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Annotatsiya. Ushbu maqolada avtomobillarning yoritgich chiroqglari
sovutish tizimlarida yuzaga keladigan korroziya jarayonlari va ularning
texnik holatga ta’siri tahlil qilinadi. Sovutish tizimi elementlarida
korroziyaning paydo bo‘lish sabablari, materiallarning fizik-kimyoviy
xususiyatlari hamda tashqi muhit omillarining ta’siri o‘rganiladi. Tadqiqot
jarayonida korroziyani kamaytirish va tizimning xizmat muddatini uzaytirish
uchun zamonaviy himoya qoplamalari, korroziyaga chidamli materiallardan
foydalanish hamda sovutish suyugqliklarining optimal tarkibini tanlash
usullari ko‘rib chiqiladi.

Kalit  so‘zlar:  yoritgichlar,  sovutish  tizimi,  korroziya,
korroziyabardoshlik, — himoya  qoplamalari,  korroziyaga  chidamli
materiallar, sovutish suyuqliklari, texnik ishonchlilik, avtomobilsozlik.

AHHOTauUA. B 1aHHOM cTaThe aHAM3UPYIOTCS KOPPO3HOHHBIE ITPOLECCHI,
BO3HHMKAIOLIME B CHUCTEMAX OXJIAXKACHUS aBTOMOOMIBHBIX (dap, M HX
BIIMSIHUE HA TEXHUYECKOE COCTOSIHUE. 3ydaroTCsi IpUYMHBI BOSHUKHOBEHUS
KOpPpPO3UM Ha D3JEMEHTaX CHCTEMbl OXJAXIEHUS, (U3NKO-XUMHUUYECKUE
CBOMCTBa MaTepHUalioB, a TAK’Ke BO3/IeCTBUE (PAKTOPOB BHEIIHEHN cpenbl. B
XOJle  HWCCJIENOBAHMUS  PAacCCMAaTPUBAIOTCA  CHOCOOBI  MPUMEHEHUS
COBPEMEHHBIX 3aIUTHBIX HOKPBITUH, HCIIOJIb30BaHUS
KOPPO3MOHHOCTOMKUX MaTepualioB M NOA0Opa ONTHMAJIbHOIO COCTaBa
OXJIQKJIAIOIINX KUAKOCTEH I CHHXKEHHSI KOPPO3UHU U MPOJIEHUS CPOKa
CITyKOBI CHCTEMBI.

Knrouegvie cnosa: oceemumenvuvie npudopul, cucmema oOxXaarcoeHus,
KOppO3Us,  KOPPO3UOHHASL ~ CMOUKOCMb,  3AWUMHblE  NOKPbIMUA,
KOPPO3UOHHOCMOUKUe — MamepuaJbvl, oxaadcoarowue  AHCUOKOCmu,
MEeXHUYecKas Ha0eMCHOCMb, A8MoMoobuIecmpoeHue.

Abstract. This article analyzes the corrosion processes occurring in the
cooling systems of automotive lighting fixtures and their impact on the
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technical condition. The causes of corrosion in cooling system components,
the physicochemical properties of materials, and the influence of
environmental factors are studied. The research also considers methods for
reducing corrosion and extending the system's service life, such as using
modern protective coatings, employing corrosion-resistant materials, and
selecting the optimal composition for coolants.

Keywords: lighting fixtures, cooling system, corrosion, corrosion
resistance, protective coatings, corrosion-resistant materials, coolants,
technical reliability, automotive industry.

Introduction

The demand in the global market for energy-efficient and long-lasting automotive
headlights is increasing year by year. In particular, headlights are widely used in the
automotive industry due to their high efficiency, environmental safety, and potential to
reduce energy consumption. According to international market analysis, countries such
as China, the USA, Germany, South Korea, and Japan are leaders in the production of
modern automotive headlights. The headlights manufactured in these countries are
distinguished by their high efficiency, reliability, and long service life [1].

As 1s well known, aluminum materials are predominantly used in the cooling
systems of automotive headlights. Aluminum is characterized by its high thermal
conductivity, light weight, and favorable technological properties. Aluminum is
distinguished by its high thermal conductivity, light weight, and excellent
technological properties. However, during operation, corrosion can occur in aluminum
components due to the influence of the external environment, humidity, temperature
fluctuations, and various chemical agents. This reduces the heat exchange efficiency
of the cooling system and negatively affects the overall service life of the headlight.

Literature Review

Despite their efficient operation, high-power multi-chip automotive headlights
generate significant heat, which reduces their light output and service life. A study
conducted by Mehmet Kaya experimentally investigated the effectiveness of managing
automotive headlights through active cooling systems.

