKCAac TEHACHIUS 5-
cypeTTe Oalikanaibl.

Gaussian (0=25) Salt-Pepper (5%) Poisson
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4-cypet — Y 1y Typi Oo¥ibIHIIa anThl cy3y ofici yiiH PSNR MoHaepiH canblcTIpy
(xatenik OenrinepimMer £c, N = 15)

5-cyperte SSIM MeTpHKachiH KOJIIaHa OTBIPBIIL, YKCAC CANBICTRIPY KopceTiireH. Mennana
cysrici MeH AMF+MDBMF wuMnynecTik 01y yIIiH €H OFapbl KYPBUIBIMABIK YKCACTBIKTHI
KaMTaMachI3 eTeTiHi oenrim 6omast (SSIM > 0,92).
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(xaremnik Oenriepimer +6, N = 15)
190



Ne3(42) AAA XKAPLLbICHI

6-cyperTe MMMYJIBbCTIK Hybll (p = 5%) karmailblHga op Cy3y O[iCi YIIIH JepeKTep
KubIHBIHAAFEI 15 keckinHiH PSNR monaepi kepcerinreH. Menuana Cy3riCiHIH apTHIKIIBUIBIFBI
OapiblK CBIHAK KeCKiHAepl OOWBIHINA TYpPaKThl CaKTalaabl, OV OICTiH oMOe0amnThIFbIH
JoNenaeh . 4-cyperte op Typili 11y Typi 6ap Keckinaeperi Meauanaiblk cy3ridig SSIM mMonzepi
Oepinren: uMmyiabCcTiK mybuina SSIM > 0,93 Oapnblk KeckiHaepae cakranaabl, an I[lyaccon
mrysuisiHAa Monep 0,80—-0,90 apanbirsinaa e3repe/i.

50 PSNR Comparison per Image (Salt-Pepper Noise, p=5%)

W Gaussian Filter

EEm Median Filter

B Hybrid (Edge-Adaptive)
. AMF+MDBEMF

BN OnCNN (untrained)
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Images

6 cypet — IMITyIbCTIK ITYBUT XKaFJalbIHIA 9p CY3y dfici 6oiibiHma 15 keckinniH PSNR
Mauzepi (p = 5%)

Img10 Imgl11 Img12 Img13 Imgld Img1s

7-cyperte OapiblK 11y Typiepi Oap opOip KeckiH yIIiH MeauaHajiblK cysriHiH SSIM
MoHJIepi KepceTinreH. ['paduKkTeH KepiHiN TypraHaid, MEIUaHAJBIK CY3rl UMITYJIbCTIK IIyFa
JKOFapbl KYPbUIBIMIBIK YKcacThIKKa ue (SSIM Oapibik keckinaepze > 0,93), an [lyaccoH 1mybIHbIH
HOTIDKEIIEPl SPTYPJIL.
SSIM of Median Filter Across Images and Noise Types
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Img10

7 cyper — Y11 mry Typi OOWBIHIIIA MeUAHAIIBIK CY3TiHIH op Keckinaeri SSIM MoHIepiHig
Tapaiysl

Kannvinanean canvicmoipmansl manoay.

8 xecte — Ly Typi OOMBIHIIIA €H XKAKCHI 9/IICTEP ’KOHE MPAKTHUKAIBIK YChIHBICTAp

Iy Typi PSNR en y3nik | SSIM eH y3aix EPI eH y3aix Y ChIHBUTFaH 371ic
Taycc (6=25) Menuana (31,68) | Menuana (0,854) | Menuana (0,832) Menaunana 3x3
Menunana 3x3 Hemece
«Ty3 6en Oypei» (p=5%) | Menuana (36,05) | Meauana (0,964) | Meauana (0,915) | AMF+MDBMF (xorapst

Iy THIFBI3ABIFBIH]IA)
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Iy Typi PSNR en y3aik | SSIM eH y3zaik EPI en y3nik Y ChIHBUTFaH 371ic

Mennana 3x3 Hemece

ITyaccon Menuana (27,89) | Menunana (0,867) | Mexuana (0,810) TuGpuari

AJBIHFaH JIepeKTep/l KaH-)KAKThl Taljay KeJieCl HEri3ri KOPBITBIHABUIAPABI jKacayFra
MYMKIiHIK Oepeni. Meauana cy3srici eH om0Oe0an mienriM OOJIBII IIBIKTHL: YII 1Ty Typi OOHbIHIIA
na 6ec METpUKaHBIH OapJIbIFbIH/IA €H KAKChl MOHEpIl KopceTTi. OJ UMIYJIbCTIK UIYbUIFa Kapchl
epekmre tuiMai (PSNR-ma 'ayce cysricinen 11,35 nb-ra sxone AMF+MDBMF-ten 2,39 nb-ra
JKOFaphl). YUIKOKCOH chIHaFbI (p < 0,01) sxone Kosn d koaddurmenTi (MMITyIbCTIK IIYbUT YIIIH
d = 4,44) OyJ1 apTHIKIIBUTBIKTHIH CTATUCTHKAIBIK XKOHE MPAKTUKAIBIK MAHBI3IbLIBIFBIH PACTAN/TBI.

I'mbpunri omic I'aycc xone IlyaccoH mysuigapblHA €KIHIII OPBIHABI MENCHI, Oipak
UMITYJIbCTIK IIybUIAa OHBIH ['aycc KOMIOHEHTI HMMITYJIBCTIK IIBIHAAPABI THIMAL ©HAeH
aIMaNTBIHABIKTaH THIMAUTITT TemeHaeni (SSIM = 0,557). by canmak k03 UIMEHTTEpIH 1Ty
TYpiHe OeilimMIey KaXeTTUTIriH KOpceTesi.

AMF+MDBMF kackaAThIK 9/1ici UMIYJIBCTIK HIYBLUIFa KApChl €peKIie THIMILTIK KOPCETTI
(PSNR = 33,66 n1b) »xoHe 3epTTeyJiep ammapaTThlK akayiap Hemece IepeKTepi Oepy Karemikrepi
OacbIM O0JAaThIH JKaFIalap YIliH MaMaHAaHIbIPBUIFAH HISIIIM PETiH/Ie YCHIHBITYBI MYMKIH.

OxprteiMarad DnCNN yir mry TypiHAe J1e HEeraTHBTI HOTHXKE KepceTTi — oHblH PSNR
IIyJibl KecKiHnre Kaparanaa ToeMeH oonasl (["aycc ymin 21,34 vs. 23,55 ab, umnynectik yurin 14,54
vs. 15,12 nb, Ilyaccon ymin 20,11 vs. 22,01 nb). By Helipoxeninik MOAeIbAEPIiH THICTI aJIbIH
aja OKBITYCBI3 KECKIH callachlH aKCapThIIl KaHa KoilMail, KepiciHIlle HallapaaTaTbIHbIH alKbIH
nonenaeini [12, 18]. XKorapsl camansl HEHpOKENUTIK Iy sl Oacy YUIIH JepeKTep >KUBIHBI MEH
QJJIBIH aJia OKBITY MPOLIECIH MYKUST TalbIH/Iay KaXKeT.

KopbITbIHABI.

Byt makanaia KanaslKTapabl aBTOMATTaHIABIPBUIFAH CYPBINTAY KOHTEKCTIH/IE KECKIHIEPIi
IIYBUIIAH Ta3apTyAbIH anThl SAICIHIH OipbIHFAll SKCIEPUMEHTTIK MPOTOKOJAA CalbICTHIPMAJIbI
tTangaybl opblHAanabl. TrashNet nepekrtep XHUBIHBIHAAFBI 15 pempe3eHTaTHBTI TYpPIi-TYCTI
6eiinere ym typui my (Iayce 6 = 25, umnynsctik p = 5%, Ilyaccon) sxacaHibl TypJe KOCBULIbI;
HoTmkenep Oec cama merpukachl (PSNR, SSIM, MSE, MAE, EPI) xone mapamerpiik emec
CTaTHCTUKAJIBIK MaHbI3ABUIBIK TecTuiepl (YunkokcoH, Kosn d) apkeuiel Garanmannabl. byn
HOWIOTTHIK 3epTTey OOJFaHABIKTaH, HOTHXKeep OacTanKbl TPEH] PETiHJEe KapacThIpbliIaibl )KoHE
OoJamakTa TOJBIK JepEKTEeP )KUbIHBIH/IA PACTaIybl THIC.

3epmmey0in neziz2i KOPLIMbIHOBLIAPYL:

1. Menuana cy3rici OapiibIK YIII Ty Typi OOMBIHIIA €H )KOFapbl THIMILTIKTI kKepceTTi ([ayce
ymia PSNR = 31,68 + 1,03 nb, umnynbscrik ymin 36,05 + 3,61 nb, Ilyaccon yurin 27,89 + 6,63
nb), Oysl OHbIH OEHCBHI3BIKTHIK TAOUFATHIMEH >KOHE 3KCTPEMYM MOHJIEpPJl CEJIEKTHBTI CY3y
KabineTiMeH TyciHaipiieai. bapiblk KyNOTBIK calbICThIpYyJIap YIIIH YUIKOKCOH chiHaFbl p < 0,01
Oepi, OYIT apTHIKIIBUTBIKTBIH CTATHCTUKAIBIK MaHBI3ABUIBIFBIH PACTAMIB.

2. AMF+MDBMF kackaAThIK 9/1iCi UMITYJIBCTIK IIYBIIAA epeKiie HoTxke kopceTTi (PSNR
=33,66+ 2,67 nb), conapIKTaH AepeKTepai Oepy KaTemiKTepi HeMece CEHCOPIIBIK aKayiapra OeiiMm
KOJI1aHOaap YIIiH YChIHBUIA L.

3. ApanTuBTi ®HUeKTI cakTailTeiH Tubpuati onic 'ayce (PSNR = 31,23 + 0,87 nb) xone
[Tyaccon (PSNR =26,97 £ 6,56 1b) mysuiiapbIH/ia TYPaKThl HOTHKENEp 6epi, 01pak UMITYJIbCTIK
mrybUTFa THIMaUTIr Temed (SSIM = 0,557).

4. OxpitbuiMarad DnCNN KecKiH canachlH HalapiaaTThl, Oyl HEHpOXKETUTiK daicTepIiH
OKBITY JIEPEKTEPIHCI3 THIM/II )KYMBIC 1CTeH alIMaMTBIHBIH JTJIEIICHII.

5. ANIBIHFaH HOTHOKENep 0acKa aBTopiapAbIH KapusuianFan nepexrepimed (Sun [13], Ullah
etal. [11], Tian et al. [12]) £1-2 nb merinae colikec keneai, OyJ1 IKCIIEPUMEHTTIK MTPOTOKOJIIBIH
JYPBICTBIFBIH pacTaibl.
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3epTTeyiH TPAKTHKAIBIK MaHBI3ABUIBIFBL.  AJIBIHFAaH 0OacTankbl KOPBITBIHIBLIAD
KAJABIKTapAbl HMHTEJUIEKTYalJbl CYpbINTay OKYWEJEepiHIH alAblH aja eHJey OJIOTbIH
xobanmaymbutapra Oargap Oepeni: (a) ©HIIPICTIK KaMepaHbIH HETI3r LIy TYpiH aHBIKTal, OFaH
coliKec Cy3riHi TaHaay Kaxkert; (0) apanac xarnainapaa (6ip me3riiae OipHerie mry Typi) MeauaHna
cysrici 3 X 3 el Kayirnciz omOeOan miemiM peTiHae OaramaHaabl; (B) JaWblH HEHPOKETUTIK
MOJIeIbACPAl THICTI AJJIBIH ajla OKBITYChI3 KOJIJIaHy MTPAKTUKAChIHAH ayliaK 00Ty Kepek.

3epmmeyoin wexmeynepi. Byl TWIOTTBIK 3€pTTEY: SKCHEPUMEHTTEp 15 KecKiHHEeH
TYpaThIH IIAFBIH PENPE3CHTATHBTI TaHJAaMaJa OPBIHAAIABI, Oy HOTHIKEIEPIiH JKAIMbUIAy
MYMKiHAITiH mekTeiai. Wilcoxon ceirarbl (N > 6 Ke3iH1e KOJIaHblIa OEpeTiH mapaMeTpiik eMec
TECT) CTAaTUCTUKAJIBIK MaHBI3/bl HOTHKETIEp Oepce e, p-MOHICPAiH CaHIBIK oI Oarajapbl TOIBIK
JEpeKTep >KUbIHBIHIA KeHEHTY il Tanan ereqi. COHbIMEH KaTap, SKCIEPUMEHTTEp OaKblUIaHATHIH
KapBIKTaHIBIPY SKarnaimapeigaa Ttycipiiren TrashNet pepexTep >KMBIHBIHAA KYPTi3uiii;
OHEPKOCINTIK MapTTapJarsl Kypaei Keckinaepae (KoJeHKenep, KadaTracyiap, *KbUIIaMIbIKIICH
KO3FAIaThIH OOBEKTUIEP) HOTHKEIep aybITKybl MyMKiH. Lllysuimap skacanabl TYpAe KOCBUIIBL;
HAKThI Kamepa IIybUIbl KYPAETIPEeK CTATUCTUKAJIBIK CUIIaTTaMaliapFa ue 00JIybl MyMKIH.

Bomamax 3eprreynepne xocmapianranaap: (1) Tomsik TrashNet nepekrep KUBIHBIHIA
(2527 6Geitne) sKCIEpUMEHTTI KaiiTanay, HOTHKeIepIiH TYPaKThUIBIFBIH pacTay; (2) MobileNetV2
kiaccuukaTopsiH fine-tune skacam, ury 6acy 9aicTepiHiH TaHy AJAIriHE 9CEPiH CaHBIK Oarasay;
(3) TrashNet nepextep >kubiHbIHIA apHaiibl OKbITbUIFAaH DNnCNN >xoHe Restormer monennepin
azipiney; (4) ury TypiH aBTOMATThI TYP/€ aHBIKTAl alaThlH OCHIMAENTIN Cy3ri Ti30eriH sxobanay;
(5) HaKTBI OHEPKACINTIK KOHBEWEPAETI KaMepa JepPEeKTepiHIe HOTHKENEPAl TeKCepy.
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METO/IbI ITYMOIIOJIABJIEHU S N30BPAKEHUM 1151 ITOBBIIIEHUS
TOYHOCTHU PACIIOSHABAHUSA OBBEKTOB B ABTOMATU3UPOBAHHBIX
CUCTEMAX COPTUPOBKHA OTXOA0B

Annomauyun. Aemomamu3uposantvie CUCMEMbl PACHO3HABAHUS 00bEKMO8 WUPOKO
NPUMEHSIIOMCSL 8 NPOMBIUIEHHOCMU, POOOMOMEXHUKE U IKOJLOSUYECKOM MOHUMOPUH2E, NPU INOM
UHMENLIeKMYAlbHble  CUCTEMbl  COPMUPOBKU  OMX0008 AGNAIOMCS  OOHUM U3  Haubolee
nepcnekmueHvlx Hanpasienuti. OOHAKO HeCMOMpsi HA MO, YMO Ka4ecmeo NpedsapumenbHOU
00pabomku U300padxceHuli — 8 0COOEHHOCMuU dMan WyMONROO0AGIeHUs — HANPAMYIO 6lusem Ha
MOYHOCMb PACNO3HABAHUA, 8 Jumepamype HeOOCMAmo4HO NPeOCmasier CUCMeMamuiecKull
CPABHUMENbHBII  AHATU3 MeMO008 O€HOU3UHeA 6 KOHMeKCme COPMUpPOSKU omxo0os. B
Hacmosujem NUIOMHOM UCCIe008aHUU OAHHBIU NPObeN 80CNOIHACMCA NyMeM CPAGHEHUs Wecmu
MEMO008 UWYMONOOABNIEeHUSl 8 PAMKAX €OUHO20 IKCHEPUMEHMATLHO20 NPOMOKOLA: 2AYCCOBCKULL
Guromp, meouanuvili Gurbmp, UOPUOHBILL MemOoO C A0ANMUBHbIM COXPAHEHUEM 2SPaHUY,
kackaoHwvlti memoo AMF+MDBMF u wuetipocemesou memoo DnCNN 6e3 npedsapumenvnoco
06yyenus. dxcnepumenmanvHas 6aza exaouana 15 penpeseHmamusHbIX Y8eMHbIX U300paA*CEeHU
mpex K1accos (niacmux, cmexuio, memanin) uz Habopa oaunvix Kaggle TrashNet. I[Ipumenenvt mpu
MUNA UCKYCCMEEHHO 000ABNIEHHO20 WYMA. 2AYCCOBCKUL WYM (0 = 25), UMNYIbCHBIU ULYM «CONb U
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nepey» (p = 5%) u nyacconosckuii wiym. [[na oyenku kauvecmea ucnonib308aauch nsims Mempux
(PSNR, SSIM, MSE, MAE, EPI) u uenapamempuueckue mecmvl 3HAYUMOCU (Kpumeputl
Yunxoxcona, koaghgpuyuenm Kosna d). /[ononnumenvro uzmepena uluuciumenbHas C10#CHOCHb
Memoooes (8pemsi oopabomku). Pezynomamel nokasanu, umo meouanmviii puibmp obecnewusaem
Haugvlcuyto ¢ghgpekmuenocms npu 6cex mMunax wyma co Cmamucmuidecku 3HAUUMbIM
npeumywecmeom (p < 0,01). Kackaouwii AMF+MDBMF npodemoncmpuposan 6ulCOKy0
aghgpexmuenocmov npu umnyivchom wyme. Heobyuennass DnCNN nokazana ompuyamenvHbulil
pesyaibmam, — umo  noomeepicoaem  00A3amMeNbHOCMb — NPeo8aApUmMenbHo20  00yYeHUs
Helipocemesblx MooOenell. Hayunas HosusHa uccredosauuss 3axkuoyaemcs 6 paspabomie
Memooono2uu eOUHO020 IKCNEPUMEHMATLHO20 NPOMOKONA Ol CPABHEHUS MEeMOO08 OeHOUUH2A
mpex K1accog 6 3aoaie cOpmuposKu omxo0os. llonyuenHvle nuiommusie pe3yibmamvl MOSYm
CYHCUMb — OpUEHMUPOM Ol NPOEeKMuposanus 0OI0Ka npeodeapumenvHol  o6pabomku
ABMOMAMUBUPOBAHHBIX CUCEM COPMUPOBKU OMX0008 U NOONEHCAM PACUUPEHUIO HA NOJIHbI
Habop oannvix TrashNet (2527 uzobpasicenuti) 8 OanbHeuuux UcCied08anusx.

Knrouesnie cnosa: wymonooasnenue uzoopasjicenuil, 2aycco8CKull Wym, UMNYIbCHbIL WYM,
pacnosnasanue 00beKmMos, MeOUAHHbI  GUIbMP, 2UOPUOHbIE MemoObl  uibmpayuu,
cmamucmuyeckas snavumocmo, PSNR, SSIM, TrashNet.

IMAGE DENOISING METHODS FOR IMPROVING OBJECT RECOGNITION
ACCURACY IN AUTOMATED WASTE SORTING SYSTEMS

Abstract. Automated object recognition systems are widely used in industry, robotics, and
environmental monitoring, with intelligent waste sorting being one of the most promising
application areas. Although the quality of image preprocessing — particularly the denoising stage
— directly influences recognition accuracy, the literature lacks a systematic comparative analysis
of denoising techniques specifically in the context of waste sorting. This pilot study addresses this
gap by comparing six denoising methods within a unified experimental protocol: Gaussian filter,
median filter, hybrid adaptive edge-preserving method, cascaded AMF+MDBMF method, and an
untrained DnCNN neural network. The experimental dataset included 15 representative color
images of recyclable objects from three classes (plastic, glass, metal) selected from the Kaggle
TrashNet dataset, distorted by three types of artificially added noise: Gaussian noise (o = 23),
salt-and-pepper impulse noise (p = 5%), and Poisson noise. Five quality metrics (PSNR, SSIM,
MSE, MAE, EPI) and non-parametric significance tests (Wilcoxon signed-rank test, Cohen's d)
were employed. In addition, the computational complexity of each method was measured. Results
demonstrated that the median filter achieves the highest performance across all noise types with
statistically significant superiority (p < 0.01). The cascaded AMF+MDBMF method showed high
effectiveness for impulse noise. The untrained DnCNN degraded image quality, confirming the
critical necessity of pre-training neural network models. The scientific novelty of this study lies in
the development of a unified experimental protocol methodology for comparing denoising methods
of three different classes in the waste sorting task. The obtained pilot results may serve as a
guideline for designing the preprocessing block of automated waste sorting systems and should be
extended to the full TrashNet dataset (2527 images) in further research.

Keywords: image denoising, Gaussian noise, impulse noise, object recognition, median
filter, hybrid filtering methods, statistical significance, PSNR, SSIM, TrashNet.
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MOBMWJIBAI POBOTTAHABIPBIVITAH ITVIAT®OPMAHBIH KAVIIICI3
HABUT'ALIUSACBIH KOIICEHCOPJIbI AKITAPAT HEI'I3ITHAE KETIJLAIPY

Anoamna. Byn oswcymvicma Kencencopivl aknapammul OIpikmipy HeciziHOe MOoOUIbOI
pobommanovIpuLIaH NAam@opmansly Kayinciz asmoHoMObl HABULAUUACHIH dicemindipy 20ici
ycovinvinzan. 3epmmeyoiy makcamol LIDAR, RGB kamepa, unepyusnvix onwey mooyni (IMU)
JICOHe OOHRANAK IHKOOepiepiHeH QNbIHeAH Malimemmepoi OIpikmipy apxblivl poOOmMmolH
OPHANACYbIH  CeHIMOI  6aganay ocane Kedepeinepoi eckepe OMbIpbln KAVINciz Ko32abic
MPAeKmMopUACbIH  Kaiolnmacmoslpy 00avin  mabwinadvl. ¥YcvlHulizan 20icme  MoOuIboi
naam@opmanvly OUHAMUKATLIK MOOeNi, KONCEHCOpabl aknapammsl OIpiKmipy aicopummi,
KOpuwiagan OpmaHvl 6aganay, Kayinciz mpaekmopusiubl JHCOCNAPIAY MHCIHE HAKMbl YaAKblm
pexcuminoei Ko3eanvicmol backapy mMooyavoepi 0ip xcytiece OIpikmipinoi. JJuHamukaiblx Mooes
pobommuly KO32AIbIC NApaAMempiiepin, OOH2ANAKMAPObIY AUHANY HCLLIOAMOBLIKMAPLIH JHCIHE
backapy acepiepin eckepyee MYMKIHOIK Oepedi. Koncencopivt axnapammul  Oipikmipy
Hamudcecinoe pooommoly AbIMOAbl OPHANACYbL MEH KO32aAblC KYUi 0a2anauvin, alblHRAH
aknapam mpaekmopusHbl HCOCNApaay caHe oOackapy owcyuecine Oepinedi. Kayinciz
MPAeKmopusHbl KAIbINMACmblpy KesiHoe pobom new Keoepeiiep apacblHOagbl MUHUMALObL
KAUWbIKMbIK ecKepilin, COKMbleblCy KAYNiH MmoMeHOememin KO32aablC 6agblmbl aHbIKMANAOb.
oo0icmiy muimoinici MATLAB owcone ROS—Gazebo moodenvoey opmanapvinoa 6Oazanamowl.
Mooenvoey bOapvicvinoa pobommuvly — HCOCNAPIAHRAH —MApuwpym  OOUbIHUA — KO38AIbICYL,
CMamuKkanvly Keodepeinepli aublKmaybl JHCoHe 01apObl KAyinciz auHanwin emyi 3epmmendi.
Convimen Kamap cencopivlk ManimMemmepee ColpmKbl ULy eH2i3iNiN, YCblHbII2AH MaCiIOiy oauley
Kamenepine mesimoiniei bazananovl. Homuoicenep kencencopivl aknapammsl OIpikmipy
pobommbuly OpHANACYbIH 0A2ANAY MYPAKMBLILIZLIH  APMMBIPLIN, MPAEKMOPUAHbL MYPAKMb]
OaKwvLIayobl JHcaHe KAYINCiz HasUuayusaHvl KAMmMAamacsl3 ememinin kepcemmi. ¥CulHulI2aH 20ic
OHOIpICMIK a8MOMammanobipyod, KOUMAIbIK T102UCMUKAOA HCIHE CePEUCTIK POOOMOMEXHUKAOA
MOOUNLOT pOOOMMApPObIY ABMOHOMObL HABULAYUSA JCYleNepiH 23ipaey YUliH KOJIOAHbLILY bl MYMKIH.

Tyiiin co30ep: MmobOUNLOI poOOMMAHOBIPLIIZAH —NAaAmM@popmMa, KAYIncis Hasueayus,
kencencopnvl aknapammol Oipikmipy, LiDAR, RGB xamepa, IMU, Oonzanax 3ukooepi,
OUHAMUKATILIK MOOelb, mpaekmopusiHvl xcocnapaay, ROS—Gazebo.

Kipicme.

Kazipri  yakpiTTa  MOOWIBAI  POOOTTAHABIPBUIFAH  IJIaTgopMmanap  ©HAIPICTIK
aBTOMATTaHJBIPY, JOTUCTHKA, aybl IAPYyallIbUIbIFbI, JEHCAYJIBIK CAKTAy, KbI3MET KOPCETY JKOHE
WHTEJUICKTYaJIJIbI KOJIK JKyHeepiHae KeHIHeH KOJTaHblIaapl. MyHaai sKyienepaiH THIMIUTIT
ONapIblH KOpIIaFaH OPTAaHbl NI KaObUIIayblHA, ©3 OpPHBIH CEHIM/lI AaHBIKTayblHA >KOHE
KO3FaJIBICTBl Kayilci3 YHBIMAACTBHIPY KaOljeTiHe Tikene OaimanplcThl. COHABIKTAH MOOWIIBII
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pOOOTTapABIH KAyilCi3 HABUTAIMSICHIH KAMTaMAaChI3 €Ty pOOOTOTEXHHKA CAIAChIHIaFhl MaHbI3 b
FBUTBIMU OaFbITTap IbIH O1pi OoJbIn TabbLIaABL. [1-3]

ConnpikTan coHFbI XbuIapsl 3eprreyiepae LiIDAR, RGB kamepa, nHepUUAIBIK o©JIIey
osorel (IMU) sxoHE mOHFaJIaK YHKOAEPJIEPl CHAKTHI OIpHEIIe CEHCOpPJaH ajbIHFaH aKIapaTThl
OipiKTIpYy 9iCTEpiHE epeKIle Hazap ayaapeuryaa. [4—6]

Kemncencopnbl aknmapaTTsl OipiKTipy KOpIIaraH OpPTAaHBIH T'€OMETPHSUIBIK KYpPBUIBIMBIH,
POOOTTHIH aFbIMAAFBI KYHIH KoHE KO3FajbIC MapaMeTpiiepiH Oip yakbITTa OarajayFa MYMKIHJIIK
Oepeni. LiDAR xkeHicTiKTeri KenepriiepJiH HAKThl KOOpIWHATAJIIAPBIH aHBIKTaca, Kamepa
KOpILIaFaH OpTaHbIH BHU3YaJAbl epekiuenikTepin cunarraiael. IMU poOGoTThIH yaeyi MeH
OYPBITHIK KBULAAMJIBIFBIH OIS/, a1 YHKOAEPJICP OPBIH ayBICTHIPY Typalibl akmapaT Oepe/ii.
OcCBbl CEHCOPJIBIK MOJIIMETTEPl KeIeHAl OHILY JOKAIM3alus JOJITIH apTThIPBIT, MOOWIbII
pOOOTTHIH KOpIIaFaH OpTajarbl OPHBIH CEHIMJI Oaralayra »oHE Kayilci3 HaBHTAIUSHBI
KaMTaMachl3 €Tyre MyMKiHaiK Oepeni [7-8].

OnebuerTepre KYpri3UireH Tajgay Kasipri 3eprreyiiepJie KOICEHCOPIJbl aKIMapaTThl
OipiKTIpy, TPACKTOPHUSHBI KOCHapJay >KOHE KeAepriiepil aiHajblll 6Ty Mocelenepl KeHiHEH
KapacThIPBUIATHIHBIH KOpCeTTi. Anaiina Oy OarbITTapIbIH KOMIILIIT JKeKe-)KeKe 3epTTeITeH, all
onapabl Oip HaBUTALMANBIK >Kyiene KemeHAl OIpikTipy Maceneci >KeTKUTIKTI JeHrene
3eprrenamered. COHbIMEH KaTap CHIPTKBI OJIIICY KaTEeIIKTEPiHiH 9CepiH eCKepy JKOHE YChIHBIUIFaH
onmictepai poOOTTHIK OaFAapiaaMalblK OpTafa TEKCEpy MIcesenepi i J1e ©3eKTi OOJIBIN KallbII
otsIp [9-10].

OchbiFaH 0aiJIaHBICTBI KOTICEHCOPJBl aKMapaT HETi31HAe MOOWJIBII pOOOTTaHIBIPHUIFAH
1aTGOpMaHbIH Kayilci3 HaBUTANMSICHIH KETUIMIPY FBUIBIMH JKOHE MPAKTUKAIBIK TYPFBIIAH
©3€eKT1 Macelie 00JIbII Ta0bLUIa kL.

3epTTeyiH FHUIBIMHU KaHAJIBIFBI MOOWJIBAI POOOTTAHABIPBUIFAH TUIATQOPMAHBIH Kayirci3
HABUTALMSICHIH KaMTaMmachl3 €Ty YVIIIH KOICeHCOpJbl aKmaparThl OeiiMaeneTiH caiMak
koo duuuentrepi Herizigae OipikTipyai, miuarGopMaHbIH JAWHAMHUKAIBIK MOETIH, Kayimci3
TPACKTOPHUSHBI JKOCTapiay bl KOHE KO3FaIbICThl O0acKapy/bl OipbIHFAall HaBUTAIMSUIBIK Xyilene
KCIIeHI KOJJaHyaaH Typaabl. KoOJTaHBICTaFbl KOIICEHCOPJIBI HABHTAIUS TOCUIICpiHEH
alpIpMambUIBIFel, YcbiHbUIFAaH omicte LiDAR, RGB kamepa, IMU xoHe mdoHFanak
SHKOJIEPJIEPIHEH aJBIHFAH aKMapaTThIH POOOT KYWiH Oarayiayra KOCATHIH YJIE€Cl TYPaKThl CaIMaK
KOO(QUIUEHTTEPIMEH €MeC, CEHCOPJIBIK OJIIIeyJIepIiH aFbIMJaFrbl OeNrici3lirine coikec
OeitimaeneTiH kodhpUIHEeHTTEp apKblIbl aHBIKTANA bl OIley TUCIEPCUsChl apTKaH JKaraanaa
coiikec CEHCOPABIH CalMarbl aBTOMATThl TYpAEC TOMEHAETLIIN, CEHIMAUIIr >KOFaphl aKmapar
KO3JIepiHIH YJiecl apTaabl. AJbIHFaH OIPIKTIpUITeH KyH Oarachl KayilcCi3 TpaeKTOPUSIHbI
KocrmapJiay >KoHe KO3FajbICThl 0ackapy MoayibjaepiHe Oepineni. Ocbutaiiina, YChIHBUIFAH TOCLI
CEHCOPJIBIK ~ eJuieysiepaiH Oenrici3girt kargaibiHga poOOT KyHiH Oaramay, Kayirnci3
TPACKTOPHUSHBI KAJBINTACTHIPY >KOHE KO3FANBICTBI Oackapy MIHAETTEpiH e3apa OalaHBICKaH
OipbIHFall XKylee menryre MyMKIHJIIK Oepel.

Ocpnl xxymbicThIH MakcaTel — LIDAR, RGB kamepa, IMU xonHe sHKOIEpIIepACH albIHATHIH
MoNiMeTTepAl OIpIKTIpy apKbUIbl MOOMIIBIl POOOTTAHIBIPBUIFAH IJIATPOPMAHBIH KOpIIaFraH
opTaja Kayimnci3 Ko3ralyblH KAMTaMachl3 €TeTiH HaBUTALUSIIBIK SJICT1 93ipiey. ¥ ChIHBIIFaH TOCLT
pOOOTTHIH OpHaJacyblH J9JIpEeK aHbIKTayFa, Kayilci3 TpaeKTOpPUSHBI JKOcCHapiayFa >KOHE
CTaTHKAJBIK KeJIeprijiep KarJaiblHaa TYPAKThl KO3FAIBICTH KAMTaMAachl3 eTyre OarbITTajFaH.

3eprTTey MaTepuaaapbl MeH dicTepi.

Mobunvoi pobommarnovipviiean NAAM@BOPMAHIY APXUMEKMYPACHL HCIHE OUHAMUKATILIK
Mooeri.
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¥ ChIHBUTFaH MOOMIIBA1 POOOTTaHABIPBUTFAH MIaT(HOPMaHBIH apXUTEKTYpPaChl KOIICEHCOPIIBI
aKMmapatrThl )KHHAY, aJIJIBIH aa eHJeY, OipiKTipy, Kayilci3 TPaeKTOPHUSHBI )KOCTIapiiay JKOHE
KO3FaJIBICTBI 0aCKapy MOJYJIbAEPIHEH TYpaibl. bapiblk (yHKIMOHAIABIK MOIAYJIbICD 63apa

0aliIaHbICHIN, POOOTTHIH KOPILIAFaH OPTAaFbl ©3repicTepre HaKThl YaKbIT PeXKUMIHIIE

Oeitlimaenyin KamTamachl3 etei. JKyHeHiH jKalbl KYPbUIBIMBI 1-CypeTTe KOpCeTiIreH.

E CEHCOPNAP

LiDAR

(KaLbIKTbIK enwiey)

RGB kamepa

(BM3yanabl aknapar)

IMU

vy

(vAaey xaHe 6ypbIlTbIK
Kblnaamapbik)

ANAObIH ANA
OHOEY

KOnCEHCOPIbI
AKMAPATTbI
BIPIKTIPY

KAYINCI3
TPAEKTOPUSAHDbI
XOCNAPINAY

- Kynpi 6aranay

(Mbicansl, EKF)
- Mo3unuwms (X, y)
- BafbiT (8)

Kepeprineppi
anHanbl 8Ty XaHe
OHTalNbl MapLUPYTTh
Kypy

KO3FANbICTbI
BACKAPY

KonTponnep
(mbicansi, PID)

MoBuUnbAal
POBOT
NNAT®OPMACHI

- Xbin,

J[oHfFanak aHkoaepnepi
(KaWbIKTbIK XaHe
6ypbiny 6ypbilubl)

Cypet 1 — Mobunbai poOOTTaHBIPBUIFaH TIaT(HOPMAHBIH KOIICEHCOPIIBI KAYiIci3 HaBUT AU
apXUTEKTYpachl.

l-cypeTTe YCBIHBUIFaH HaBUTAIMSUIBIK JKYHEHIH HETi3rl KypbUIbIMBI KepcerinreH. LiDAR,
RGB kamepa, IMU jxoHE IOHFalIaK HKOJAEPIICPIHCH aJIbIHFAaH MOJIIMETTEP aJIJIbIH ajla OHJICIIIII,
KOIICEHCOPJIBI  OipikTipy MoxayniiHe Oepinemi. Ocbl MOAyIbAEC POOOTTHIH aFBIMJIAFBI  KY#il
OaranaHbIl, allbIHFAH MapaMeTpiiep Kayilci3 TPaeKTOPHUSHBI jKocmapiay OJorbiHa Kibepiieni.
KosranpicTel Oackapy jKyleci >KOCTapiaHFaH TPACKTOPHWs HETI3IHJe JKETEKI JTOHFaJaKTapra
Oackapy KOMaHAaJapblH KanbTacThipaibl. Kepi OailiaHbic apHAachl pOOOTTHIH HaKThl KYHiH
Y3ZiKci3 OakbUIayFa dKoHe KO3FaJIbICThl TY3€Tyre MYMKIHAIK Oepei.

PoOOTTHIH ammapaTTBIK KYpBUIBIMBI KO3FaJbIC KYWECIHEH, ecenTey MOIYIIHEH >oHe
OipHeme ceHcopiapaaH Typanabl. Kosranbic xyleci ekl RKeTeKIl jkoHe Olp TIpeK IOHFajJaKTaH
KypanFaH auddepeHnnanapl KeTekTi MOOMIbAlI miuaTgopma Heri3iHae opbHAanFaH. MyHnai
KYpbUIBIM OacKapyablH KapanalbIMAbUIBIFBIMEH, JKOFApbl MaHEBPIITIMEH OHE OHAIPICTIK 9pi
KbI3MET KOpCeTy calaJlapbIHIaFbl MOOMIIB/II pOOOTTap/1a KEHIHEH KOJIJaHbUTYBIMEH epeKIIeTIeHe I
[11].

[TnatdopmaHbIH KO3FalBICBIH JQNIPEK CHUMATTay YUIH JudQepeHIuanabl KeTeKTiH
JTMHAMUKAJIBIK MOJIENI KapacThIPhUIIbl. KHHEMaTHKAIBIK MOJIENbh T€K POOOTTHIH T'€OMETPHUSIIBIK
KO3FAJIBICBIH CHUMATTAalbl, all JUHAMUKAJIBIK MOJENb IUIaT(GOpMaHbIH MaccachlH, HWHEPLUSI
MOMEHTIH, KE€TEK KYIITEPIH >KOHE KO3FaJIbICKa KeIepri ocepiepiH eCKepyre MYMKIHJIIK Oepe/.
PoOOTTBHIH GOMIIBIK KO3FANIBICHI KeJleCl TEHAEYMEH CUIIaTTalabl:

mv = Fp + F, — Fres (1)

MYH/IaFbI:

m — MOOWJIB/II IIATGOPMaHBIH TOJBIK MAacCaChI;

v — TU1aT(OPMAaHBIH ChI3BIKTHIK JKbUTIAMIBIFHI;

F xoHe F}, — OH ’oHE COJI XKETEeKIl JTOHFaIaKTap TybIPaThlH TapTy KYIITEPI;

F,.es — nomanay kezieprici ME€H ChIPTKbI dcepiep/l CUIaTTalThIH KOPBITKBI KeAepri KYIIi.

byn Tenney ninatgopmaHbIH ChI3BIKTHIK YACYIHIH KETEKII JOHFAIaKTapAblH TapTy KYIITEPi
MEH KO3FaJIbICKa Kapchl ocep €TeTiH Kelepri KylliHe ToyenJi ekeHiH kepcereni. OH KoHE COl
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JOHFaJlaKTapAarbl ~ TapTy  KYWITEpiHIH  aiplpMackl  pOOOTTHIH  aifHally  KO3FaJIICHIH
KaJIbIITACThIPAJIbL:
J& == (Fg = Fy) = My )

MYH/JIaFbl:

J — mnargopMaHbIH TiK OCbKE KaThICThI HHEPLIUS MOMEHTI,

@ — OYPBITHIK KbUITAMIBIK;

L — xeTeK1l JOHFaIaKTap apachbIHAFbl KAllIbIKTHIK;

M, es — aiiHanMabl KO3FaIbICKa KapChl 9cep €TETIH KeAEepPri MOMEHTI.

Exinmn tenney miaropMaHbH OYpBHINITHIK YISyl OH KOHE COJ JOHFAIAKTAPIBIH TapTy
KYIUTEpPiHIH aibIpMacbIMEH AaHBIKTaNaThIHBIH Kepcerenl. Ochliaiilia JMHAMHUKAIBIK MOJEIb
Macca, UHEPLUs KOHE KeAEPTi acepIIepiH eCKepe OTHIPHII, pOOOT KO3FAIBICHIH MOJIENIb/ICYTe )KOHE
Oackapy aJIrTOpUTMIH TEKCEpyTre MYMKIHIIK Oepei.

Kopmaran opra Typalibl aKnapaTThl )KHHAY YIIiH OipHEINIe TYPJIi CeHCopIap KOJIIaHbLIa/IbL.
LiDAR KeHICTIKTEeTi KeAepriiepaiH apaKallbIKTBIFBIH JKOFAphl JOJIIKIICH OJIIeH Il >KOHE
KOpILIaFraH OPTAaHBIH TEOMETPHUSIIBIK MOJENiH KajbslmTacTeipanbl. RGB kamepa Buzyanabl
aKmaparThl KaObuidan, OOBEKTIIepAl aHBbIKTAayFa »OHE OJapiblH OpHalacyblH Oaranayra
MyMKiHIiK Oepeni. IMU ceHcopsl poOOTTHIH yAEyl MEH OYpBIIITHIK KbUIIAMIBIFBIH O©JIIIIeH
OTBIPBINT KO3FallbIC JMHAMUKAChIH CcHUMarTailnbl. JleHrenaek sHKoJepiepl POOOTTHIH JKYpPreH
KaIIBIKTBIFBl MEH OYpBUTY OYPBIIIBIH €cenTey YIIiH naiaanansuiaasl [12].

bapnblk ceHcopiapAaH alblHFAaH MOJIIMETTEP OpPTANbIK €CenTey MOAYJIHIEC OHJENEIl.
ANnpIMEH ejImeyJep CY3TiIeH OTKI3UIiI, yaKblT OOHBIHIIA CHHXPOHIATAIbl JKoHE OipbIHFai
KoopAuHaTanap xyhecine typiaenaipiieni. Keilin kernceHcopbl OipiKTipy alropuTMi poOOTTHIH
arpIMJIaFbl KYWiH Oaramai/ibl. AJIBIHFAaH KYH TapaMeTpiiepi TPAaCKTOPHUSHBI KOCIMapiiay KoHE
KO3FaJIBICTBI OacKapy MOIyJbJepiHe Oepineni.

Y CBIHBUIFaH apXUTEKTYPAHBIH HET13T1 €PEeKIIeNiri — 9PTYPIIi CEHCOPJIAP IbIH aKIapaTTapbiH,
w1aTOopMaHbIH JUHAMUKAIBIK MOJEIIH, TPACKTOPHIHBI JKOcHapiay >KoHe KO3FaJbICThl OacKapy
MOJyJIbAEpiH Oip xkyleae OipikTipy. MyHmai KYpbUIBIM HABUTAIMSUTBIK aKIAPaTTHIH CEHIMALTITIH
apTThIphIN, MIATGOPMaHbIH CTAaTUKAIBIK Keaepriiepi 06ap opraga TYpPakKThl KoHE Kayimci3
KO3FayblHa MYMKiHAIK 0epeni [ 13]. Kerncencop:isl ManiMerTepai O1pIKTipy 9/ici Keneci OemimMae
KapacThIPbLIAIbI.

Kencencopnvl aknapammur 6ipikmipy a0ici.

Mo6unpai poOOTTHIH KayllCi3 HaBUTALMSACBIHBIH TUIMAUIN KOpIIAFaH opTa Typasbl
aJBIHATBIH aKMapaTThIH AT MEH CEHIMIUTITIHE Tikened OaitmaHbicThl. Bip FaHa ceHcopabl
KOJIJaHy JIOKaJIM3allys KaTeNiriHiH apTyblHa >KOHE KOpLIaFaH OpPTaHbl TOJBIK Oarayail anMayra
oKkenmyl MyMKiH. YcbiHbUIFAaH kyhene LiDAR keneprinepaiH TeoMeTpUsIIbIK OpHalaCyblH
anbIKTaiiipl, RGB xamepa Busyanabl Oenrinepai KansinracTbipaabl, IMU poOoTTHIH yaeyl MeH
OYPBIITHIK KBUIIAM/IBIFBIH OJIIICH]I1, all JOHFaJaK YHKOJIEpIIepi OPhIH ayBICTHIPY MEH KO3FaJIbIC
0arbIThl Typasibl MasliMeT Oepeni. Ochkl ceHcopIap/blH aKnapaTTapblH KEeIIeH1l OHJIeY OJlap/IblH
JKeKe KEMUIUTIKTEPIH ©3apa TOJIBIKTHIPHIIN, POOOT KYHiH OaranayablH CEHIMALIITIH apTThIPaJIbl.