The study compared three types of systems: a heatsink with a fan, a thermoelectric
cooler (TEC), and a heat pipe cooling device. The substrate temperature and heat
transfer of the automotive headlights were analyzed using thermocouples and CFD [4].
A schematic diagram of the active cooling systems and the change in the substrate
temperature of the automotive headlights over time are presented in Figure 1. The issue
of increasing the corrosion resistance of lighting fixture cooling systems has been
actively studied in scientific research in recent years.

A study conducted by T.J. Rakhimov and S. Akhmedov demonstrated that using
biomimetic amorphous coatings improves the corrosion resistance and heat dissipation
of aluminum substrates [5-11]. The study employed a coating, reinforced with hBN
nanoparticles using plasma electrolytic oxidation (PEO) technology, which reduced
micropores on the surface [8]. Experimental results showed that the coating's
emissivity reached 0.91, effectively dissipates heat and reduces the operating
temperature of car headlights by an average of 17 °C.
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Figure 1. Schematic representation of active cooling systems and the vehicle.

M=

Research Methodology

In this research, the 10 samples were prepared from Al-6063 aluminum alloy,
each with a thickness of 2 mm, a width of 10 mm, and a length of 20 mm. The surfaces
of the samples were held in sodium hydroxide for 5 minutes and then washed with
distilled water. The surfaces of the washed samples were then cleaned with nitric acid.
The cleaned samples were subsequently anodized in a sulfuric acid electrolyte for 30
minutes. To assess corrosion resistance and micro-defects, the surface condition of the
aluminum samples was examined under laboratory conditions using an OX.2053-
PLPH inverted optical microscope.

Analysis and Results

The anodizing technological process used in the experimental research is
presented in Figure 2, and the anodized samples are shown in Figure 3. Each sample
was prepared under laboratory conditions and measured using the sulfite titration
method. The aluminum content (%) was calculated based on the sample mass, the
volume of Na,SOj; used, and the calculated mass of Al3™.

|
iV

Figlire 2. Digital camera image of the anodizing process
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Figure 3. Samples after the anodizing process.

These results provide key data for assessing the corrosion resistance of cooling
system components and for optimizing the production process. The study was
conducted on 10 samples prepared to determine their aluminum content via the sulfite
titration method. The results of the study are presented in Table 1.

Table 1. Aluminum content and sulfite titration results.

Sample Sample Na2S0s3 Calculated AI3* | Aluminum
Ne mass (g) | volume (ml) mass (mg) content (%)

1 5,00 12.5 45.2 0.90

2 5,10 13.0 46.9 0.92

3 4,95 12.0 43.8 0.88

4 5,05 12.8 45.9 0.91

5 5,08 12.6 45.3 0.89

6 4,97 12.3 44.1 0.89

7 5,02 12.9 46.0 0.91

8 5,06 12.7 45.5 0.90

9 5,01 12.4 44.6 0.89

10 5,04 12.8 45.7 0.91

Average 5,03 12.70 45.50 0.90

The aluminum content of the 10 samples in Table 1 was determined using the
sulfite titration method. The mass of the samples ranged from 4.95 to 5.10 g, which is
considered a standard range under laboratory conditions.

The volume of the Na,SOs3 solution used for titration ranged from 12.0 to 13.0 ml,
which reacted with the aluminum ions. The calculated mass of A13™" varied from 43.8
mg to 46.9 mg, and the aluminum content was determined to be in the range of 0.88—
0.92%.

Conclusion

According to average calculations, the aluminum content is 0.90%, which is a key
indicator for evaluating the corrosion resistance of cooling system components. The
results were highly consistent, indicating that the laboratory method and the titration
process are repeatable and reliable. The average aluminum content and the individual
sample values show that the material quality of the cooling system components 1s stable
and possesses high corrosion resistance.