Y CHIHBIIFAH 9/1iCTE CEHCOPJIBIK MAJIIMETTEpP allIBIMEH CY3T1JIeH OTKI3UIIN, yaKbIT OOHBIHIIIA
CUHXpOHJ1aja bl XoHe O1pbIHFall KoOpAMHATaap XKyheciHe TypiaeHaipiaeai. Opoip ceHcop podboT
KYH1HIH TOJBIK BEKTOPBIH TiKeJIeH KaJbITaCTBIpMaThIHIBIKTaH, OaCTAIKbI ©JIILIeYJIep aJ/IbIH ajla
OHJICY KOHE KOOPIMHATAIBIK TYPJICHIIPY KE3CHIEpiHEH KeWiH poOOT KYHiHIH kKeke OarachiHa
kentipineni. Keiin Oy Oaramap enmiey ceHIMIUTriHE colikec OeliMaeneTiH canaMak
Ko uureHTTepl apKpUIbl OipikTipineai [14].

Kemncencopibl xyiieae poOOTTHIH aFbIMAAFbl KYHi KYH BEKTOPHI apKbUIbI CUITATTaNIAIbI.

X (k) = [x(k), y(k),8(k)]" €)
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MYH/IaFbI:
x (k) — poborreiy X oci OOMBIHIIIA KOOPAMHATACHL,
y(k) — po6oTThIH Y 0Ci OOMBIHIIIA KOOPIMHATACHL;
6 (k) — poOOTTBIH GAFBIT OYPHILIILL.

ANJpIH anma eHJACY HOTIKECIHIe opOip akmapaT Ke3i poOOT KYHiHIH jXeke OarachlH
KaImbITacThipaabl. CEHCOPIIBIK Oaranap KOTICEHCOPIIbI OIpIKTIPYy arOprUTMi apKbUTBI KOPBITHIHIBI
KYH BEKTOpBbIHA OIPIKTIpLIEIi:

X (k) = Xizg wi (k) X; (k) 4)

MYH/JIaFbl:

X;(k)- i-cencop manimMeTTepi HeTi3iH/ae alblHFaH POOOT KYHiHIH kKeKe Oaracsr;

w; (k) — i-ceHCOpIBIH CEHIMILIIK CaIMarhbL;

X (k) — xercencopib! GipikTipy HOTHYKECIHJIE allbIHFAaH POOOTTHIH KOPBITHIHIBI KYii.

Canmak KO3(QUIMEHTTEPI CEHCOPJBIK OINIIEYJEpIiH aFbIMIAFbl  OCNTiCi3Iirine  Kepi
HPOTMOPIIMOHAT TYP/IE aHBIKTAIA/IbI:

will) = [1/(02 (0 + D/ [ ) (G = D"1/(o7 () + )] ©)
MYH/JIaFbl:
0i2(k) — i-ceHcop eJmeyepiHiH arbIMIAFbI AUCIEPCHSCHL;
& — OeIiMHIH HeJTe TeH O0IybIH OONABIPMANTHIH Killll OH TYPaKTHI [IaMa.

byn epHek ceHCOpNBIK enmeynepaiH Oenrici3firi apTkaH Ke3[e CoHKec calMak
KOd(pUIMEHTIHIH TOMEHICYiH KamTamachl3 eTedi. Cammakrap Tepic MOH KaObUIAaMal bl XKOHE
ONaplblH KOCBHIHABICHI Oipre TeH Oomanbl. COHABIKTaH M1y [EHIeil >XOFapbl CEHCOPBIH
KOPBITBIH/IBI KYI OaFrachlHa 9cepi aBTOMATTHI TYPJIE a3asi/ibl.

CeHcopbIK eIeyIep/IiH KaTelirid 6aranay yurid apoip aknapat ke3i OOMbIHINA ©JIIIeHIeH
MOH MEH J3TaJOHJBIK KYH apachIHIAFbl KAJIIBIK €CENTeNeai. i-1m CeHCop YIIH K-Ibl yakpIT
KaJJaMBIHJIAFbI OJIIIICY KAJIJIbIFbI KeJIeCl TYPAE aHbIKTAIa Ibl:

ei(k) = zi(k) — zref (k) (6)

MYH/JIaFbl:
ei(k) — i —1ri ceHCOpBIH A-1TBI YaKBIT KaIaMbIH/IAFbI OJIIICY KaTeJiri;
zi(k) — ceHcop apKbUIbI aJIbIHFAH OJIIICY MOHI;

zref (k) — Mozenbaey opTachblHAa OCNTiIi ATATOHBIK MOH.

Omnmey Oenrici3AiriH canablK Oaranay yIIiH COHFbI N ejIey/IeH TYpaThIH KbIDKbIMAJIbI
YaKbIT TEPE3ECIHET1 KaTeIIK TUCTIEPCUSICHI €CETITEINe]I:

oi?(k) = 1/(N — D)Z5 T M e() — &k (D)

MYH/IaFbl:
N — yakpIT Tepe3eciH/Ier1 oIeyep CaHbl;
€i(k) — ochl Tepeseneri opTaia eniiey KaTewiri;
0i%(K) — -1 ceHcop eJIeyNepiHiH aFbIMIAFbl JIUCTIEPCHACHL. J{MCIIEPCHUSHBIH JKOFaphl
MOHI CEHCOPJIBIK aKMapaTThIH OENTiCi3Iiri apTKaHbIH KOpCeTe .
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Ecenrenren 0i2(k) nucniepcusiceiabiH MaHI (5) hopMysIachiHa COiiKec CEHCOPIBIH CaaMaK
KO3 PUIMEHTIH aHBIKTAy YIIH Maiaananbuiaael. Ocbutaidia, eJmey KaTeci apTKaH KesJe
JICTIEPCHS MOHI YIIFaMbIN, COMKEC CEHCOPABbIH canMak kodddunuenti temenaeini. Kepicinme,
eJIIeYJIepl TYPAKThI CEHCOPIBIH UCIIEPCUSICH TOMEH OOJIBII, OHBIH OIpIKTIpUIreH Kyl OarachiHa
KocaThlH yieci apraapl. CanMak kodpuimenTTepi apOip yakslT KaJaMbIHAA KalTa eCenTetill,
CEHCOPJIBIK aKIMapaTThIH aFbIMIAFbl CEHIMILTITIHE OeiimMaene .

CencopnapplH CEHIMALIIN KO3FalbIC JKarfaiiblHa OailIaHBICTBI ©3repill  OTHIPAJbI.
MplIcaltbl, ®apbIKTBIH TOMEHJIEYI KaMepa MAIIMETTEPiHIH CallachblH HAIIAPJIATYhI, JOHFAJAKThIH
CBIpFaHaybl SHKO/EPIIIK OOMETPHUS KAaTENiriH apTTIpysl, an nipin IMU enmeynepine Kocbmiia
1y eHTi3yl MyMKiH. MyHIaii *xa¥r1aiia eJiey JUCIepPCHsICh YIIFaibIn, (5) hopmyackiHa colKec
CEHCOPJABIH canMak kodduiuenti temenaenai. HoTmwkeciHae CEHIMILIIT >KOFaphl akmapaT
KO3JICpiHIH YJIeci apThil, poOOT KYWiH OaranayFa ChIPTKBI OJIIICY KaTCIIKTEPIHIH ocepi azasabl
[15].

Kericencopibl akmaparThl OIpiKTIpy anropuTMi opOip yakbIT KaJaMblHIA Kejiecl peTieH
opeinganansl. Angsivern LiIDAR, RGB kamepa, IMU jxoHe noHFanaK SHKOAEPIEPiHEH albIHFaH
MOoNiMeTTep KaObUIJAHBIN, aiIblH ana CYy3TileH OTKi3UIedl KoHE YyakKbplT OOHBIHIIA
cuaxpoHnanaabl. OnaH KeHiH CEHCOPJBIK MOJiMETTep OipbIHFalk KOOpAMHATANap JKyheciHe
TYpAeHAipLIiN, opOip akmapaT Ke3i YIIiH eJIIey KaTeliri MeH OHBIH JUCIEPCHUSICHI €CerTeNeIl.
AnpIHFaH Jucnepcus MoHAepi HeriziHae (5) ¢opmylacklHa COMKEC CEHCOPIApIbIH CcaaMak
koaurmenTTepi xKaHapThlIaAbl. JKeke CeHCOpIbIK Oarayiap ockl kKoddduimeHTrep OoMbIHIIA
OipiKTipiin, poOOTTHIH KOPBITHIHABI KYH BEKTOPHI KAJBIITACTHIPhIIAbL. AJBIHFAH Ky Oarachl
KayiIci3 TpaeKTOPHUSIHBI JKOCHapiiay KoHe KO3FaJIbICThl 0acKapy MOAyJbepiHe Oepiiei.

Kayinci3 TpaeKTopHsHBI )Kocnapiay dici
Kayinciz TpaekTopusHbl jkocnapiay MOOWIbII POOOTTHIH OacTankbl KYHIHEH MaKCaTThI
OpBIHFA JICHiH KeJepriiep/i eckepe OTBIPHIN THIMII MapUIpyT Kypy Mpoieci OOJbI TaOblIabI.
YCBIHBUIFAaH KOCHApiay TOCUIl BIKTUMAal MapUIpyTTapJbl KO3FAJIbIC Y3BIHIBIFBI MEH
KeJIepriIepJIeH Kayilci3 KAIIBIKTBIK KpUTepuiiepi OoibIHIIA Oarayar, Kayirci3 KO3FasbIC
OarbIThIH KAIBINTACTHIPYFa MYMKIHIIIK Oepe/i.
TpaekTopusiHBI JKOcTapiiay POOOTTHIH OacTamKbl KOHE MaKCAaTThl KYWJIEPIH aHBIKTAYIaH
Oacranaipl.
qs = [x5, ¥5,85]" (3)
MYH/JIaFbl:
X¢— POOOTTHIH OacTankpl X KOOPJAUHATACH;
ys— POOOTTHIH 6acTankbl Y KOOPIWHATACHL;
05 — poOOTTHIH OacTankpl OAFBIT OYPHILIL.

MakcatTbl Kyl poOOTTBIH KOCHApJIaHFaH KO3FAIBICHIHBIH COHFBI HYKTECIH CHITaTTaiIbl
MKOHE KeJecl TYp/ie aHbIKTaJIabl.
99 = [xg'YQ'eg]T ©)
MYH/IaFbI:
Xg— MAaKCaTThl X KOOPJUHATACI,
Yg— MaKCaTThl Y KOoOpJMHATAaCHI;
65 — MaKcaTThl OAFbIT OYPBIILIbI.

bacranke! koHe MakcaTThl KYWIEp aHBIKTAIFAaHHAH KEWiH yKocmapiiay ajJroOpuTMI Kayirci3
TPAEKTOPUSHBI KAJBIITACTHIPa/Ibl. ¥ CBIHBUIFAH KYMBICTA TPACKTOPHUSIHBI JKOCTapiiay poOOTTHIH
arbIMJaFbl OPHBI, MAaKcaTThl Kyl jKOHE KOpIIaFraH oOpTajarbl KeAepruiep Typalibl akmapaT
Heri31He JKy3ere acelpbliazbl. HoTnxkecinae kocnapiaHfFaH TpaekTopus poOoT Oipi3al eTeTiH
KyiJiepig perreireH Ti30eri peTinie KajablnTacabl.
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P = {Q1; QZ""'qN} (10)
MYH/JIaFbl:
P — >xocniapiianraH TpacKTOpHS;
q; — TPACKTOPHUAIAFbI 1-11T1 KYH;
N — xocnapyianraH KYWIiep CaHbl.

XKocnapnanraH TpaeKTOpUsi POOOTTHIH KO3FAllbIC OAFrbITHIH FaHA €MEC, COHBIMEH Karap
KO3FaJIbIC KayilCIi3AiriH KaMTamMachl3 €TETiH apajblK KYWIEpAiH pEeTiH aHbIKTaiabl. Opbip Kyl
KeJlecl KO3FabIC Ke3eHIHe Heri3 0ojaapl jkoHe Oackapy »KyieciHe pOOOTTHIH >KOCHapiiaHFaH
OaFbITBIH J19J1 OPbIHJIAyFa MYMKIH/IIK Oepesi.

JKocnapanraH TpaeKTOpHs YaKbIT (DYHKIUSACKHI TYPIHIE Kejeci Typae oepiieni.

qa(®) = [x4(t), y4(t), 84(D)]" (11)
MYH/JIQFbI:
x4 (t) - ’xocnapnanran X KOOPIUHATACH;
yq(t) — xocnapnanrad Y KOOPAMHATACHL,
0, (t) — )xocmapianrad OarbIT OYPHIIIIEL.

Kosranbic OapbichiHAa POOOTTHIH HAKTHI KYHi OCHApJIaHFaH TPACKTOPUSAMEH Y3IIKCI3
CAJIBICTBIPBUIBIT OTHIPAABl. Erep HaKThI KO3FAIBIC JKOCIIApPJIaHFaH OaFrbITTaH aybITKbICA, OacKapy
JKyHecl KaTeNiKTl a3alTy YIIIH TY3€Ty ocepiH KalbIMTacThipaAbl. MyHIal ToCiT poOOTTHIH
TYPAKThl KO3FAJILICBIH KAMTaMachl3 €Te/i.

2 2
e(k) = J(Xa () = x(k))" + (ya (k) — y(K)) (12)
MYH/arbl:
e(k) — JKOCIIapJiaHtaH KOHC HAKThI OPbIH apaCbIHAarbl KaTCJ'IiK.

Erep xo3ranbic 6apbIChIH/A jKaHA KeJepriiep aHbIKTallca HEMece KOpIllaFraH opTa e3repce,
TpPaeKTOPHUSHBI )KOCHapiiay MOJyJll MapUIpyTThl KaiiTa ecenteini. Hotnxkecinae poOoT anabiH ana
Oepinren OarbITKa Toyenal OonMai, HAKThl YaKbIT PEKUMIHJE KOpIIaraH oprara OedimzaenreH
KayiIci3 TPaeKTOPUSHBI KAJIBIITACTHIPAIbI.

Y ChIHBUTFAH Kayilci3 HaBUTALUS dicCi

¥YChIHBUIFAH Kayilci3 HaBUTAIMsA 9MiCl MOOWIbJII POOOTTHIH JMHAMHKAIBIK MOJIEIIH,
KOIICEHCOPJIbI aKMaparThl OIpIKTIpy alNrOpUTMIH JKOHE KayillCi3 TPaeKTOPUSHBI Kocmapiay
MOAYJiH OlpblHFall Oackapy jkyileciHe OipikTipeni. OMICTIH HETi3rl MakcaTbl — POOOTTHIH
KOpLIaFaH opTajarbl e3repictepre OeiliMIenyiH KaMTaMmachl3 €T€ OTBIPBIN, KO3FaJIbICThIH
Kayinci3iri MEH HaBUTALMSIIBIK AQJIITIH apTThipy. backapy »kyieci ceHcopiapAaH ajblHFaH
aKmapart Heri3iHJe poOOTThIH aFbIMAAFbl KYIiH Oaramar, Kayilci3 MapipyTThl KaJbIITACThIPAIbI
JKOHE KaKeT OOJIFaH JKaFjaia KO3FaIbIC TapaMeTpIiepiH HAKThl YaKbIT PeKUMIHJIE TY3€Te/Il.

HaBuranus anropuTMmiHiH OpbIHAanybl OipHemie Oipi3i Ke3eHHEH Typajbl. AJJAbIMEH
LiDAR, RGB kamepa, IMU >xoHe noHFaJIaK dHKOJEPJICPIHEH aJbIHFaH MOJIMETTEp ajjblH aja
OH/IEJIII, KOIICEHCOPJIbI OIPIKTIpYy alrOpUTMI apKbLUIbl pOOOTTBHIH aFbIMAAFbl KYH1 aHBIKTaJa/bl.
Keiiin KopmiaraH OpTaHBIH KapTachl J>KaHAPTBUIBIN, KO3FAJIBIC alMarbIHAAFBl KeAeprijep
anbIKTanagsl. Ocbl MAIIMETTEp HETi31HAE TPACKTOPUSHBI XKocmapiay MOyl OacTamkbl jKoHE
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MaKcaTThl KYWJep apachlHAa Kayilci3 MapuIpyTThl KaJIBINITACTHIpabl, al Oackapy Kyieci
JKETEKII JIOHFaJIaKTapFa KO3FAJIbIC KOMaH IaIapblH KAJIBINTACThIpazs [15].

Po6GoT Ko3Fanbichl GapbIChIHA KYHE YII HETI3T1 KYMBIC PEXHUMIHIE KbI3MET aTKapasbl.
KanbmTel Ko3Fajbic pexXuMiHIe poOOT )KocnapiaHFaH TPAeKTOpusi OOMBIHIIA Ko3fanaabl. Erep
ceHcopJiap KaHa KeJepriHi HeMece KopIlaraH opTa IapaMeTpJIepiHiH ©3repyiH aHbIKTaca, Xyhe
KaiiTa yocrnapiay peXHMiHEe aybICHII, Kayilci3 MapuipyT KaiWTa ecenteneni. AJl KkocrapiaHFaH
TPaeKTOpHUsl OOMBIHIIIA KO3FAIIBICTBI KAIFACTBIPY MYMKIH OOJIMaraH »aFjaiia HeMece Kayirci3
apaKaIbIKTHIK OY3BUIFaH Ke3lle Oackapy >Kyieci aBapHsUIBIK TOKTAaTy PEKHUMIH ICKE KOCAbl.
MyHpaail Tocim poOOTTHIH KO3FaJIbIC KayINCI3IIriH CaKTall, CHIPTKBI ©3repicTepre HaKThl YaKbIT
pexxuminze Oeiflimaenyine MyMKiHAIK Oepei.

O31pJICHIeH HaBUT ALKl OICIHIH HET13T1 €PEKIIEIITi — KOICEHCOPIIbI aKMapaTThl OipiKTIpy/Ii,
JTUHAMHUKAJIBIK MOJIEINb/II, KAYITICi3 TPASKTOPUSHBI JKOCTIAPIIay bl )KOHE HAKTHI YaKbIT PeKUMIHICTI
Oackapyibl Oip HaBUTALMSIIBIK XKY#eae YiHiaecTipy OoJbIn TaObLTa b

Hotnxesep skoHe o0J1apAbl TAJIKBLIAY.

MATLAB opmacvinoa moodenvoey namudicenepi.

¥YchIHBUTFAH Kayirnci3 HaBuranus oiciHid tuimaiiiri MATLAB optaceiHaa xypriziireH
MOJICIIB/ICY apKbUIbI Oaraymanabpl. Mojenbaey OapbhIChIHAA MOOWIBII POOOTTHIH JMHAMHKAIIBIK
MO/JIeJI1, KOTICEHCOPJIbl aKMapaTThI OiPIKTIPY AITOPUTMI JKOHE Kayilci3 TPaeKTOPUSHBI KOCTapiay
omici OipbIHFail Mozenbae KapacTelppUinbl. baramay OapbIChiHAa POOOTTBHIH KOCHApJIaHFaH
TPACKTOPHUSHBI OPbIHAAY JISJJIr, KeAepriiepal Kayinci3 aiHajbIl oTy KaOlIeTi oHe KO3FabIC
TYPaKTBUIBIFBI TAJIAH/IbI.

Monenbaey mapTrapsl MEH Herisri napametpiepi. Monenbaey exienmem i 10x8 M xyMbIC
aiimarpiHAa JKyprizuiai. MoOwipai pobor muddepeHnuanapl KETeKTi miaTgopma peTiHae
KapacThIPbUIbII, OHBIH Maccackl m = 25 KI', JKETEKIl JIOHFaJIaKTap apachlHIaFbl KalIbIKTHIK
L = 0,50 m, nonranak paauycsl ¥ = 0,10 M xoHE TiK OCbKE KATBICThl MHEPIUS MOMEHTi | =
1,8 kr'm? nmen KaObuIgaHabl. POOOTTHIH MaKCHUMAJIALI CBI3BIKTBIK KbUIAaMAbIFel vmax = 1,0
M/C, al MaKCUMaJAbl OYPBIITHIK JXKbULIAMIBIFBI wmax = 1,5 paa/c MoHAEpiMEH NISKTENIi.
Mopnenbaeyain nuckpertey kKagambel At = 0,01 ¢ Gonbin Genrinenni. Kosraibic oprachiHaa
OipHelle cTaTHKaJbIK KeJepri OpHaJacThIPbUIBIN, poOOT OacTamkbl KYHJIeH MakcaTThl HYKTere
JIei1H Kayirci3 TpaeKTopus OOWMbIHINA KO3FaJIIbI.

CeHCOpIIBIK  eJIIIeyNepIiH CHIPTKbI dcepiepre Te3IMIUIMH Oaranay YIIIH MOJEIbICY
OapbIChIHAA OJIIIEY MATIMETTEpIHE HOJAIK MaTeMaTUKAIBIK KYTiMl Oap raycCThIK Iy €HT13UIIL.
LiDAR emmeynepi yuiH LIyJaslH CTaHAApTTHIK ayblTKyel oL = 0,025 M, RGB kamepa
HeTi31HAer no3uuusblK O6aranay ymin oC = 0,060 m, IMU ymin gl = 0,045, an nonranax
sHKoaepiepi ymin E = 0,035 monzmepi KaObuaan sl OpOip CEHCOPBIH OJIIICY AUCTIEPCHSICHI
KO3FaJIbIC OapbIChIHAA OarajaHblll, OHBIH MOHIHE coiikec (5) ¢opmyrnachl OoibIHIIA caTMak
koap¢uuumenTrept Kaita ecentengi. Ocpbulaiiiia, 11y JeHreWl >KOFapbliaraH CEHCOP/bIH
OipiKTIpUIreH Kyl OarachlHa KOCATBIH YJI€Ci TOMEHETUIIN, CEHIMIUIIN JKOFapbl CEHCOPIIap/IbIH
caJIMarbl apTTHIPBIIIBI.

Monenbaey GapbichiHa poOOT OipHEIe CTaTUKAIBIK Kelepriiepi 6ap oprajga KO3Fajibl.
BacTamnkpl )koHEe MaKcaTThI KYWJIep apachlH/a Kayilci3 TPaeKTOPHs KaJIbITACTHIPBLIBIT, KO3FAJIbIC
Ke31HJIe CEHCOPJBIK aKMapaT Y3IIKCi3 *aHAapThUIBINT OTHIpAbL. Erep kocmapnanraH MapuipyT
OoifpIHIA KeAepri aHBIKTaJICa, TPACKTOpUS KalTa ecenTendinm, poOOT jkaHa OarblT OOMBIHIIA
KO3FaJIBICBIH JKaIFacThIpJbl. MyHIail TOCUT KO3FaIbIC JANAITIH CaKTail OTBIPHIN, KeJepriiepMeH
COKTBIFBICY/IBIH aJIZIbIH JIyFa MYMKIHJIK Oep/ii.

Monenbaey OapbIChIHIA aJbIHFAH JKOCTIAPJIAHFaH KOHE HAKTHI KO3FAJIbIC TPACKTOPHLIAPHI
2-cyperTe KepCeTUIreH.
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Cyper 2 — MATLAB opraceiHa CTaTHKAJIBIK KeEpriiepii eCKepe OTHIPHIT
KOCHapJIaHFaH KOHE HAKThI KO3FaJIbIC TPAEKTOPUSIAPHI

2-CcypeTTeH >KOCHapJIaHFaH kKOHE HAKThl KO3FAJIbIC TPAEKTOPUSIAPBIHBIH Oip-0ipiHE JKaKbIH
opHaJlacKaHbl Oaikananel. PoOoT OacTranmkel HYKTEOEH MaKCaTThl OpBIHFA JEHIH KO3Faly
OapbIChIHAA CTAaTUKAJIBIK KeAepruiepai Kayirnci3 aiHaibill  oTTi. HakThl TpaeKTOpHsHBIH
YKOCHIapJIaHFaH OaFbITTaH a3/1aFaH aybITKYHI INIATQOPMAHBIH JUHAMUKAIIBIK KACHETTEPIMEH JKOHE
CEHCOPJIBIK eJIIeyNep/IiH OenricizairiMex Tycinaipineni. Coran KapaMmacTaH KaidTa jKocrapiay
MeXaHU3Mi KO3FaJIBICTBIH TYPAKTBUIBIFBIH CaKTall, POOOTTHIH MAaKCAaTThl HYKTere Kayirci3 KeTyiH
KaMTaMachl3 €TTi.

¥YcChIHBUTFAH OICTIH THIMAUINIH CaHAbIK Oarajmay YIIIH YII HEri3rl KepCeTKill
nailanaHplIbl: JIOKAIM3ALUSHBIH opTama KBaaparTelk Kateniri (RMSE), sxocnapnanran
TPaeKTOPHSaH OpTalia aybITKy »>KOHE KeJepruiepre ACHiHrT MHUHHMAaNJIbl KAIlBIKTHIK.
Jlokanu3anus KaTemiri poOOTThIH OarajaHfaH KOOpAMHATajdapbl MEH MOJIENbJIEY OPTACBhIHIAFbI
ATAJIOHABIK  KOOpAWHATANapbl  apachblHIAFbl  albIPMAINBUIBIK  HETI3IHAE  aHBIKTAJJIBL
TpaekTopusiiaH aybITKy poOOTTHIH HAKThI OPHBI MEH KOCTIapJaHFaH TPACKTOPHUSHBIH €H KaKblH
HYKTEC1 apachlHJaFbl €BKJIMITIK KalIBIKTBIK peTiHae ecenrtenni. Kosranbic Kaylmcizairi OyKia
KO3FaJIbIC KE€3eHIHJEeri poOOT MeH Keaepriiep apachblHJIarbl €H Killll KAIIbIKTBIK apKblIbl
OarajaH/bl.

Kaiitanama caHIbIK MOJENbJEY HOTHXKECIHJE JOKAIM3alMAHBIH OpTalla KBaJpaTThIK
kareniri (RMSE) 0,0251 m, an xocnapianrad TpaekTopusifad opramia aysiTKy 0,0451 M Kypazbl.
Kosranbic OapbIcbiHAa poOOT MEH Kelepruiep apachlHAarbl MUHMUMaJAbl KambIKTHIK 0,6083 M
JeHreliHe caKTanbl. AJIBIHFAH CaH]IbIK HOTHYKEJIEP KOIICEHCOPJIbl aKIapaTThl O1pIKTIpY Ke3iHae
poOoT KyifliH Oaranmay KaTeNiriHiH TOMEH JeHTeWIe CaKTalaThbIHBIH, HAKThl KO3FaJbIC
TPaeKTOPHUSCHIHBIH JKOCTIapJIaHFaH MapIIPYyTKa JKaKbIH €KEHIH KOHE KeAepTrijiepal aifHaIbI OTy
Ke31H/Ie KayiIci3 apaKallbIKTIKTBIH CAaKTaIaThIHBIH KOPCETTI.
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Kecte 1 — ba3ayibIK jkoHE YCHIHBUIFAH KOIICEHCOPIIBI OIPIKTIPY 9MIICTEPiH CATBICTHIPY

Kepcerkim bazanbIk aaic Y ChIHBLIFaH Jic
CeHcopnapbiH caaMak Typaxrsl, Omiey AucepcUsCchiHA COMKec
KO3 QUITUCHTTEPI wi=0,25w_i=0,25 OeiimMeneTin
Jlokanuzanus kareniri (RMSE), m  |0,0308 0,0251
RMSE temenneyi, % ‘ — 18,5

Y ChIHBUTFAH OJICTIH THIMIUITIH CabICTRIpMANbl Oaraniay YIIiH 0a3aiblK KOICEHCOPJIBI
OipikTipy omici KapacTeipbuiabl. bazaneik Hyckama LiDAR, RGB kamepa, IMU jxoHe moHFamak
SHKOJICPJICPIHIH eiieynepine Oipael TypakTel canmak koddduuuentrepi (wi=0,25w i=0,25)
Oepiyifi, an YChIHBUIFAH 9IiCTe caiMaK Kod(UIIMEHTTEpl CEHCOPJIBIK OJIIICYIepP/IiH aFbIMIaFbl
JCTIEPCUACHIHA Calikec Oeifimuenin oTbIpbl. CanblcThIpy OipAel MoJeNnbaey IMIapTTapbl MEH
CEHCOPJIBIK 1Ty JIEHTCHIIEPIH/IC KYPTi3UIIl.

1-xecTene kepceTiren e, 6a3anblK dicTe JOKATM3AMSIHBIH OpTalla KBaJpaTThIK KaTeiri
0,0308 M 6onca, yceiabuIFaH 9aicte Oy kepcerkim 0,0251 m kypaapl. Ocbunaiiina, OefdiMaeneTin
caumMak kodpdurmentrepiH  KonmaHy Jokamusanus RMSE  MoHIH  0a3aibIK  OfiCTICH
canpICThIprana mamameH 18,5 %-ra TeMenaerti. byn HoTHke emiiey Oenrici3firi »orapbl
CEHCOpIapAbIH KOPHITHIH/IBI KYW OarachlHa 9CEpiH a3alThII, CEHIMUIIT KOFapbl CEHCOPIapIbIH
YJIeCiH apTThIpy NPUHIUIIMEH TYCIHAIPIIE].

CanpICThIpMabl HOTHKEJIEP YCHIHBUIFaH OeHiMIeNeTiH KOICeHCOPIIbl OipiKTipy TOCLTiHIH
TYPaKThl caJMaK Kod(h(PHIIMEHTTEpiHE HETI3ACNITeH Oa3ajblK OJICKe KaparaHaa poOOT KyHiH
Oaranay IOIIITIH apTTHIPATHIHBIH KOPCETTI. AJIBIHFAaH KYH OarachIHBIH JOJIITIHIH apTyhl
TPACKTOPHUSHBI KOCIApIay KoHE KO3FalbICThl OacKapy MOIyJbAepiHe OepileTiH HaBUTAUSIIBIK
aKMapaTThIH CEHIMIUIITIH apTThIpyFa MYMKIiH/IK Oepei.

Monenbaey HOTHKEIEepl YChIHBUIFAH Kayilci3 HABUTALMS 9IICIHIH KYMBIC KaOUIeTTiIIrH
pactagsl. PoOOT jkocmapiaHFaH MapHIpyTThl TYPAKThl OpBIHJAIN, KEIEepriiep aHBIKTAIFaH
JKarJaiaa Ko3raiblc OaFbITRIH aBTOMATTHI TYpJIe KaiTa kocmapiajsl. KenceHcopibl akmapaTTsl
OipikTipy pOOOTTBHIH OpHaJacyblH Oaranay TYPaKTBUIBIFBIH apTTBIPBIN, SKOCIApIIaHFaH
TPaeKTOPUAAAH aybITKYbI a3aiTyFa MYMKIHIIK Oepl.

ROS—-Gazebo opmacvinoa mexcepy nomuoicenepi.

YChIHBUIFAH Kayilci3 HaBUTalUs OICiHIH >kyMmblc Kabiteri ROS—Gazebo opraceiHga
MOOWJIBA1 pOOOTTHIH BUPTYaJAbl MOJIEN1 apKblIbl Tekcepuiai. Moaenbaey Oapbicbinaa LiDAR,
RGB kamepa, IMU xoHe AOHFaNaK SHKOJEPJEpiHIH BHUPTyaslbl YiAruIepl NaiaaaaHbUIbII,
ceHcopiblK ManiMeTTep ROS Tyhinaepi apkbuibl oHea1. POOOTTEIH GacTankpl )KOHE MaKCaTTh
KYHIepi, coHAai-ak KO3FalbIiC aliMarbIHIAFbl cTaTUKalbIK Keaeprinep MATLAB opraceiHza
KOJIJIaHBUIFaH CLieHapHiire colikec Oepiil.

ROS—Gazebo opracsiHaa CEHCOPIBIK MAJIIMETTEP 11 KaObL1ay, poOOTTHIH aFbIMIaFbl KYHiH
Oaranay, Kayirnci3 TpPaeKTOPHUSIHBI KaJbIITACTBIPY KOHE KO3FalbIC KOMaHJaJdapblH OpPBIHAAY
yZiepicTepi HaKThl yaKbIT PEXUMIHJIE *KY3ere achlpbliabl. Ko3ransic GapbIChIHa KOpIIaFraH opTa
KapTackl Y3/IKCi3 )KaHAPTHUTBII, aHBIKTAJIFaH KeJlepriiepre CoMKec MapmpyT KaiTa )KOCHapIaHbIIl
OTBIpABI. Byl Tocim »KocmapjaHfaH TPAeKTOPHUSHBI CaKTaidl OTBIPHIN, POOOTTHIH Kayimci3
KO3FalBICBIH KaMTaMachl3 eTyre MYMKIiHAIK Oepai. Kegepri Kosrayibic OarbIThIHA >KaKbIH
OpHaJlaCKaH >Karjaiila TpaeKTopus KalTa ecemnTelsin, poOoT Kayilci3 MapumpyT OoibIHIIA
KO3FaJIBICHIH YKaJIFACTBIPIBL.

¥Ycpinpuran  anroputMHiH ROS—Gazebo oprachlHAarbl KYMBIC HOTHXKECI 3-cyperTe
KOPCETLITEH.
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Cyper 3 — ROS—Gazebo opTackiiga MOOHITBI1 pOOOTTHIH Kayilci3 HABUTAUSICHIH MOJCIIBIICY
HOTHIKEC]

3-cypeTTeH YCHIHBUIFaH Kayinci3 Haurauus anroputmidigy ROS—Gazebo opraceinga
TYPAKThI )KYMBIC icTereHi Oalikanaasl. MoOwmIbIi poOOT OacTarkel HYKTEIEH MaKCaTThl OPbIHFA
JeiiH KOo3rally OapbIChIHIA CTATHKAJIBIK KEAEpriiepai Kayilci3 aiHaibIN OTil, KOCHapiiaHFaH
MapuIpyT OOWBIHINA KO3FAJIBICHIH cakTaibl. JKoclapliaHFaH >KOHE HAKThl TPaeKTOPHUSIIAp.IbIH
e3apa KaKblH OpHANACYyhl OacKapy aJrOpUTMIHIH TYPaKTBUIBIFBIH KepceTTi. COHBIMEH Karap
LiDAR ceHcopplHaH ajblHFaH MOJIMETTep KOpIIaFaH OpTafarbl KeAepruiepli yaKbIThUIbI
aHBIKTayFa MYMKIHIIK Oepai, ajl KeIrceHCOPIbl aKmapaTrThl OipiKTipy aaroputmi poOOTTHIH
OpHaJacyblH CEHIMJ1 Oarajam, KO3FalblC OaFbITBIH HAKThl YyaKbIT PEKUMIHIE TY3ETYIl
KaMTaMachl3 €TTi.

ROS-Gazebo opraceingarsl Tekcepy MATLAB oprackiHna KapacThIpbUIFaH MOJIENbACY
ClleHapuiiHIH OaFaapiaMajbIK-pOOOTTHIK OpTaja OpbIHAATY MYMKIHAITIH Oaranay MakcaThIHIa
xkyprizinai. Canaplk Oaranay HOTHOKeNepi OOHNBIHINA JOKATW3AlUSHBIH OpTalla KBaJIpaTThIK
kareniri (RMSE) 0,0251 wm, sxocniapinanfan TpaekTopusaaH opramia aybITKy 0,0451 M, an pobot
NEeH KeJepruiep apacblHAarbl MUHUManabl KambIKTHIK 0,6083 M kypaasl. ROS—-Gazebo
OpTachIHAAFbl MOJENBACY OChl KOPCETKIIITEPMEH CHUMATTAFaH KO3FAJIbIC PEXHUMIHIH
OarmapnamanblK  opTaga Ja TYPakThl OpBIHAANATBIHBIH CalalbIK TYPFBIIAH  PacTajbl.
ANTOPUTMHIH OPBIHIATY YaKbITHl IMAaWJATaHBUIATBIH €CenTey IUIaT(GOPMACHIHBIH anmmapaTThiK
cunaTTaMalnapbiHa )KoHe OaFaapiaManblK OpTaHbIH KOH(GUTYpalUsIChIHA TOYesaAi OOMFaHAbIKTaH,
OCBI KYMBICTA KEKE CaHJIbIK KOPCETKIII peTiHe OaranaHOabl.

KopbIThIHABI.

XKypriziiren 3epTTey HOTHIXKECIHJIE KOICEHCOPbl aKmapaT Heri3iHae MOOMIIbAL
poOOTTaHIBIpbUIFaH IIaT(GOPMaHbIH Kayilci3 HaBUTalUSACBIH JKETULAIPYre apHajfaH oJic
ycbIHbULIBL. O3ipaeHred oaicre LiIDAR, RGB kamepa, IMU >xoHe TOHFalak 3HKOJEpiepiHEeH
aJIbIHFaH MAJIIMETTep OIpIKTIPLIiI, poOOTTHIH aFbIMIAFbl KYHiH Oaraay jkoHe Kayilci3 KO3FaibIC
TPAaEKTOPHUSACHIH KAJIBIITACTHIPY JKY3€Te achbIPhUIIbI.

OJICTIH TUIMIUIITT CaHABIK MOJIEIBbACY HOTIKEIEpl HETi31HIe OarajaHbIN, YCHIHBLIFAH
HABUTAIMSUIBIK  QITOPUTMHIH kyMbIc Kabimetri ROS—Gazebo OarmapnamanblK OpTachiHIA
KOCBIMIIIA TeKcepuial. Mozenbaey HaTHxelepl MOOMIb/I POOOTTHIH JKOCHAapiIaHFaH MapLIpyT
OOMBIHIIIA TYPAKTHl KO3FAJIbII, CTATUKAJIBIK KeASPriiep i Kayirci3 aifHaIbI ©TeTIHIH KOPCETTI.

3eprrey HOTHXeENepl YCBIHBUIFaH OMICTIH MOOWIIBTI POOOTTaHABIPBUTFAH
aTopManapIslH Kayirnci3 aBTOHOM/IbI HaBUTALUs JKyHesepinae KoJlJaHyFa Kapam/ibl eKeHiH
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KOpCeTTi. O3IpJeHreH TACUT OHMAIPICTIK aBTOMATTaHIBIPYJa, KOWMANbBIK JIOTHCTUKAA,
WHTEJUICKTYJIJIbI KOJIIK JKYHEeIepiHae KOHE CEPBUCTIK pOOOTOTEXHMKAAa aBTOHOM/IBI MOOMIIBII
poboTTapabl 6ackapy KyHhenepin a3ipiaeyre Heri3 0oJia anajbl.

Bonamak 3epTTeysiepae YChIHBUIFAH 9JICTI JWHAMHKAIIBIK OpTa JKarJdalbIHAA KEeTUIIIpY,
CBIPTKBI IIYBULIAPIBIH OCEPIH TEPEHIPEK 3epTTey, COHAAi-aK HaKThl MOOWJIBII poOOT
1atopMackiHIa SKCIIEPUMEHTTIK TeKCEepy JKOCIapIaHyaa.

Ojneduerrep

1. Bailey, T., & Durrant-Whyte, H. (2006). Simultaneous localization and mapping
(SLAM): Part I1. IEEE Robotics & Automation Magazine, 13(3), 108—117.

2. Corke, P. (2017). Robotics, vision and control: Fundamental algorithms in MATLAB (2nd
ed.). Springer.

3. Durrant-Whyte, H., & Bailey, T. (2006). Simultaneous localization and mapping: Part I.
IEEFE Robotics & Automation Magazine, 13(2), 99—110.

4. Fan, Z., Zhang, L., Wang, X., Shen, Y., & Deng, F. (2025). LiDAR, IMU, and camera
fusion for simultaneous localization and mapping: A systematic review. Artificial Intelligence
Review, 58, Article 174. https://doi.org/10.1007/s10462-025-11187-w

5. Filipenko, M., & Afanasyev, I. (2018). Comparison of various SLAM systems for mobile
robot in an indoor environment. In 2018 International Conference on Intelligent Systems (1S) (pp.
400-407). IEEE. https://doi.org/10.1109/1S.2018.8710464

6. Jiao, J., Wei, H., Hu, T., Hu, X., Zhu, Y., He, Z., Wu, J., Yu, J., Xie, X., Huang, H., Geng,
R., Wang, L., & Liu, M. (2022). FusionPortable: A multi-sensor campus-scene dataset for
evaluation of localization and mapping accuracy on diverse platforms. In 2022 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS) (pp. 3851-3856). IEEE.

7. LaValle, S. M. (2006). Planning algorithms. Cambridge University Press.

8. Al-Tawil, B., Candemir, A., Jung, M., & Al-Hamadi, A. (2025). Mobile robot navigation
with enhanced 2D mapping and multi-sensor fusion. Semsors, 25(8), 2408.
https://doi.org/10.3390/5s25082408

9. Qin, C, Ye, H., Pranata, C. E., Han, J., Zhang, S., & Liu, M. (2020). LINS: A LiDAR-
inertial state estimator for robust and efficient navigation. In 2020 IEEE International Conference
on Robotics and Automation (ICRA) (pp- 8899-8906). IEEE.
https://doi.org/10.1109/ICRA40945.2020.9197567

10. Quigley, M., Conley, K., Gerkey, B., Faust, J., Foote, T., Leibs, J., Wheeler, R., & Ng,
A. Y. (2009). ROS: An open-source robot operating system. In ICRA Workshop on Open Source
Software.

11. Rahman, M. M., Mahmud, J. A., Ali, M. F., Rahim, M. A., Sarker, S. K., & Yan, B.
(2026). ROS2-based real-time autonomous mapping and navigation: Integrating visual SLAM and
sensor fusion with performance analysis under varying light. Measurement, 268, 120695.
https://doi.org/10.1016/j.measurement.2026.120695

12. Siciliano, B., & Khatib, O. (Eds.). (2016). Springer handbook of robotics (2nd ed.).
Springer.

13. Siegwart, R., Nourbakhsh, 1. R., & Scaramuzza, D. (2011). Introduction to autonomous
mobile robots (2nd ed.). MIT Press.

14. Spiess, F., Friesslich, J., Kaupp, T., Kounev, S., & Strobel, N. (2020). Survey and
experimental comparison of RGB-D indoor robot navigation methods supported by ROS and their
expansion via fusion with wheel odometry and IMU data. International Journal of Mechanical
Engineering and Robotics Research, 9(12), 1532—1540.

15. Thrun, S., Burgard, W., & Fox, D. (2000). Probabilistic robotics. MIT Press.

208


https://doi.org/10.1007/s10462-025-11187-w?utm_source=chatgpt.com
https://doi.org/10.1109/IS.2018.8710464
https://doi.org/10.3390/s25082408
https://doi.org/10.1109/ICRA40945.2020.9197567?utm_source=chatgpt.com
https://doi.org/10.1016/j.measurement.2026.120695

Ne3(42) AAA XKAPLLbICHI

COBEPIIEHCTBOBAHME BE30ITACHON HABUT AITUU MOBWJIBHOM
POBOTU3UPOBAHHOM IVIAT®OPMBI HA OCHOBE MHOT'OCEHCOPHOM
NHO®OPMALIUN

Aunnomauyun. B pabome npeonosicen memoo nogviuienus 0e30nacHOCmu a8MmoOHOMHOLU
Hagueayuu  MOOUTLHOU — POOOMUSUPOBAHHOU — NAAM@POPMbL  HA  OCHO8e  00BEOUHEeHUs
MHO20ceHcopHoU  ungopmayuu. Llenv uccnedosanus 3axnouaemcsi 8 HAOEHCHOU OYeHKe
nonoxcenuss poboma u GopmuposaHuu 6e30NACHOU MPAEKMOPUU OBUNCEHUS C YYEemom
npensmcmeuti nymem ummeepayuu  Oauuvix, noayyaemvix om LiDAR, RGB-kamepwi,
unepyuanbHo2o uzmepumensviozo mooyis (IMU) u suxodepos xonec. Ilpednrazaemvlii memoo
00veduHsem 8 eOUHy0 cucmemy OUHAMUUECKYIO MOOelb MOOUILHOU NAAM@OPMbL, ANCOPUMM
CIUAHUSL MHO20CEHCOPHBIX OAHHBIX, MOOYIb OYEHKU OKpydcalowjel cpeovl, NiIaHupo8aHue
bezonacholi mpaekmopuu u Ynpaegienue O8UdCEHUeM 6 pealbHOM epemenu. [[unamuyeckast
MoOenb yuumoléaem napamempsbi 08UNCEHUS pOOOMA, Y2ll08ble CKOPOCMU KOAeC U YAPasiaouue
6o30elicmeust. Ha ocnoge 00veouHeHnHoOlU CeHCOpHOU uHopmayuu onpedensiemcs mexyujee
NOJIOJCEHUEe U COCMOsAHUe O08UNCEHUsT poOOma, nocie 4e2o OaHHble Nepedaromcs 6 CUCTNEMY
NIaHUposanusi mpaekmopuu u ynpaeienus. Illpu gopmuposanuu 6GezonacrHozo mapupyma
YUUMbIBAEMC S  MUHUMATIbHOE pPACCMOSIHUE MexcOy pOoOOMUUPOBAHHOU NAAM@Oopmon U
NPensimcmeusMuy, Ymo no38oasaem onpeoeiums HanpasieHue O8UNCEHUS C NOHUNCEHHBIM PUCKOM
cmokHogenust. Dggexmuenocms memooa oyenusanracs 8 cpedax mooenuposanusi MATLAB u
ROS—Gazebo. B xo00e 3Kkcnepumenmog ucciedosanoch O0s8udiceHue poooma no 3a0AHHOMY
mapwpymy, — oOHapydceHue CmAamuyeckux Npensmcmeull. U ux 0e30ndacHulil  00X00.
HononnumenvHo 8 ceHcopHble OaHHble GHOCUNCA GHEUHUL WYM OJil OYeHKU YCMOUYUBOCmuU
NPEONONHCEHHO20 NO0X00a K UMepumenvbHbiM owubkam. Pesynemamul noxazanu, umo
00beOuHeHUe MHO20CEHCOPHOU UHGOpMayuu nosvluiaem YCmMoOUdu8oCmy OYEHKU HON0NHCEHUS
poboma, obecneuusaem cmabuIbHOE OMCIEHCUBAHUE MPACKMOPUU U  CHOCObCmEyem
nosviuieHuo 6ezonacHocmu Hasuzcayuu. IlpeonodcenHvlll Memoo Moxcem NPUMEHAMbC NpU
paspabomie aBMOHOMHBIX HABULAYUOHHBIX CUCTEM MOOUIbHBIX POOOMOE O/l NPOMbIULIEHHOU
asmomamuzayuu, CKA1ao0CKoU 102UCMUKU U CePBUCHOLL pOOOMOMEXHUKU.

Knrouesvie cnosa: mobunvuas pobomusuposannas niamgopma, 6e3onacHas Hasucayusl,
00veduHnenue mHozocencopuou ungopmayuu, LiDAR, RGB-xamepa, IMU, suxoodep koneca,
ouHamuyeckas mooenv, nianuposarue mpaekmopuu, ROS—Gazebo.

IMPROVEMENT OF SAFE NAVIGATION FOR A MOBILE ROBOTIC PLATFORM
BASED ON MULTI-SENSOR INFORMATION

Abstract. This study presents a method for improving the safety of autonomous navigation
of a mobile robotic platform through multi-sensor data fusion. The main objective is to reliably
estimate the robot’s position and generate a safe motion trajectory in the presence of obstacles by
integrating data obtained from LiDAR, an RGB camera, an inertial measurement unit (IMU), and
wheel encoders. The proposed method integrates the dynamic model of the mobile platform, a
multi-sensor data fusion algorithm, an environmental assessment module, safe trajectory
planning, and real-time motion control within a unified framework. The dynamic model accounts
for the robot’s motion parameters, wheel angular velocities, and control inputs. Based on the fused
sensor information, the current position and motion state of the robot are estimated, and the
resulting data are transferred to the trajectory planning and control system. During safe trajectory
generation, the minimum distance between the robotic platform and surrounding obstacles is
considered to determine a motion direction with a reduced risk of collision. The effectiveness of
the proposed method was evaluated using MATLAB and ROS—Gazebo simulation environments.
The experiments investigated the robot’s motion along a predefined route, detection of static
obstacles, and their safe avoidance. In addition, external noise was introduced into the sensor
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measurements to evaluate the robustness of the proposed approach to measurement errors. The
results demonstrated that multi-sensor data fusion improves the stability of robot position
estimation, enables consistent trajectory tracking, and contributes to safer autonomous
navigation. The proposed method can be applied to the development of autonomous navigation
systems for mobile robots in industrial automation, warehouse logistics, and service robotics.

Keywords: mobile robotic platform, safe navigation, multi-sensor data fusion, LiDAR, RGB
camera, IMU, wheel encoder, dynamic model, trajectory planning, ROS—Gazebo.
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KACAHAbI UHTEJUIEKT HEI'BIHAEI'T MAHCAIITBIK YCbIHBIM
ZAKYUEJIEPIHIH OHIMALJIII'T: 2KYUEJIT INOJ1Y

Anoamna. Enbex HnapwieblHbly oicolioam e32epyi dcone Oinim  bepy OepekmepiHiy
KOMICEMIMOINICIHIY apmybl dca2oatibihoa dcacanovl unmennexkm (JKU) nezizinoeci mancanmoix
YCbIHbIM JHCYlenepin 23ipiey e3ekmi bageimmapowiy OipiHe aunanovl. Anaiioa depexmep mypaepi
MeH aneopummoepoi manoay epekuielikmepiniy Mooenb0epoiy O0IHCAMOBIK 0a1012i MeH ecenmey
muimoinicine acepi scemkinikmi Oeneeude dicylienenoezen. Ocvl 3epmmeyoiy makcamol — KU
He2i3iH0e2i MAHCANMbIK YCbIHbIM JiCylielepine ApHANRAH 3aMAHAYU 3epmme)iepoi dcyiieney HaHe
Odepexmep mypaepi, anreopummoep MeH 0aganay Kepcemkiumepi apacblHOAzvl OAUIAHbICIIb
anvixkmay. 3epmmey PRISMA 2020 a0icnamacyel ne2izinoe dcypeizineet ducyuieni ulony2a cyieneoi.
Tanoay «Oepexmep  mypi-aneopumm-6azanay Kepcemkiwiy  OAuIaHbICbl  MYPEbICLIHAH
opuiHOanowl. Homuowcenep kapacmuipviiean 3epmmeyiepoe dcikmey Mindemmepiniy 0acvim
exenin (56%) oicone Kypulibimoanean Kkecmenix oepekmepoiy ey xHcui KoaoaHvliamolivli (76%)
kepcemmi. EH ocozapvl 6011camobix 0210iK He2i3iHeH aHCamMOIbOIK JHCaHe HelUpOHObIK el
Mmooenvoepinoe oatikanovl. Convimen kamap sepmmeynepoiy Konuiinicinoe ecenmey muimoiniei
acyueni mypoe 6a2ananbamviHbl AHLIKMANO0bL: HCYMblcmapobly 76%-vinoa Oy Kepcemkiumep
Kapacmuipvlimaean. byoan 6acka, ancopummoepoi mayoay Kobine natoaiaHuliamsii 0epekmep
mypnepiMen Oaunanvicmsl exeHi Kopcemindi. 3epmmey Hamudicenrepi MAHCANMbIK, YCbIHbIM
JHcylienepinoeci  aneopummoiK macindepoi icyueneyee MYMKIHOIK Oepedi dicaHe 0o1aulaK
3epmmeynep Yuwin 6a2anay Xxammamaiapsbli CmaHoapmmay, ecenmey muiMOLilicin Jcyiieni ecenxe
any HcaHe MyIbmuMooaibovl 0epekmepoi KeyineHn natoanrany Kaxcemmicin kepcemeoi. ConvimeH
Kamap Yimmolk eyoex Hapblevl MeH Oinim Oepy epekuienikmepine beuimoenzen KU nezizinoeai
YCbIHbIM JHCYlUenepiH 0amblmy 03eKmi 6agblm 001bln madovliiaobi.

Tyiiin ce30ep: dcacanovl unmesniekm, MaHCANMulK, YCbIHbIM JiCylieci, depekmep mypiepi,
MAUUHATILIK, OKbIMY aeopummoepi, 601Hcamobik 0210iK, ecenmey muiMoiniel.

Kipicne.

Kazipri Tanna xacanasl uHTemwiekT (JKW) Herizingeri xyiienep OutiM Oepy koHe eHOEK
HapBIFBl CaJalapblHAa KEHIHEH KOJIIAHBUIBIT, JKEKEe TYJIFAHBIH EPEKIIeTIKTepl MEH OpTypJi
JIEpeKTep KO3JepiH ecKepe OTHIPBIN, OKBITY KOHE Kociom Oarmap Oepy OoifbiHIIA
nepOecTeHIIPIITeH YChIHBIMIAP JKacayFa MYMKIHAIK Oepyzae. JlocTypsai maHcanTeK Oarmapiay
KypalgapbIMeH caibicThiprania, KU sxyiienepi aHaFypibIM IO JKOHE OeiiMIereH menimMaep
YCBIHFAHBIMEH, KOCIMl TaHAay CHUSKTHl MaHBI3ABI OMIPJIK MIEHIMACPIE OJapAblH OOHKaMJIBIK
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TONIITIMEH KaTap alrOpUTMIECP/IH AIllbIKTHIFBI, TYCIHAIPIICTIHAIr XOHE TUIMIUIITIH Oaranay
Moceliesiepi Jie epeKie MaHbI3Fa He.

Kazipri yakpITTa acaHabl MHTEJIEKT HETI3IHJeri MaHCaNThIK Oarmapiay >KyihenepiHe
apHaJIFaH 3epTTeyjep alrOpPUTMIIK TOCULIEPIiH KeH ayKbIMbIH KaMTuAbl. OnapablH KaTapblHIa
OaKpUTIAYJIbI OKBITYJIBIH JIOCTYPIIl 9MICTEPi, YCHIHBIMIBIK JKYHenep KoHE THMOPHATIK MOJEIbICD
O6ap. MyHpgaii opTYpJUIIK MAaHCANTHIK YCBIHBIMIApP CajachblHA AapHAJIFaH JKYHell oy
seprreynepinae ae kepceriiren [1]. KommanOambl 3eprreynepae OuTiM Oepy TpaeKTOPUSICHIH
0oJpKay MEH MaHCANTBhIK YCHIHBIMIAP KaJBIITACTBIPY YIIiH KIACCHKAIBIK MAIIMHAIBIK OKBITY
MoJieIbIepIMEH KaTap KypbUIbIMJAJIMaraH MOTIHAEpIl eHjeyre HerizienreH 3amaHayu NLP
TocIepi Ae KeHiHeH Konnanbuiaasl [2]. JlerenmeH, 3epTTeynepae OpTypIal MiHACT KOWBUIBIMIAPBI
MeH Oarajay KOpCEeTKIIITepl MaiaaJaHbUIaTBIHABIKTaH, aJblHFAaH HOTHXKENepal OipbIHFal
TONIETTIK KOp peTiHae KapacTeipy KubH [3]. Ocblfan 0aillaHbICTHI alrOPUTMICPIH THIMILTITiH
TIKEJIEeH CaNbICTHIPY 9/IICHAMAJIBIK TYPFBIZaH dpAaibiM ayphic 601a 6epmeiini [4]. COHbIMEH KaTap
HOTIKENIEP/Il YCBIHY TOCUIEpiHiH OipKeski OonMaybl, ocipece YCHIHBIMIBIK YXOHE THOPUATIK
KyHenep/ie KOJJaHbUIaThIH KOPCETKIIITEPIIH allblpMAaIIbLUIBIFbL, CAHABIK KUHAKTAY bl IIEKTEH 1.
MyHpail oiicHaMaIbIK SPTEKTUTIK 3epTTEyNIep/i CANBICTBIPYIbl KYpACICHAIPIiN, CHITaTTaMaJIbIK
CHUHTE3 XYPri3yIiH KaKeTTUIriH apTTbipanbl. COHABIKTaH OYJI KYMBICTBIH HETi3ri MakcaThl
KOJIJAHBICTAFbl TOCUIAEP/i CHUTIATTAay FaHA €MEC, YKOFaphl o/IiCHAMAIIBIK KaFAalbIHIA OJIAP.IbIH
HOTHOKETIEPIH KYHeTl Typ/e CUHTe3/ey OOJIbII TaObLIa bl

byn 3eprreynmiH MakcaThl — KacaHAbl WHTEJUIEKT HETi31HIEeri MaHCANThIK YCHIHBIM
JKYHenepiHe apHalFaH FbUIBIMH €HOEKTepAl JKyHemi Typle Tanaay apKbUIbl opTypii MIHIET
KOMBUTBIMIAPEl  AsCBIHAA €H JKOFapbl OOJDKAaMABIK JONIIK IMeH THIMAUIIKTI KepCeTeTiH
ANropuTMAEPl aHbIKTay. 3epTTeY/IiH Heri3ri ynectepi: (1) MaHcanThIK Oarnapiiay calachblHAarbl
KU-3eprreynepain nepektep 0a3achlH KATBIITACTRIPY KOHE OJIap.lbl MIHICTTEPI, aIrOpUTMILPI
MeH Oaranay KepceTkilrepi OOHBIHIIA XKIKTEY; (2) anropuTMIEpi CajabICTHIPMANbl TaljayFa
MYMKIHJIIK O€pETiH KiIacTepiey TOCUTIH YChIHY; (3) aJblHFaH HOTHIKETIepAl KYHeni CHaTe3aey; (4)
3epTTeyJeperi MeKTeyJIep MEH OJIKbUIBIKTapAbl aHbIKTaIl, OoyialiakK 3epTTeyliepre apHairaH
YCBIHBICTApABl TYXKbIpbIMaay. OcCbhl MakcaTKa »JKETy VIIH KeJieCi 3epTTey CypakKTapsl
KapacTbIPbUIJIbL:

1. JKWM HeriziHaeri MaHCanTBIK YCHIHBIM JKYHMENEpIHJIE MAalIMHAIBIK KOHE TepeH
OKBITY/IbIH KaH/1ail alrOPUTMAEP] €H KOFapbl OOIKaMJIBIK JTOJIIIKTI KepceTei?

2. MamuHanblK JKOHE TEepeH OKBITY aJIrOPUTMAEPIHIH KaWChIChl €cenTey THIMIUIIT
OOMBIHIIIA XKOFAPBl HOTHXKEJIepre KoJl xKeTkKizeni?

3.  MasncanTsIK YCHIHBIM MOJIENbICPiHAC KaH/al JepeKTep Typiepi maiaaaaHbuIabl )KoHe
OJIap/IbIH alITOPUTMAEP/Il TaHIay MEH OHIMLIIK KOpCeTKIITepiHe acepi KaH1ai?

Marepunangap MeH 3epTTey daicrepi.

Kytieni onebuer momyst PRISMA 2020 nyckaynibiFblHa Coiikec >Kypri3uial [5]. 3eprrey
ozlicTeMeci 3epTTey CYpaKTapblH KalbIITACTBIPY, 13/1€y CTPATETUSCBIH d3ipiey, 3epTTeynepii
IpiKTey, carachblH Oarayiay KoHE HOTHIKENEep/ll CHHTE3/Y KE3CHJEPIH KaMThIIbl. Oe0ueTTep/ Il
131ey Scopus xoHe Web of Science nepekrep KopiapblHIa *Ky3€re achlpbUIIbl. 3epTTeyiepii
IpikTey €Kl KE3€HHEH TypJbl: OacTamkbpl Ke3eHJEe >KapHusUlaHbIMJAp/bIH aTayjapbl MEH
aHjaTnanapbl KapacThIpbUICca, KEHIHT1 Ke3eHJe TOJNBIK MOTIHIEp TalJaH[bl. AJBII Tacray
cebenrepi PRISMA tananTapeina calikec Kyxarranasl (1-cyper).
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Cyper 1 — 3eprreynepai ipikrey yaepiciniz ceizoacsl (2021-2025)

I3gey crparerusicel sxoHe IepekTep ke3aepi. 3epTTey OapbIChIHAa 9pOIp E€HI13LIreH KYMbIC
YIIIH «JIe€peKTep Typl — alropuT™M — Oaranay KepCeTKilll» apachlHIarbl OaillaHbIC TipKedi.
MyHgait ToclT HOTHDKENEp/Al HaKThl MIHIETTEp KOHTEKCIHJAE TajljayFa »XoHE 3epTTeyJep.iH
o/licCHaMaJIbIK dPTEKTUIIT XKaFAalbIHa IepEeKTep i AKYHell Typ/ie CHHTe3/Ieyre MYMKIHJIIK Oep/i.

FouisiMu xapusimansIMIaapsl 13€y aJIIblH aja 931pJEHTeH CTpaTerus HeriziHae Scopus
xoHe Web of Science nepekrep KopiapelHIa kyprizuimi. I3ney keszeni 2021 sxpuigan 2025
KBUIJIBIH KapallachblHa JEWIHT1 YaKbIT apalibIFbIH KaMTBIABL. FBUIBIMU sKapHsUTaHBIMAAP/ABI 13/1ey
OapbIChIHA KacaHIbl MHTEIJIEKT TeXHOJIOTUSIIApbIH CUNIATTalThIH «artificial intelligence», «Aly,
«machine learningy», «deep learning», «neural network», «recommender system» xoHe «decision
support system» CHAKTBI KUITTIK ce3/ep MaiiganaHbulsl. MaHcanThIK OaFiapiay cajlachlH KaMTy
yuriH «career guidance», «career recommendation», «career counselingy, «career planningy xoHe
«career development» TepMuHIEpl KOJJaHBUIIBL. [371ey CypaHBICTaphl aTajlFaH TEPMUHAEPIIH
OpTYpJli KOMOMHAaUMsUIapbl HeETi31HAE KaubnTacTelpbuiasl. Ipikrey Computer Science >koHe
Engineering moHIK canajgapblHIaFbl aFbUIIIBIH TUIIHAE JKapusUlaHFaH Makauajgap MeH
KOH(epeHmsi MaTepraigapbiIMeH MmekTenail. Herisri i3geyneH OeJiek, TONBIK MOTIHIIK
capanTay/aH eTKeH MakajalapJblH 9eOueTTep Ti3IMIepiH Taijay apKbUIbl KOCBIMINA KOJIMEH
13aey Kyprizuimi. bynm Tocim OGactanmkel i37ey OapbIChIHAAQ aHBIKTAJIMaraH, Oipak 3epTTey
TaKbIphIObIHA COMKEC KEJIETIH JKapHUsIaHbIMIAP bl KAMTYFa MYMKIHAIK Oep/i.

Kocy sxone anpim Tactay emmemmaprtrapbl. [llomyra MaHCANTBIK YCHIHBIM JKYHenepiHze
KacaHIbl MHTEJUIEKT aJTOPUTMJEPIH KOJJAHATHIH JKOHE MailanaHblUIFaH QJicTep, JEpeKTep
JKUBIHTBIKTAPhl HEMece Oaraliay KOpCEeTKIIITEpl Typajbl aKkmapatr OepeTiH 3epTTeysiep eHTI3UII.
An XU omicrepiH KONAAHOAMTHIH NENAarorukajiblK HeMece ICUXOJIOTUSIIBIK 3epTTeyJiep,
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MaHCANTHIK YCHIHBIM >KYHelepiMeH OaillaHBICTBI eMeC KapusaaHbIMIAp, COHAAW-aK IOy
MaKaJyianapsl, Kepi KaWTapbUIFaH KYMBICTap, TOJBIK MOTIHI KOJDKETIMCI3 MaTtepuasaap xone 2021
KBUTFA JICHIH JKapusIIaHFaH 3epTTeyJiep TalayAaH MIbIFapbUIIbL.

Cysriney xoHe ipikrey mporeci. 3eprreyiepai ipikrey PRISMA-2020 yceiHbIMIapbeiHa
colikec OipHeme Ke3eHJe KYpri3uiai [S]. AnapIMeH KalWTajdaHAThIH >KapUSJIAHBIMIAP aJIbIHBII
tactanabl. KeiiH >KyMBICTapAbIH aTayjapbl MEH aHJaThanapbl KOCY JKOHE ajblll TacTay
OJIIIIEMIIIAPTTAPbIHA COMKECTIri TyprbhIchiHaH OaranaHibpl. COHFBI KE3EHJIC TOJBIK MOTIHIEpIe
TaNgay JKYPTri3ulil, oJapiblH 3epTTEy CYpaKTapblHA JKOHE OJICHAMAIIBIK cama TajanTapbiHa
COMKECTIr TeKCEepiIIi.

Hepekrepai amy. Jlepekrepai >KHHAY 3€pTTEY CYpaKTapblHA OAaFbpITTalIFaH apHaibl
O3IpJICHTEH XaTTaMa Heri3iHae XYpri3iaail. by 3epTreyae anpiHaThIH allHBIMANbLIAP YKUBIHTBIFBI
OopKaM JIQMITIH, ecenTey THIMAUITIH >KOHE KOJJAHBUIFaH JepeKTep TypJepiH Taijayra
Oarnmapimanabl. KypbUIbIMIBIK Tajagay »KYprizy MakcaTblHIa opOip eHTI3UIreH 3epTTeyre Oiperei
kox (S01-S25) Gepinmi. [epekrepai amy KapTbulail KYpBUIBIMJIAIFAH KECTe apKbUIbI JKy3ere
aChIPBUIBIT, OApJBIK aKmapaT KEWIHT1 Tanjaay YIIiH KHHAKTAyIIbl JEPEeKTep KOpbIHA CHTI31I1.
ATBIHFaH IEPEKTEPIiH KOPBITHIHIBI KYPBUIBIMBI 1-KeCTeIe KOpCeTiIreH.

Kectre 1 — MaHcanThIK YCBIHBIM JKyienepi OOMbIHIIA 3epTTEyJIepAiH alrOPUTMIIK KilacTepiep
OOMBIHIIIA KIKTEIY1

3eprrey bubnmorpadusnbik cunarrama Knacrep
KOJBI

S01 Islam R., Keya K., Zeng Z., Pan S., Foulds J. (2021). Debiasing Career | Kmacrep
Recommendations with Neural Fair Collaborative Filtering 4

S02 Mejia M., Jimenez C., Martinez-Santos J. (2021). Career Kunacrep
Recommendation System for Validation of Multiple Intelligence to 1
High School Students

S03 Guo P., Xiao K., Ye Z., Zhu H., Zhu W. (2022). Intelligent Career Kiacrep
Planning via Stochastic Subsampling Reinforcement Learning 5

S04 Huang L. (2022). The Establishment of College Student Employment | Kiactep
Guidance System Integrating Artificial Intelligence and Civic 3
Education

S05 Wang C., Wang K., et al. (2022). Do Humans Prefer Debiased Al Kiacrep
Algorithms? A Case Study in Career Recommendation 4

S06 Guo J., Qi L. (2022). Visualization Research of College Students’ Kiacrep
Career Planning Paths Integrating Deep Learning and Big Data 2

S07 Fatima N., Gul S., Ahmed J., Khand Z., Mujtaba G. (2022). A Rule- Kiacrep
Based Machine Learning Model for Career Selection through MBTI 1
Personality

S08 Wang Y., Yang L., Wu J., Song Z., Shi L. (2022). Mining Campus Big | Knacrep
Data: Prediction of Career Choice Using Interpretable Machine 1
Learning Method

S09 Majjate H., Bellarhmouch Y., Jeghal A., Yahyaouy A., Tairi H., Zidani | Knacrep
K. (2024). Al-Powered Academic Guidance and Counseling System 1
Based on Student Profile and Interests

S10 Byeon H. (2024). A Feature Interaction Based Neural Network Kunacrep
Approach: Predicting Job Turnover in Early Career Graduates in South 2
Korea

S11 Giilten H., Baracli H. (2024). A Machine Learning-Based Forecast Kiactep
Model for Career Planning in Human Resource Management: A Case 1
Study of the Turkish Post Corporation
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S12 Abdalkareem M., Min-Allah N. (2024). Explainable Models for Kunacrep
Predicting Academic Pathways for High School Students in Saudi 1
Arabia

S13 Liu P. (2024). Research on the Path of Enhancing Employment and Kiacrep
Entrepreneurship Ability of Deaf College Students Based on 4
Knowledge Graph

S14 Feng K. (2024). Research on College Students’ Career Planning and Knacrep
Employment Guidance Strategies Assisted by Artificial Intelligence 4

S15 Chen Y., Wei W., Wang L., Dong Y., Liang C. (2024). Where Do Knacrep
They Go Next? Causal Inference-Based Prediction and Visual 3
Analysis of Graduates’ First Destination

S16 Mahboob K., Asif R., Haider N. (2024). Career Planning Matters: Kiacrep
Intelligence-Based Career Path Predictions Using Data Mining Models 2
— A Longitudinal Study

S17 Seesukong S., Angskun T., Keandoungchun N., Thippongtorn A., Knacrep
Angskun J. (2024). CARIA: A Personalized Career Recommender 5

Based on Individual Competency Similarity Measure
S18 Zhang L., Gu X. (2025). A Novel Career Prediction Method Based on | Knacrep

Fuzzy Model-Fuzzy Clustering Approach 5
S19 Agrawal R., Nayak A., Hemnani P., et al. (2025). Predicting Al Job Kiacrep
Market Dynamics: A Data Mining Approach to Machine Learning 1

Career Trends on Glassdoor
S20 Moreno-Novoa M., Puertas E., Martinez-Santos J. (2024). Enhancing | Kmacrep

Vocational Guidance with Machine Learning: Predicting STEM 1
Career Viability for High School Students

S21 Cheng Y. (2025). Development of a Career Planning Assistance Knacrep
Platform for College Students Combining Fuzzy Logic and Deep 3
Learning

S22 El-Keiey S., EIMenshawy D., Hassanein E. (2025). Career Kunacrep
Recommendation Based on Feature Selection for Undergraduate 1

Students Using Machine Learning Techniques
S23 Hassan R., Hassan M., Sameem M., Rafique M. (2024). Personality- Kiacrep

Aware Course Recommender System Using Deep Learning for 2
Technical and Vocational Education and Training
S24 Senger E., Campbell Y., van der Goot R., Plank B. (2025). Toward Kunacrep
More Realistic Career Path Prediction: Evaluation and Methods 2
S25 Faruque S.H., Sharun K., Akter S. (2025). Decision Support System to | Kmacrep
Reveal Future Career over Students’ Survey Using Explainable Al 2

Hotnxenep koHe 0J1apAbI TAJIKBLIAY.

Enrisuiren 3eprreynep/iH saicHamMalbIK canachiH Oaranay (Quality Assessment (QA)) yiix
3epTTey MakcaTTapblHa OeWiIMJIEeNreH TepT KPUTEpUiIeH TyYpaTblH apHaibl camaHbl Oaranay
cp130achl KonaaHbULbI [6]. baranay HoTHXKenepi 2-KecTeie KOpCeTUIreH.

Kecte 2 — EHri3uIreH 3epTreyiep/liH canachlH Oarajay HOTHXKeNepi

3eprTey QA1 QA2 QA3 QA4 Kanmer 6amn
KOJIbI
S01 1 1 1 1 4
S02 | 0 1 1 3
S03 1 1 0 1 3
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S04
S05
S06
S07
S08
S09
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
Eckepry:
QA1 — anropuT™MHIH CHIIaTTaIyHI;

QA2 — ecentey THIMILIITT Typajbl aKIapaTThiH O0YbI;
QA3 — 6oypKaM JIOIIITT Typasbl aKNapaTThIH 0OITYHI;
QA4 — nepexTep TYpiHIH CUIIATTAIYHI.

[UNN NI (U JUSIINY [UIIN UNIY VI, RN, U\, U U (U JUNIN, (U U U U U U, U, U, Uy

BIPRIWWIWRIWIRWIWWIRARRPRBRPRIWIR|IWIRARWW

Ll (el el el fenll fan )l Ll Fen ) fen ) Few ) LB el sl el el Kl Dl e B el Renll e
el el e e e e Y e N e e e N e e e e e e e Y e T
el i el el el el el e el e el el e e e e e e e e el

JXorapblnarbl KecTee KepceTUIreHJeH, camaHbl Oaraysiay HOTHXKenepi OoMWbIHIIA
3eprreynepaiH 48%-b1 (n=12) O6apabIK TOPT KPUTEPHUITE COMKEC KEJIil, >KOFaphl cana caHaThIHA
#aTkb3bULBL. Tarsl 48%-b1 (n=12) opTama camna feHreifin kepcerti. Tek Oip 3eprrey (4%, S03)
TeMeH 0asut aibl, OyJ1 oH1a 60KaM JAIIITIHE KaThICThI aKIapaTThIH 00JIMaybIMEH OaliIaHBICTHI.
Anaiija Oyl HOTMXKE 3€pTTEYJiH JKalIbl FBUIBIMM CalachlH €MeC, OHBIH OCBl JKYMBICTa
KOJIJIaHBUIFaH callaHbl 0aranay KpUTepUIepiHe COMKECTIK JEHIeliH FaHa CUMlaTTalibl.

3epTTey HOTHXKENEpl «JIepeKTep TYpl — aJIrOpUTM — Oaranay KepceTKill» OalIaHbIChI
HET131H/1€ YCHIHBULIIBI, ce0e01 MoIenbAep IIH OHIMIUIIT KOJIaHbUIFaH JEPEeKTEPIIH CUTIaThl MEH
3epTTey MIHJETTEpiHE TiKeJIeH Tayeni.

3epTTeynepaid cumarramaiapsl. JKapusuraHbIMIapIsIH TeoTPaHsUIBIK Tapalybl jKacaH bl
MHTEJUIEKT HeT131H/IeT1 MaHCaNThIK KeHec Oepy cajlachIH/IaFbl 3epTTeyNEp/IiH KeKelereH enaepie
HIOFbIpJIaHFaHbIH KepceTTi. Ex kem 3eprrey KpiTaiiga xypriziuiren (n=11), Oy enniH aTanraH
OarpITTarbl okeTekull opHbIH aiffakraiiabl. AKILI, T'epmanus, KomymOus, Ilokictan >xoHe
MapokkogaH eki 3epTTeyaeH aHbIKTajica, banrmanem, YHmaicrtan, Tainmann, Cayn ApaOuschl,
Typxus, Ouryctik Kopes, Utanus, ¥neiOpuranus xoHe Erumnerren 6ip-Oip >kapusiiaHbIM FaHa
TaOBLIABI. AJI IIOJTyFa €HTI3UITeH 3epTTeyiep apacbinaa KazakcTan aBTOpIIapbIHbIH ) KYMBICTAphl
ke3necneni. byn skarnmait emimizne JKM HerisiHzeri MaHCanThIK YCHIHBIM JKyHernepi OOHbIHIIA
3epTTEYJIepIH KETKUTIKCI3 JaMbIFaHBIH KepceTedl jkoHe OuriM Oepy Kyiieci MeH eHOek
HapBIFBIHBIH HU(PIBIK TPaHCPOPMALUACH! KaFAalbIHIa MAaHBI3Ibl 3€PTTEY OJKBUIBIFBI PETIHIC
KapacThIPBUTYBI MYMKIH.

Ma3sMyHIBIK TagaydblH TaKbIPBINITHIK HOTHOKENepi. by OemiMae 3epTTeyniepliiH Heri3ri
cUIaTTamaliapbl MEH 3epTTEy CypaKTapbIHa COMKeC abIHFAH HOTHIKENIEp YChIHBUIAIBL. [piKTeNnTeH

216



Ne3(42) AAA XKAPLLbICHI

KYMBICTapJa KOJJaHbUIFAaH aJITOPUTMICP OKBITY MapagurMalapblHBIH €peKIIeTiKTepiHe Kapaii
0ec TYXKBIpBIMIAAMANBIK KiIacTepre KikTeiami. MyHnmail TONTacThIpy 3epTTEyJIepAiH IKaJIIbl
KOPITYCBIH JKYHeneyre 5koHe alrOpUTMICPAl CATTBICTRIPMAaIIbI TYpe TaliayFa MyMKiHaik 6epai (3-
KecTe).

Kecre 3 — MaHcanThlK YCBIHBIM IKYHEJEpiHIE KOJAAHBUIATBIH AITOPUTMACPIIH OKBITY
‘THapaaurmanapbl OOMbIHIIA KIKTETy1
Knacrep nemepi Knacrep ataysr EH >xoFapbl HOTHKEHI KOPCETKEH aJITOPUTMIICD
Knactep 1 Classical & Ensemble | Logistic Regression, SVM, KNN, Huber Regressor
Machine Learning Random Forest, Gradient Boosting, XGBoost
Knactep 2 Deep Neural MLP, CNN, LSTM, FINN, TVET-CRS model
Networks
Kmacrep 3 Hybrid & Multimodal | GRU+MLP+attention, CIRF-MLP,
Deep Learning CNN+LSTM+Transformer
Knacrep 4 ML-based Feature-based & Time-aware Hybrid Collaborative
Recommender Filtering
Systems Neural CF
NFCF
Hybrid CF + KG + clustering + TF-IDF + time-decay
Knacrep 5 Non-comparable AI | Reinforcement Learning—based methods (SSSRL ¢
Paradigms Q-learning)
Fuzzy Logic & Soft Computing Systems (Takagi—
Sugeno type + FCM + LSE)
Similarity-based / Distance-based Methods (MES)

Ipiktenren 3eprreynepai Tangay OapbIChIHa SpOip KYMBICTa aBTOPJIApP YChIHFaH 9/licTeMeE
HIeHOepiHAe €H JKOFapbl HOTHXKEre KOJ JKETKI3T€H alrOpUTMJIEp aHbIKTanabl. Anaiiga Oy
HOTIDKEINIEP HAKTHI IEPEKTEP )KUBIHTHIKTAPBI MEH 3€PTTeY JKaFJaiyiapblHa TOYeIN Il OOIFaH/IbIKTaH,
6enrini Oip aaropuTMHIH oMOe0ar apTHIKIIBUIBIFBIH OL11IpMenIi.

Tannay 3epTrey cypakrapblHa COWKeC yII OarbIT OoMbIHINA Kyprizuiai: (1) menrsierin
MIHJETTep MEH KOJIJaHbUIFaH Oaranay KepceTKimTepi; (2) anropuTMIepaiH ecenTey THIMILIIT;
(3) kipic nepeKkTepiHiH TypJiepl >KOHE OJapAblH aJrOpUTMAEpAl TaHAay MEH OHIMIUTIK
HOTWXKenepiMeH Oailnanbichl. HoTwkenep MiHIeTTep MeH Oarayay KepceTkKilTepi OOMbIHIIA
YCBIHBLICA, KJIacTepiiep apachlHIaFbl YKCACTHIKTAP MEH allbIpMAaIIbUIBIKTAp TAIKBUIAY OOTiMiHIe
KapacThIPbUIJIBL.

bipinmii 3eprrey cyparblHa ColKec, 3€pTTeylepAe YCBHIHBUIFaH aJIrOpUTMIEPIIH
O0JDKaMJIBIK TJIJIIK KOPCETKIIITEP1 CalTbICTBIPBUIBII, 9p JKYMBICTA €H JKOFaphbl HOTH)KE KOPCETKEH
MOJIEJIb/IEP aHBIKTAJAbl. AJIBIHFAH HOTHIKEJEp allTOPUTMIK KiacTepiiep OoibIHIIA KyieneHai:

a) Kikrey. JKikTey MiHAETTEepiHAE €H KOFapbl HOTHIKENEpHl aHCaMOIbJIK MAalIMHAJIBIK
OKBITY 9JIICTEpl MEH TEPEH OKBITy Mojenbaepi kepcerti. Kmacrep 1 3eprreynepinme Random
Forest mogeni Accuracy = 99% xone AUC = 99.97% (S12), an Gradient Boosting Accuracy =
0.978 »xone AUC = 0.983 (S11) monaepine Ko )keTki3al. TepeH OKbITy MOJeNbAepl apachiHIa
CNN Mean Accuracy =93.75% sxone AUC-ROC =99.02% (S25), an MLP mozeni 95.73% manaix
kepcerTi (S16) (Knacrep 2). CoHbIMeH KaTap THOPUITIK TICLIAEP A€ JKOFaphbl HOTHXKENep Oep/i:
CIRF-MLP wmoneni Accuracy = 0.87 xone AUC = 0.95 (S15) (Knactep 3) xepcerce, Feature-
based & Time-aware Hybrid Collaborative Filtering mogeni AUC kepcetkimri 6oiibiHIa 95%-1a0
xorapbl HOoTkere xkeTTi (S14) (Kmacrep 4). Xanmmel anrannga, KIKTEYy MIHACTTEPiHAC
aHCaMOJIBJIIK 9/1iCTEp MEH HEHPOHIBIK JKEeJNIJIep €H XKOFaphbl O0IKAM/BIK JSJIIKTI KOPCETTI.
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6) ¥coHbIMAApAbl gopexeney. Y ChIHBIMIAPIbl Jopekerney MiHISTTEepiHAe 3epTTeyiiep
opTYypii Oaranay KOPCETKIIITEPiH KOJJaHFaHABIKTAH HOTWDKEIEPIl TIKENEH CalbICThIPY KHBIH
6onnel. Ex xui ke3gecken kepcetkimrepaid 6ipi NDCG Gonbin Tabbpimansl. OChl KOPCETKIII
ooitpinma TVET-CRS mozaem NDCG = 0.96 notmxkecin kepcerti (S23). NFCF moneni yurin
NDCG mamamen 0.48 (S01), amr NCF+LR moneni ymia NDCG = 0.0050 (S05) 6onnbel. backa
seprreynepae Precision@K (S17), HR xone NDCG (S01), connmaii-ak MRR xone Recall@K
(S24) kepcetkimrepi naitgananpuabl. COHIBIKTaH OYJI CaHATTaFbl HOTHXKENIEP KOPCETKIIITEPIIH
OPTYpIiIiTiHE OAJIAHBICTHI CHITATTAMAIBIK TYPJC )KUHAKTAIIBI.

B) Perpeccus minmertepi. Perpeccusiiblk MiHAETTEpAE MOACIBACPIAIH THIMAUIII KaTeiK
KOpPCETKIIITepi MeH JaeTepMUHanus Kod((UIMEHTI apKpUibl Oaramanibsl. EH TeMeH KaTelik
kepceTkimTepinin 6ipi Huber Regressor mopeninne 6aiikanasl (MSE = 0.0017, RMSE = 0.0422)
(S09). Random Forest mogeni RMSE = 0.0646 >xone NRMSE = 0.1966 monnepin kepcerri (S19).
An rubpuaTik yebiHBIMABIK Toc yimiH MAE = 0.591 notmwxkeci tipkenai (S13) (Knacrep 4). byn
HOTIDKETIEp PEerpecCUsUIbIK MIHACTTepAC aHCaMOIBIIK MOICIBIACPIIH >KOFaphl THIMILUIITIH
KOpCETEeIi.

r) Kiacrepney. Kmacrepney wminaerine apnamran sxanrbei3 3eprreyne LSTM-Canopy
anroput™mi k-means omicimen canbicThipbuiasl (S06). Hotwmxkenep OoitbiHma DS3  nmepextep
xubHTBIFbIHIA LSTM-Canopy Accuracy = 84.30% monine xetin, Emin kepcerkinii OoWbIHIIIA
JOCTYPIi k-means anropuTMiHEH KaKChl HOTHKE KOPCETTI.

Bipinmi 3epTrey cyparbl HOTHIXKelepi OOWBIHIIA €H JKOFapbl OOJDKaMIBIK JISJJIIK
KOPCETKIIITepl HEri3iHeH aHcaMONIbJIK MalluHAIBIK OKBITY omictepinae (Random Forest,
Gradient Boosting) >xoHe TepeH OKbiTy Monenbaepinae (CNN, MLP) oOaiikamasl. Aumaiiga
ANTOPUTMACPIIH apTHIKIIBUIBIFEI 3€pTTEy MiHJETIHE, KOJIJAHBUIFAH JEepEKTepre >koHe Oaranay
KOPCETKIIITEpiHe Toyenai O0JIbl, COHABIKTaH OapIbIK >Karnai yoriH amoOedarn eH Y3IiK MOJeNb
AHBIKTAIIFaH JKOK.

Exinmn 3eprrey cyparbl OOWBIHIIA MAIIMHAJIBIK JKOHE TEPEH OKBITY alTOPUTMACPiHIH
ecenTey THIMALUIIT Tanganabl. EcenTey THIMIUTIT Typaibl aklapar eHri3UIreH 25 3epTTey/IiH a3
OeniriHIe FaHAa KApacTBHIPBUIFAH. 3epTTEysiepAe Oyl Mocelie apXUTCKTypalblK IICIIiMIEp,
AITOPUTMIIK KYPHAEIUIK, TUIEeprapameTpiepl OHTaWIaHIbIPy, OKBITY MapaMmerpiiepl >KoHe
Ooykay KiIpicl TYpPFBICBIHAH OaramaHabl. Ajaiia >KYMBICTapIblH KOMIIUITIHAE €cenTey
TUIMJUTITIH CUIIATTalThIH CaHJBIK KOPCETKIIITEpP OepiaMereH.

bipkarap 3epTreynepae ecentey IIBIFBIHAAPBIH a3aiTyra OaFbITTalIFaH TICLIAEp
ycbiHbUTFaH. Mpicanbl, (S03) 3epTTeyiHae HEHpOHIBIK >KeNijepl HEri3ri ecentey LMKIiIHEH
HIbIFApy apKbUIbl JKYHEHIH MaciiTadTamybl MEH TUIMILIITT apTThIpplUiFaH. (SO08) >KymbIChIHIA
anroput™MHig ecenrtey kypuenuairi O((N log N) — (log® k)) apansirbinna Oaranansin, TPE
HETi31HAerl TUIeprnapaMerpiiepAl  OHTAWIAaHABIPY  OKBITY  THUIMIUIIH — KaKCapTaTbIHbI
kepcetiired. (S11) 3eprreyinge Gradient Boosting xone Random Forest mopenbaepiHiH
TUIMJUTITT OHTAWJIBI THIIEpIIapaMeTpiiep il TaHAay apKblIbl KAMTaMachl3 €TUIETIHI alThIIIFaH.

Ecenrtey TuiMainiri 60MbIHINIA HAKTHI CAHBIK HOTHXKENEp MIeKTey i 00l Mbicainsl, (S14)
3eprreyinge 300 Oenri maiianaHbUIFaH dKaFdaiga MOJENbIIH jkayarn Oepy yakbIThl 5.62 Mc
OOonFaHbl KOpCEeTUIreH, Oyl OHBIH HAKThl YyaKbpIT pPEXUMIHE KaKblH KoJjaHOanapra
JKapaMIbUIBIFBIH Aonenneial. An (S24) xymbicbiHaa Oip KacblpblH KabartaH (512 Helpon),
HIareiH makeT enmeMineH (16) sxone 10 smoXTaH acmalThIH OKBITY IHUKJIIHEH TYPAaThIH MOJIENb
CANTBICTBIPBUTFAH TOCUTAEp apachlHAAFBl ©H JKCHUT JKOHE OKBbUIIAM apXUTEKTypa peTiHIe
CUTIATTaJIFaH.

JKanmer anrania, ecentey THIMAUTIT €HT131ITeH 3epTTeYIepAiH KOMILTITIHAC KYHenl Typae
KapacTelpbUIMaraH. Tek 4 3epTreyae Oy Mocene Tikenel TanjnaHca, 2 3epTTeyie xKaHaMma Typae
KapacTbIpbUIFaH, ajl KairaH 19 kyMpIcTa ecentey THIMIALUIIT Typaibl aknapar OepiimereH (2-
cypet). COHIBIKTaH Ka3ipri oie0ueTTepe aNropuTMIAepIiH 00KaMIBIK AJAIriHEe KOOIpeK KOHLT
OeiHIN, ecenTey IIBIFbIHAAPEl MEH PEeCypCTBhIK THIMAUIIKTI Oarajay S>KETKUIIKTI JeHreie
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KYpPri3iIMeiTini OaiKamaibl.

® EcenTey THIMILTIT

Kapactbipsuimaran
KapacTteipsutran

JKanama alTeUIFaH

0 5 10 15 20

Cyper 2 — Ecenrey TuiMainiri MoceJIeciH KapacTeIpy Oenrici OOMBIHIIA 3epTTeyIepl caHaTTay
HOTHIKENepi

Exinmmi 3epTTey cyparbl OOMBIHIIA KOPBITBIHIBUIAN Kelle, eCenTey THIMIUIIT TYPFBICBIHAH
HaKThl KONIOACHIbl AJITOPUTMJI aHBIKTay MYMKIH OoyiManbl, cebebi 3eprreynepiiH OachbiM
Oeirinae yakpIT, ’KaJ| IIBIFBIHBI HEMECE PECYpPCTHIK TYTHIHY KOPCETKIIITepi XyHeni Typlre
ecentenMered. CoraH KapamacTaH, >XEHULAETIIeH HEHpOHIBIK JKell apXUTEeKTypaapsl,
OHTAIAaHABIPBUIFAH aHCAMOJBAIK OHICTEp KOHE KYPACIUIIrT TOMEH MOJIENbIEp €cenTey
TUIMAUIITT KOFapbl TOCUIEP PETIH/E €PEKILEeIEHI].

YuriHmn 3epTTey cyparbl OOWBIHINIA MAaHCANTHIK YCHIHBIM MOJCIBACPIHIC KOJIaHBUIATHIH
JIepeKTep TypJepl JKOHE OoJapJblH aIrOpUTMIEpIl TaHAAy MEH OHIMJIUIK KepCeTKILITepiMeH
OaliyaHpICHl TalmaHAbl. 3epTTey OapbIChIHIA JAepeKTep (OpMaTTapbhIHBIH Tapalybl, OPTYpIi
JIepeKTep TYpJepiHe CoMKec KEeJNETiH aJrOpUTMAEP KOHE OJIap/blH OHIMJIUIriH Oaranay YLIiH
KOJIJTAaHBUTFaH KOPCETKIIITEP KAPacThIPBIIIbI.

a) KomnansuiatelH Jepektep Typusepl. Tanjgay HOTHXKeNepl MaHCANTHIK —YChIHBIM
KYHenepiHae KYpbUIBIMAAIFaH KECTENIK JAEPEeKTepAiH 0achiM KOJJAaHBUIATBIHBIH KOPCETTI.
Enrizinren 25 3eprreyain 19-blHAa Herisri AepekTep Ke3l peTiHAe KYpbUIbIMIANFaH KeCTeliK
Oenritep maiinananpurad (3-cyper). JepekTepiiH ceMaHTHKAIBIK KypamMbl OOWBIHINIA CAHATTHIK
KoHe perTik Oenrinep (15 3eprrey), conpaii-ak canislk Oenriiep (14 3eprrey) xkui Ke3gecei.
bipkaTtap >xympicTapaa OipHemie aepekTep Typi Oip Me3riije KOJJAaHBUIFaHIBIKTAH, TEPEKTEep
CaHaTTAPBIHBIH JKUBIHTHIK CaHbl 3€pTTEYJIEp CaHbIHAH achlll TYcel (4-CyperT).

B KypbulbIMaaFan
VY akbITTBIK

Ogzre popmarra

Cyper 3 — XKW -maHcanTBIK YCHIHBIM XKYHeci 3epTTeyiepinaeri 1epekrep GopMaTTapblHbIH
Tapaisysl
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B MiHe3-KYIBIKTHIK/ TeKCTTIK
B CaHaTThl
B Jlemorpadukanbik/ [ IcHX0NOTUsITBIK
Konrekcrti
4%
B YV aKBITTBIK
5%

B OIeyMeTTiK-9KOHOMHUKAITBIK

CaHapIK

Cypert 4 — Hlonynarsl aepexTep TypiepiHiH naiganansurysl (N=25).

0) Jlepexrep TYpJepiHIH alrOpUTMIECPIl TaHIAyMEH Oainanbichl. KypbUibiMaanraH
KECTEJIIK JIEpPeKTep TNalJalaHbUIFaH 3epTTeyJiepliec €H JKOFapbl HOTIDKEIEpHAl HETi3iHeH
KJIACCUKAJIBIK MAIIMHAJIBIK OKBITY KOHE aHCaMONbIiK aaicTep kepcerTi. Ocipece Random Forest
[S12, S19, S22] xone Gradient Boosting (S11) monenbaepi xui ke3aeceni. Al MOTIHIIK HEMeCe
apanac ¢opMaTTarbl JAepeKTep KoJaHbUFaH xarmaiina SVM xone Logistic Regression (S07),
CNN sxone LSTM (S21), CNN (S25), connaii-axk CIRF-MLP (S15) cusiktel HeHpOHABIK Kell
KOHE THOPHUATIK MOZIENBACP KOFAphl OHIMIUIIK KepceTTi. MIHEe3-KYIBIKTBIK >KOHE PETTIK
JEPEKTep VIIIH Y3MIK HOTHXKENIEp YCBIHBIMIBIK KOHE PETTIK MIiHJIETTepre OeHiMIIenreH
Moerbaepae 6aiikanabl. Onapaeie Karapeiaga MLP (S24), Hybrid CF + KG + time-decay (S13)
xoHe feature-based & time-aware hybrid collaborative filtering (S14) cuskTbl TUOPHITIK
YCBIHBIMJIBIK Tociaep O0ap. [IcHXxoMeTpHsUTBIK JepeKTep KeKke JepeKTep Ko3i peTiHe Ae, apanac
KYPBUIBIMJIAJIFAH JICPEKTEP KHUBIHTHIKTAPBIHBIH KYPAaMbIHJIA J1a TaiIanaHbuiabl. Byl caHaTTarsl
3epTTeyJepae anropuTMaepain optypiainiri Oaikanaer: KNN (S20), FINN (S10), MES (S17),
connaii-ak FCM sxone LSE kommnonentrepi 6ap Takagi—Sugeno moaeni (S18) :xorapbl HOTHIKEIEP
KOpCeTTi. AJl TICHXOMETPHUSUIBIK Oenriyiep 0acka KypbUIBIMIANFaH JepeKTepMeH OipiKTipiireH
xargainapaa XGBoost (S02) sxone SVM/LR (S07) cuSKTBI ASCTYpil MaIIMHAIBIK OKBITY
ANrOpUTMACPI TUIM/II OOJIIBI.

Kanmel anFaHga, HOTIHDKEEp NEpEeKTep TYPIHIH anropuTMAepl TaHOayFa TIKelel ocep
eTeTiHIH KepceTTl. KypbulbIMaanraH KecTeNiK JepeKTep YIUIH aHCaMOJIbJIK MoJeibaAep OachiM
0osica, MIHE3-KYJIBIKTBIK JKOHE PETTIK JepeKTep YIIiH THOPUATIK YCBIHBIMIABIK XKyHenep, an
MICUXOMETPUSIIBIK JIEPEKTEp YIIIH OPTYpPJIl MANIMHAIBIK OKBITY KOHE OYIIBIp JIOTHKara
HET13eNTeH TOCUIIep KOMAaHbUIFaH.

B) JlepekTep TypJepiHiH eHIMIUIIK KepCeTKIITepiMeH Oailnanbichl. JlepekTep Typiepi MeH
MOJIETIBACPAIH OHIMIUNI apachlHIAFbl OalIaHBICTHI Tajjay MakcaTbhlHAA 3epTTeyliepie
KOJJaHbUIFaH Oaranay KOpCETKIIITepl TOPT HEri3ri caHaTKa >KIKTENl: JKIKTEy, perpeccus,
YCBHIHBIMJIAPABI JQopeXkeNey KoHEe ©3re MaMaHJaHABIPbUIFAaH KepceTkimrTep. MyHaail KikTey
OpPTYpial JepeKTep TypJiepiHe COMKeC KOJIIAaHbUIAThIH Oaranay TOCULIEPIH CaJIBICTBIpYFa
MYMKIHIIK Oep/ii. 3epTTeylepaiH aTalFraH caHaTTap OOMBIHIIIA Tapallybl S-CypeTTe KOPCeTiIreH.

14
7
3
H
—

Kikrey Perpeccuss  ¥cwempMumapnel  Knactepmik
Jopexeney

Cypert 5 — Kipic aepexrepi Typsepi HeTi31H1e KOJJaHbUIFaH HEeri3ri Oarainay KOpCeTKIITepiHIH
KIKTEMYI.
Eckepty: Monzep THiCTI KopCeTKiTep TOObI MaiiaaHblIFaH 3epTTeyJiep CaHbIH KopceTe/Il.
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KypbuiblMaanFan KecTeliK JAepeKTep KOJJAHBUIFaH 3epTTeyleple OHIMAUIK KeliHece
KIKTEY >KOHE perpeccusi KepceTKIITepi apKbUibl OaramanHibpl. bysl caHaTTarbel KyMbIcTapaa
Accuracy, Precision, Recall, Fl-score, AUC, MSE, RMSE sxone R-squared kepcerkimTepi
KeHIHEeH KougaHbslUiabl. Mbicansl, (S12) 3eprreyinne Accuracy xone AUC kepcetkimrepi 99%-
JIaH JKOFapbl HOTHOKenepre sxerce, (S09) xKyMBICBIHIA PErpecCUsUIbIK MOJAENbICp YIIIH TOMEH
KaTeJIiK MOH/IEP1 MEH >KOFaphl IeTepMUHALUs KO3 PULIMEHTI TipKeNTeH.

PerTik xoHe MiHE3-KWIBIKTBIK JACPEKTEp MaijgalaHbUIFaH 3epTTeysepie Oaranmay keOiHe
YCHIHBIM/IBIK OKYHenepre TOH KOpCETKIITep apKbUIbl KYpri3ingi. Atam aiTkanza, MRR,
Recall@K, HR xone NDCG cusakrel nopexeney kepcerkimrepi (SO01, S24), conpaii-ak
YChIHBIMABIK MiHzeTTep yiniH MAE kepcetkimmi (S13) KongaHbUIIBL.

MOTIHIIK JKOHE MYJIbTUMOJAIBILI JEPEKTEP IMalJaalaHbUIFaH 3epTTEyJIepAe OHIMIUIIK
HETI31HEeH JKIKTEey KepceTKilmTepi apKpUibl Oaramaniel. byn sxymbictapna Accuracy, Precision,
Recall, F1-score :xone AUC-ROC kepcetkimrepi sxorapbl MoHAep kepcetTi (S07, S21, S25).

JXKanmer anFania, HITHXKEIEP IEPEKTEp Typl MeH Oarayiay KepceTKimTepi apacbiHaa oenrini
Oip Oailmanpic 0ap €KEHIH KOPCETTI: KYPBUIBIMIAJIFaH KECTENK JepeKTep KoOiHE )KIKTey JKoHE
perpeccusi KOPCETKIIITEPIMEH, al PETTIK JKOHE MIiHEe3-KYIBIKTHIK JCPEKTep YCHIHBIMIAP.IbI
Jopexeney KepceTkilTepiMeH OaramanraH. MOTIHIIK JKOHE MYJIbTUMOAANBIBI JIEPEKTEp
JKarIalbIH]IA J)KIKTEY KOpCeTKImTepi 0achiM KOJITaHBUIIBI.

Tankpinay. bBipiHmi 3epTTey cyparbl HOTHXKeENEpl €H JKOFapbl OOMKAMIBIK JQJAIK
KepceTkimrepi OaKplIayJdbl OKBITYFa HETI3NENTCH JKIKTey MIiHACTTepiHaAe OaiiKaaaThIHBIH
kepcerTi. by canarra ancamMOnbaiK SIiCTep MEH HEUPOHIBIK kel Moaenbaepi Accuracy, AUC
xoHe F1 kepceTkimrepi OOHBIHIIA KOFAphl HOTHKEIIEPre KOJ JKETKi3ai. Ajaiia alropuTMaepai
CaJIBICTBIPY TEK Oipaeil MiHJET KOMBLIBIMIAPHI MeH Oipjei Oaranay KepceTKimTepi menoepinae
raHa opbIHABL. Cebebi opTypiti Oaranay KepceTKIimTepi MoAeTh OHIMILTITIHIH 9PTYPIIi KbIpJIapbIH
cunarraiiel. Mbicansl, AUC xikrey canacbiH Oaranaca, NDCG@K ycolHBIMAApabl Jopexeney
camacelH kepcereai. COHABIKTaH 9pTYPIIi MiHACTTEpre apHAIIFaH 3epTTEYJIep apachlHAAFbI TIKEIeH
CaJIBICTBIPY OICHAMAIIBIK TYPFbIIaH AYPHIC EMEC.

Y CchIHBIMIBIK MiHAeTTepAe Oaranay kepcetkimrepinin (Precision@K, HR, NDCG xone
T.0.) »)xoHe K mapameTpiHiH opTYpaiiiri epekiie Oaikanaapl. by sxargail MakaiaapanblK CaH/IbIK
CaJIBICTBIPY KYPTi3yl KUBIHIATHIN, HOTHKENEPAl HET131HEH CUNaTTaMallblK CHHTE3 JACHTEeHiH/Ie
KapacTelpyra MaxOyp eteni. JKyprizijreH tanjnay Heri3iHjae €Ki Heri3ri 3aH/AbUIBIK aHbIKTaJIbI.
bipinnrieH, ancaMOIbIIK KOHE HEHPOHABIK KeIl MOJENbAEP] KIKTey MIHACTTEPIHAE TYPaKThI
TYpIE JKOFaphl TONIIK KepceTeni. EkiHmIaeH, THOPUATIK >KOHE YCHIHBIMIBIK O>KyHenepiae
KOJIJIaHbUIaTBIH ~ Oarajay  KOpPCETKIIITEpiHIH  OpKENKUIri  OlpblHFal — JoNenaik  Kop
KaJBINITACTRIPYIbI KUBIHAATaAbl. OcblFaH OaimaHbICTBl Oonamiak 3eprreyliepiae Oaramay
XaTTaMaJlapblH CTaHAApTTAay MaHbI3Abl OOJBIN TaObUIAALI. ATan aWTKaHMa, XKIKTEY MIHIAETTEpI
YLIiH OipbIHFall KOPCETKIIITEp XKUBIHTBIFBIH, Top-N ycbiHbIMAapb! yuriH Oipaeit K moniHzeri
OpTaK Jopexeney KkopceTkimTepin, an perpeccus yiid RMSE sxone MAE kepcertkimepin kaTap
YChIHY YCBHIHBUTQJBI. bByn 3epTTeyrnep apachlHAAFbl HOTWKENEPAIH CalbICTHIPMAIbIIBIFBIH
apTTHIPbIN, MAaHCANTBHIK YCHIHBIM OKYHEJEepIHIH THUIMIUII Typaibl KOPBITHIHILIAPIBIH
CEHIMLIITIH KyIIeUTeIi.

Kracrepnep apacbiHaarsl ailbIpMalIbUIBIKTAPAbl CTATUCTUKAIBIK Tanaay. JKiKTey mdoniri
TypaJibl CaHABIK JepeKTep OepuireH 3epTTeyiep HeTi3iHAe alrOpUTMIK KIacTepiepaiH
CHUTIaTTaMaJIbIK CTaTUCTUKAchl ecenrtenai. Optama monaep 1-kmactep (M=0.950), 2-xmactep
(M=0.947) xone 3-knactep (M=0.875) apacbinia 6enriii Oip ailbIpMalIbUIBIKTAPIbIH O0ap eKeHiH
KepceTTl. Anaiila IIarblH IpiKTeMe KesieMiHe OaiinanbicTel Kpacken—Younuc Kputepuid
OOWBIHINIA aNBIPMAIIBUIBIKTAP CTAaTHUCTUKANBIK MOHIAUIIK JeHredine jxeTtkeH xok (H=4.00,
p=0.135). Ocep Memmepin Oaranay HOTHXKETEPl 1-KimacTep MeH 3-KacTep, COHIal-aK 2-KiacTep
MeH 3-KJacTep apachlH/a MPaKTUKAIBIK TYPFBIIAH elieyIli albIpMaIIbUIBIKTAPAbIH 00JTybl MYMKIiH
eKeHIH KepceTTl. JlereHMeH, 3epTTeysiep CaHBIHBIH MIEKTEYJIUII JKOHE ToXKIpUOemik
JKaFJaimapAblH KOFaphl TE€TEPOTeHAUTIT OYJT HOTHIKEIep/l alJIbIH alla CUTIATTaFrbl KOPBITHIHIBI
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periHae KapacTelpynbl Taman erefi. COHABIKTAH aJbIHFAH HOTIDKEIEPJl KalMbliay Ke3iHe
CaKTBIK KaXeT.

Exinmi 3epTTey cyparbl 0oiibIHIIA HOTIOKENEp ecentey ThiMautiri XKV -MaHCanThIK YCHIHBIM
JKyHeci 3epTTeysiepiHie KyWeni OaralaHaThlH OJIIEeMIIapT PETIHAE KapacThIPhLIMANWTHIHBIH
kepcerTi. Kypaeni Moaenbaepre 1ereH KbI3bIFYLIIBUIBIKTBIH apThIN Kelle dKaTKaHbIHA KapaMacTaH,
TEK a3 FaHa >KYMBICTAp €CENTey IIBIFBIHAAPBIHBIH HAKThl HEMECE CaHIBIK OJIIICHETIH
KOPCETKIIITEPiH KEeNTipei, MbICAJIbl Kigipic [7], Kypaeniaik HeMece OKbITY mapaMmerpiepi. by
opaiina keneci 3aHABUIBIK Oaiikanapl. TokramatelH OoJicak, ecemnTey THIMIUII >KOFaphl
HIemimMaep, 9JIeTTe, apXUTEKTYpajlblK KapanaibIMIbUIBIFBIMEH epekiieneHe . JKeHis1 HeHpoHIbIK
apXUTEKTypaiap, KIACCHKAJIBIK MAaIIMHAJBIK OKBITY aITOPUTMIEpPl JKOHE a3 mapamerpii
MOJIeIbIEP OKBITY MEH OOJDKay >KbUIIAMIBIFBl TYPFBICBIHAH KAKChl HOTHXKE Kepcerenl. AUl
aHcaMOubziep MeH acipece LLM CHAKTBI KypJeni TocuIAep alTapibIKTail ecentey pecypcTapbiH
KaKET eTe/Il )KOHE KU1 IQJJIIK IEH 1 KY31H]1e KOJIITaHyAbIH BIMBIpAchliH Oospkaiinbl. Kerr sxarmaiina
aBTOpJIAp camajiblK TY)KBIPBIMIApMEH IIeKkTeneai [8] Hemece THUIMIUIIKTI TEK KaHaMa TYpAE
Kapacteipanbl [9]. byn Oepinren emmeMmapT OOWBIHIIA aJTOPUTMIEPAIH YCTEMIITT Typasibl
JKaIIBUIAFaH KOPBITBIHABUIAPBl €A9ylp KHBIHIATaIbl. 3epTTEYIILTIK TYPFbIIAH Oy xKepie
allKbIH OJIKBUIBIK OaliKambill oThIp. Ecenrtey THIMIUTIT Toyesci3 Oaranay ejieMIIapThl peTiHe
CHpEK KOJIJaHbUIa bl ByJl MoK, TYCIHAIpY MYMKIHAIT MEH €CenTey IIBIFBIHAAPHI apaChIHAAFbI
OanaHc i3aeyre OarbiTTasnFaH OoJaliak KyMbICTapFa nepcrnekTuBanap amaabsl. COHbIMEH KaTap,
OCHI IIIOJTy asICHIH/A aJTOPUTMAEPI €CenTey THIMILIIri OOMBIHIIA CTATUCTHKAIBIK CAIBICTHIPY
Kyprizy MyMmkiH Oonmanbl. Kamrtbuiran 25 3eprTTeyliH TeK O-Chl FaHa OCHI KbIpbIHAH
KapacThIpaibl, OJIAPJIBIH IMIIHAE TEK 2 3epTTey CaHIBIK KOpCceTKimTepai (>kayar Oepy yakbITHI,
ecenTey Kypaeniniri) yepiHaasl. Kanran sxympIcTap canalblK cCUIIaTTaMaiapMeH FaHa IIEeKTeNTeH.
CanpicThIpyFa OONATBIH CAHIBIK JCPEKTEPIiH O00IMaybl KaHIai ja Oip CTAaTUCTHKAIBIK TECTTI
KOJIJIaHy MYMKIHJIIT1H )KOKKA IIBIFapaJIbl.

JlepexTep TYpJIepiH TalgayAarsl 3epTTeyepe KYPbUIBIMIAIFaH KECTENIK IepEeKTep alKbIH
0achIMIIBIK  TAHBITATBIHBI ~ AHBIKTAIABI.  MOTIHAIK, MIHE3-KYJIBIKTBIK, PETTIK  JKOHE
MYJIbTHMOAANBIBI AepekTrep ke3aepi [10-11] aifrapmeikTail cupek mnaiinananbiiagsl. benrizep
apachIH/Ia CAaHATTHIK JKOHE CaHJIbIK OeNrijiep eH KeH TaparaH OoJiFaHbl aHbIKTaIbI. JlepekTep Typi
MEH €H THUIMJI JeN TaHbUIFaH aJIrOpPUTMJEP KJIachl apachlHIa TYPaKThl OalaHbIC OalKasiasbl.
Kecrenik nepexTep yIIiH KJIaCCHKANBIK KOHE aHCaMOJIb/IIK MAIIMHAJIBIK OKBITY d1iCTEpi, MOTIHAIK
JIepeKTep YIIH KYpBUIBIMAAIMaraH akKMapaTThl OHJACY aJTOPHTMIEpi, MiHE3-KYJIBIKTHIK JKOHE
PETTIK JIepeKTep YIIIH YCHIHBIMJBIK JKOHE YaKbITIIA MIiHAET KOHBUIbIMJApbIHA OarbITTalfaH
MOJIENbJIep JKHWi TaHAanagsl eKeH. [ICHXOMETpPHSUIBIK JEpeKTep €H JKOFaphl alrOPUTMIIIK
BapUaTUBTUIIIMEH epeKIIeNieHe Tl )KoHe emdip 0ackIMIbI TACIITe JKybIMaiiIbl.

AHBIKTAJIFAaH 3aHIBUIBIKTAD aJNTOPUTM TaHAAaybl OIpIHIINI KE3€KTe KIpIC JCPeKTEepiHIH
cUMaTTamMajapblMEH aHBIKTAIATBIHBIH KepceTeni. Tipkenren Oenri BekTopiapel  Oap
CIICHapHiiJiepie KeCTeNK KYPBUIBIMABI JKaKChl OHJEH allaThlH aJTOPUTMEPre apTHIKIIBIIBIK
Oepineni. MOTIHAIK KOMIIOHEHTTEp KOCBUIFaH Ke3le 3epTTeylliiep KyYpbUIbIMJIAIMaraH
Ma3MyHHaH Oenriuiep/i mblFapa ajaThlH MOJAENbAepre xKyriHeai. /Jlepekrep TuHaMuKaHbl HEMEce
©3apa OpeKeTTECYJIEepAiH PeTTUIIrH OelHEeNeHTIH JKepiep/ie OKUFaIap/IblH PeTiH ’KOHE yaKbITIIA
TOYENAUNIH €CKepPeTiH TocuUlAep KoJAaHbulafbl. [IcHXOMETpUSUIBIK JepeKTep YIIiH OachIMIb
QITOPUTMHIH 00JIMAayBbI ICUXOJIOTUSUIIBIK KOHCTPYKTUIEP/Il YChIHY TOCUIACPIHIH allyaH IbIIbIFbBIMEH
KOHE MaHCAITHIK YCHIHBIM >KYHEJEepiHAe OoJapabl MOACIbACYAIH KaJbINTaCKaH TOKIpUOECIHIH
YKOKTBIFBIMEH TYCIHJIIpLIeTi.

YuriHIi 3epTTey CYparbIHBIH MaKCAThl CAHBIK KOPCETKIIMITEP/1 CATBICTBHIPY EMEC, IEPEKTED
TYPJIEPIHIH TapaldyblH CHUIIATTay J>KOHE OJIApJbIH AJITOPUTMIEPAl TaHAayMeH OalIaHbIChIH
aHpIkTay Oosbim  TaObutambl. Con  cebenTi CTaTHUCTHKAIBIK TECT KOJIJIAHBUIFAH —JKOK.
KapacTeipbutrat 3epTTeyiepae KypbUIbIMAAIFaH KeCTeIIK JepeKTep HET131HeH )KIKTey KOpCeTKilli
apKbLIbl OaraaHaThIHABIFbIHA KO3 JKETKI311/11. PerpeccusuibIk KepceTKilTep alTapiablKTail cupex
KOJIJIaHBLIA bl JKOHE TEK >KeKelereH >kymbictapna kesgeceni [12-13]. MRR, HR, NDCG xone
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Precision@k CHSKTBI YCHIHBIMABIK KOHE PAHT KOPCETKIIITEpi HETi31HeH MiHE3-KYJIBIKTBIK JKOHE
peTTiK nepektepre FaHa ToH [14]. bapibik THICTI 3epTTEynepe MOTIHIIK )KOHE MYJIbTUMOIAIIb b
nepekrep Accuracy, AUC, Precision, Recall xone F1 Koca anranna Tek ikTey KepceTKimTepi
apKbLIbl OaranaHajbl.

Kytieni momyasiH 1mekTeysnepi. MaHb3Abl MIEKTEYIIH Oipi - TONBIK MOTIHIIK CY3Tijiey
Ke3eHinzeri 123 xapusianbIMHBIH 86-b1 (69,9%) akplibl 00Ty cagapblHaH KOJDKETIMCI3 OOIyHI.
byn ipikTey kareciHiH ToyekeniH apTTeipabl. JleMek, ajablHFaH HOTWKEIepai abaimamn TajijaaraH
xeH. KomkeTiMci3 3epTTeyiep e3re, COHbIH IIIiHIE KAaHIIBUIBIKTE AEPEKTePAl KAMTYbl MYMKiH.
EHri3i1reH J)KyMBICTap/IbIH JKOFapbl TeTEPOTeHIUTIT e ©3 IIeKTeyJepiH TyFe3Abl. Jlepektep
JKUBIHTHIKTAPBIHAAFEI, Oaranay KOPCETKIITEepPIHIETT JKOHE MIHIAET KOWBLUIBIMIAPBIHIAFbI
albIPMAIIBUIBIKTAp PECMHM MeTa-Taljay JKYypridyre MyMKiHmiK Oepmeni. Hormkecinme
HOTIKENIEP/Il CHHTE3/ICY CalajblK CUIIaTTaMaJIbIK TalJayMeH IEeKTeNIi.

bepinren xympic oneOueTTepre Kyuei Moy OOJIbI TaObLIaabl )KOHE aBTOPJIAp TapalbIHAH
QIBIHFAH TYN HYCKAIBIK TOXipuOenik aepextepai KamTeiMaiinbl. bynm — PRISMA 2020
HYCKAyJIBIFbIHA COlKeC >KYyHenl ILIONy >KaHPBIHBIH TajamnTapblHa cail KaObUIJIaHFaH CaHajbl
o/licHaMaJIbIK IIemIiM. 3epTTeY/IiH OCBhI TYPIHIH HETi3Ti MakKcaThl jKaHa TKIPUOETIK HOTHKeIep
aimy emec, Koija 6ap FhUIBIMU JIQJIENAEp/Il KYyHeney, CHHTe3/Iey JKOHE ChIHU TYPFbIIaH Oaranay
0OJIBIT TaOBLITA B,

Kyprizinren mony O6ap omebuerreri OipHeNIe MaHBI3ABI OJKBUIBIKTAPAbl aHBIKTAyFa
MYMKiHIIK Oepeni. BipiHmmgeH, perTiK >koHE MYJIbTHMOJAAIBABI ICPEKTep MIEKTEYIl TYpAe
YCBIHBUIFaH. ByJ1 TMHAMUKAaIBIK MaHCANTHIK TPAeKTOpUsLIapFa OarbITTANIFaH XKYyHesepre apHaaFaH
KOPBITBIH/IBUIAP IBIH JKAIMBUIAMAJIBIIBIFBIH TOMEHIETeNi. EXIHIIIACH, TMCUXOMETPUSIIBIK JKOHE
QIIeyMETTIK-9KOHOMUKAJIBIK JIEPEKTEp 1lIiHapa MaiJanaHbuIa/Ibl KOHE OJlap YIIIH alrOPUTMAED
TaH1aybl MEH Oaraliay XaTTaManapbl OOMBIHINA OPTAK YCTAHBIM JKOK. Y IITHIIIIICH, KOJAaHbUIATHIH
KOPCETKIIITepiHiH reTeporeHauniri Oaiikamanel. byn mpouecc 3epTreynep apachlHAArbl
OHIMIUTIKTI CAJIBICTHIPY/IbI KMUBIHATA/IbI )KOHE )KUHAKTAIIFAH TaAay MYMKIHIITIH IIEKTEHII.

3epTTeyiepre apHajdFaH YChIHbIMAAp. bomamiak 3eprreynepae KOMTaHBLIATHIH JEPEeKTep
KO3JIePiH KCHEUTY KaXeT. Ocipece peTTiK, MOTIHIIK )KOHE MYJIbTUMOIAJIBIBI JICPEKTepre, COHIaM-
aK TCUXOMETPUSUIBIK JKOHE OJICYMETTIK-OKOHOMUKAIBIK OeNriiepai Kyhemnl eHrizyre kelipek
Hazap aynapraH >keH. COHBIMEH Karap Oaranay KOPCETKIIITEpiH MIHIET TYpJiepiHE CoiKec
CTaHAapTTay 3epTTEyNep AapachlHIAFbl HOTIKENEPAIH CalbICTHIPMAIBUIBIFBIH  apTTHIPyFa
MYMKIHZIK Oepei. AJIbIHFaH HOTHXKEJIEp MaHCANThIK YChIHBIM XYHeNepiHie aJropuT™ TaH1aybl
€H alIbIMEeH KOJDKETIMII JAepeKTep/AiH CUIaThIHAa Heri3fenyl THIC eKeHiH kepceTTi. Jlepextep
EpeKIIeTIKTEepPIH eckepMeil ombeban MoAeNnbaepAl KONJaHy KYWEHIH THIMAUII MEH Taljgay
MYMKIHJIIKTE€PIH TOMEH/IETY1 MYMKIH.

AnroputMmal Tanjgay OOMBIHILIA NMPAKTUKAIBIK YChIHbIMAap. KamrTbuiraH 3eprreynepiaiH
HOTWKEJIEPIH CUHTE3/Iey HEri3iHje MaHCAIThIK YCHIHBIM JKYHenepiH o3ipieyuIiiep yiliH Keneci
YCBIHBIMJIAP TY KBIPBIMIAJI/IBI:

— KyppuibiManran KecTedik JepekTep (akaaeMHsUIbIK YJrepiM, TeCT HOTHKeNepl,
oneyMeTTiK-aeMorpadusnslk cunatramanap) ymriH Random Forest xone Gradient Boosting
CUSIKTBI aHCaMOJIBJIIK QIIICTEP/Il KOJJIAaHY YCBIHBUIA/bI, ce0ebl ojap MOFapbl JQJAIK MEH KaKCh
TYCIHIpYy MYMKIHJIT1H KAMTaMachI3 €Te/li.

— MorTiHaik KoHE MyIbTUMOIANBABI JepekTepai oHaey ymin CNN sxone LSTM
HET131H/1eT1 MOJIENbAEp THIMII, ajlaii/ia OJIAPJIBIH €CENTEY pecypcTapbiHa KOWBUIATHIH TajJanTaphbl
JKOFapBI.

— MiHe3-KYIBIKTBIK KOHE PEeTTIK JAEepeKTep KaFJalblHIa YaKbITTHIK TOYENIUTIKTEpIl
€CKEepeTiH THOPUATIK YCHIHBIMJIBIK TOCLIAEP KOJAMIIbI OOJIBIN TaObLIa bl

— TlcuxoMeTpHsIBIK JepeKkTep YIIH omOebam THIMII alTOpPUTM aHBIKTaIMaFaHABIKTaH,
OipHemie MoJieib/l HaKThl JAEPEKTEp KUBIHTHIFBIH/A CaJIbICTBHIPMANbl TYpJ€ ChIHAKTaH OTKI3y
YCBIHBLIABI.
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— baramay kepceTkimTepi MiHIET TYpiHE COWKEC TaHIaIybl THIC: KIKTEY YIIiH Accuracy
xoHe Fl-score, perpeccus ymin RMSE nemece MAE, nopexeney minaerrepi yurin NDCG xone
Precision@K.

— Ecenrtey THIMIUTITIH cTaHIapTTAY MaKcaThIHa O0JIalaK 3epTTeyIepae MOJEIbIl OKBITY
YaKbITHl, 00JDKAY YaKbITHI, MapaMeTpiiep CaHbl KOHE KOJIAHBUIFAH allapaTThIK OpTa Typajbl
aKMmapaTThl MIHIETTI TYp/Ie KOPCETY YChIHBLIA/IBI.

— AnropuTMAEpIiH aCUMITOTUKAIBIK Kypaeiautirin (O-HOTalus) KepceTy HOTHXKEIepAiH
KaliTa >KaHFBIPTBUTYBIH JKAKCapTHIN, MOMACIBIACPl TNPAKTUKAIBIK KOJIAHY TYPFHICHIHAH
CaJIBICTBIPYFa MYMKIHIIK Oepei.

KopbIThIHABI.

3eprTey OapbIChIHIA >KAaCaH/bl WHTEJUIEKT HETi3iHJEeri MaHCANTHhIK YCBIHBIM JKYHelepiHe
apHaJFaH opeOuerTepre >Kyhenl mony >Kyprizuiai. HoTwkenep amroputMmuaepiiH ©HIMIUIIT
MiHAET TYypiHe, Oaranay KepCeTKIITepiHe >KOHE Nai/lanaHblIaThIH JE€PEeKTEpIiH CHUMaThIHA
TOYEINJII eKEHIH KOPCETTI.

BipiHmi 3epTTey cyparbl OOWBIHINA €H KOFaphl MK KOPCETKIIITEpl HETi3iHEH XKIKTey
MIHJIETTEpIHJE aHCaMOJIBJIIK JKOHE HEUPOHIBIK JKEJl MOJCNbICpP] apKbUIbI aJIbIHATHIHBI
aHBIKTANIBl. EKIHIII 3epTTey Cyparbl ecenTey THIMIUIIHIH Ka3ipri 3epTTeyniepnae >KeTKITIKTI
neHrerae OaranaHOaWTBIHBIH KOPCETTI. YUIIHINI 3€pTTEy CYparbl HOTHIKEIepl aaropuTMaep.i
TaH/1ay MEH OJIap/IbIH OHIMIUIIT] IepeKTep TYPIIepiMEH THIFbI3 OalJIaHBICTHI €KeHIH JQJIEIAC .

JKanme! anrana, 6onamak 3epTreyliep YiuiH Oaranay XxarTamajgapblH CTaHIapTTay, ecenrey
TUIMAUTITIH KYHeI Typlie ecenke amy *oHe MYJIbTHMOAAJIBAbI JepeKTep/Ii KeHIHeH MaliganaHy
K@XETTUIIr aHbIKTan(bl. JKYMBICTBIH FBIIBIMU >KaHAJIBIFBl aIrOPUTMIEPIIH Oec KilacTepiaeH
TYPaTHIH KIKTEIyiH YCHIHYBIMEH, IEPEKTEP TYPJIEPl MEH alrOPUTMIIEP apachIHAAFbl OalIaHBICTHI
aHBIKTAYbIMEH JKOHE OChI CaJIalaFbl HET13T1 3€PTTeY OJKBUIBIKTAPbIH XKYHeneyiMeH CUIaTTalabl.
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MPOU3BOAUTEJBHOCTDb CUCTEM KAPBEPHbBIX PEKOMEHI[AHICIIK HA
OCHOBE UCKYCCTBEHHOI'O UHTEJVIEKTA: CUCTEMATHYECKHUH OB30P

Annomayun. B ycnoeusx cmpemumenvHulX usMeHeHUll HA pulHKe mpyoa u pocma
oocmynHocmu 06paz08amenbhblx OAHHbIX pa3pabomKa CUCeM KapbepHO20 KOHCYIbMUPOBaHUs
Ha OCHOBe UCKYyCcCmBeenHo020 unmennekma (MH) cmanosumces 0OHUM U3 AGKMyanbHbIX HANPAeIeHUll
uccneooganui. OOHAKO 6IUAHUE MUNO8 OAHHBIX U 0COOeHHOCmel 6blbopa alcopumMos Ha
NPOCHOCIMUYECKYI0 MOYHOCMb U BbIYUCTUMENbHYIO PekmusHocms mooenet 00 Cux nop
HedoCmamoyHo  cucmemamusuposano.  Llenvio  Odamnoco  uccnedosamus — AGNAEMCA
cucmemamu3ayus. CO8PEMeHHbIX uccieoosanuil 6 obracmu HH-opuenmuposannvix cucmem
KaApbepHblX PEKOMEHOAYULL U BblABNIEHUE 83AUMOCEA3EU MeXHCOy MUNAmu OAHHbIX, AlI2OPUMMAMU U
nokazamensamu oyenku. Mccredosanue 0CHOBAHO HA CUCEMAMUYECKOM 0030pe, NPO8EeOEHHOM 6
coomeemcmeuu ¢ memooonoaueii PRISMA 2020. Ananu3s evinonnen 6 pamkax 63aumoceasu «mun
OGHHbIX — QI2OPUMM — NOKaszameib OyeHKuy». Pezynomamvi noxazanu, umo cpeou
PACCMOMPENHBIX UCCIe008aHUll npeobradarom 3adauu knaccuguxkayuu (56 %), a naubonee
Yacmo UCNONL3YIOMCA  CMPYKmypuposanHvle mabdauunvle oaunvie (76 %). Hausvicuiue
nokazamenu  NPOSHOCMUYECKOU  MOYHOCMU — Obliu  OOCMUSHYMbL  NPEeUMyUecmeeHHo
ancamobnesbiMu Memooamu U MoOeNAMU HeUpoOHHbX cemel. Bmecme ¢ mem 6viaeneHo, umo
BbIYUCTUMENbHAS P PeKkmueHocms 6  OONbUWUHCIEE — UCCIe008AHULl  HE  OYEHUBAemcs
cucmemamuuecku. 6 76 % pabom coomeemcmeyowue noxazamenu omcymcmeyiom. Kpowe
mo2o, YCMAHOGNEHO, HMO GblOOp ANOPUMMOE 6 3HAYUMENbHOU CMeneHu 3a6UCUm Om
UCnonb3yemMblx munog Oanuwix. llomyuennvie pesynvmamvl NO3GONAIOM CUCMEMAMUSUPOBAMNb
aneopummuieckue NoOXo0bl 6 CUCMeMAaX KapbepHblX PEeKOMEeHOayuli U YKa3vlearom Ha
HeoOXo0UMOCmb ~ CMAHOApMU3AYUU  NPOMOKONIO8  OYEHKU,  CUCMEMAMUYecKko2o  yuéma
BbIYUCTUMENbHOU P ekmusHocmu U 6onee WUPOKo20 UCHONb308AHUS MYTbMUMOOATbHBIX
oannvix 6 Oyoyuwux uccireoosanusx. Kpome moeo, pazpabomxka UH-opuenmuposanuvix cucmem
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peKomeHoayull, ao0anmupo8aHHbIX K OCOOEHHOCMAM HAYUOHANbHO20 DbIHKA mpyod U
00pazosamenvHoll cpedbl, npedcmasisien coool akmyalbHoe HanpasieHue UCC1e008aHUlL.

Knwoueevie cnosa:  ucKyccmeeHHwlll  UHMENLIEKM,  KApbepHble  PEeKOMeHOayuu,
PEKOMEHOAmeNbHble  CUCEMbl,  MUNbl  OAHHBIX,  AICOPUMMbL  MAWUHHOZ0 — 0OVUeHusl,
NPOCHOCUYECKAs MOYHOCb, 8bIYUCTUMENbHAS IPDEKMUBHOCTD.

PERFORMANCE OF ARTIFICIAL INTELLIGENCE-BASED CAREER
RECOMMENDATION SYSTEMS: A SYSTEMATIC REVIEW

Abstract. In the context of rapid changes in the labor market and the increasing availability
of educational data, the development of artificial intelligence (Al)-based career recommendation
systems has become an important research direction. However, the influence of data types and
algorithm selection on the predictive accuracy and computational efficiency of such systems
remains insufficiently systematized. The aim of this study is to systematize current research on Al-
driven career recommendation systems and to identify relationships among data types, algorithms,
and evaluation metrics. The study is based on a systematic literature review conducted in
accordance with the PRISMA 2020 guidelines. The analysis was performed within the “data type—
algorithm—evaluation metric” framework. The results show that classification tasks dominate the
reviewed studies (56%), while structured tabular data represent the most frequently used data type
(76%). The highest predictive performance was achieved primarily by ensemble machine learning
methods and neural network models. At the same time, a significant gap was identified regarding
the assessment of computational efficiency, as 76% of the analyzed studies did not report relevant
computational performance measures. Furthermore, the findings indicate that algorithm selection
is strongly associated with the characteristics of the underlying data. The study contributes to the
systematization of algorithmic approaches used in career recommendation systems and highlights
the need for standardized evaluation protocols, systematic reporting of computational efficiency,
and broader adoption of multimodal data in future research. In addition, the development of Al-
driven recommendation systems tailored to the specific characteristics of national labor markets
and educational environments represents an important direction for future studies.

Keywords: artificial intelligence, career recommendations, recommender systems, data
types, machine learning algorithms, predictive accuracy, computational efficiency.
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    𝜃  d  ( t )


  e  ( k ) =     (   x  d  ( k ) − x  ( k ) ) 2 +    (   y  d  ( k ) − y  ( k ) ) 2


  e  ( k )


  m   =   25   к г


  L   =   0 , 50   м ,


  r   =   0 , 10   м


  J   =   1 , 8


  v m a x   =   1 , 0


  𝜔 m a x   =   1 , 5


  𝛥 t   =   0 , 01


  𝜎 L   =   0 , 025


  𝜎 C   =   0 , 060


  𝜎 I   =   0 , 045


  𝜎 E   =   0 , 035