http://khorezmscience.uz 7
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Annotatsiya. Ushbu tadqiqot og‘ir kontaktli yuk sharoitida ishlaydigan tishli
g‘ildiraklar va aylanadigan mexanik komponentlarning ko‘p yo‘lli lazerli
sirtini  qattiglashtirish uchun integratsiyalashgan ilmiy va muhandislik
asosini taqdim etadi. An’anaviy sirtni mustahkamlash usullari ko ‘pincha
hajmli isitish, o‘lchovli buzilish va murakkab geometriyalarga cheklangan
moslashuvchanlik bilan bog‘liq. Aksincha, lazer asosidagi sirtni
modifikatsiya qilish minimal issiglik buzilishlari bilan mahalliy, yuqori
energiyali zichlikdagi ishlov berish imkonini beradi. Lazer-material o‘zaro
ta’sirining fizik mexanizmlari, vaqtinchalik issiqlik uzatish, tez issiqlik
aylanishi, fazaviy o‘zgarish xatti-harakati va qoldiq kuchlanish evolyutsiyasi
tizimli ravishda tahlil gilinadi. Termal maydon bir xilligini va murakkab sirt
geometriyalari bo‘ylab optimallashtirilgan qoldiq kuchlanish tagsimotini
ta’minlash uchun boshqariladigan ustma-ust tushishga ega ko‘p yo‘lli
skanerlash strategiyasi taklif qilingan. Lazer kuchi, skanerlash tezligi,
yutilish va qattiglashgan qatlam chuqurligi o°‘rtasidagi miqdoriy
munosabatlarni o‘rnatish uchun ragamli simulyatsiyalar o‘tkazildi. Virtual
tajribalar cho‘qqi harorati va qatlam qalinligining chizigli energiya
zichligiga chizigli bo‘lmagan bog‘ligligini ko‘rsatadi. Bashorat qilingan
tendensiyalar adabiyotda keltirilgan eksperimental topilmalar bilan mos
keladi. Taklif qilingan integratsiyalashgan qattiglashuv konsepsiyasi
substratning mexanik yaxlitligini saglab qolish bilan birga sirt qattiqligini,
yeyilishga bardoshliligini va kontakt ko‘rsatkichlarini oshiradi. Natijalar
yuqori ishonchlilikdagi mexanik uzatish tizimlarida qo‘llaniladigan ilg‘or
lazerli gattiqlashtirish texnologiyalari uchun nazariy va muhandislik asosini
ta’minlaydi.
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Kalit so‘zlar: lazerli sirtni qattiqlashtirish, tishli g ‘ildiraklar, ko ‘p
vo'lli skanerlash, termal maydonni boshqarish, qoldiq kuchlanishlar,
fazaviy transformatsiya, qattiglashgan gatlam chuqurligi.

AHHOTanMs. B 1aHHOM wHccClleOBaHMM IIPENCTABIIEHA MHTETPUPOBAHHAS
Hay4YHO-TEXHUYECKas KOHIEITLIUS MHOT'OZ0POKEUYHOU Ja3epPHOMN
NOBEPXHOCTHOM  3aKajKud 3y0uarblX MepeJady M BPAILAIOIIMXCS
MEXaHUYECKMX KOMIIOHEHTOB, pa0OTaloUMX B YCIOBUAX JKECTKUX
KOHTaKTHBIX  HAarpy3ok. TpagullMOHHBIE METOJbl MOBEPXHOCTHOIO
YIOPOYHEHUS] YacTO CBs3aHbl C OOBEMHBIM HAarpeBoM, jaedopmManuen
pa3MepoB U OrPaHUYEHHON MPUMEHUMOCTBIO K CJI0KHBIM F€OMETPUUYECKUM
¢opmam. B oramume oT HUX, na3zepHas MoAM(UKALUSA MOBEPXHOCTH
HO3BOJISIET IMPOBOAMTH JIOKAIbHYIO OOpPabOTKY C BBICOKOH IJIOTHOCTBIO
HEPIruu U MUHUMAIBHOW TepMuUYeckoil nedopmanueii. CuctemMmaTu4ecku
aHANIM3UPYIOTCA (U3MYECKHME MEXaHU3Mbl B3aUMOJIEUCTBHS Ja3epa C
MaTepuanoM, [EpPEXOAHbI  TEIIOOOMEH, OBICTPOE  TEPMHUECKOE
LUKIMpOBaHUE, TMOBeJACHHE (DAa30BbIX MPEBPAILEHUI U SBOJIOIMS
OCTAaTOYHBIX HamnpspkeHui. lIpemnoxkeHa crTpareruss MHOTOJOPOXKEYHOIO
CKaHMpPOBAHUS C KOHTPOJUPYEMBIM IEPEKPHITHEM Uil OOecreyeHus
OJIHOPOJHOCTH TEIJIOBOTO MOJII M ONTHMHU3UPOBAHHOIO pacHpeeeHUs
OCTAaTOYHBIX HANPSHKEHUH 10 CJIOXHBIM T€OMETPUYECKUM (popmam
NOBEPXHOCTH. bbUIM MpOBEAEHBI YWCICHHBIE MOJACIUPOBAHMS IS
YCTaHOBJIEHUS KOJIMYECTBEHHBIX 3aBUCUMOCTEN MEXKY MOIITHOCTBIO J1a3epa,
CKOPOCTBIO CKaHWPOBAHUS, MOTJIOMIAIONIEH CIMOCOOHOCThIO U TITyOMHOM
YIPOYHEHHOIO CJIOs. BupTryanbHble JKCIEPUMEHTHI JIEMOHCTPUPYIOT
HEJIMHEWHYI0 3aBHCHUMOCTh IIMKOBOM TeMIIEpaTypbl M TOJILUHBI CJIOS OT
JIMHEWHOM TUIOTHOCTH 3Hepruu. IIpeackasanHble TEHAECHIIMN COTIACYIOTCS C
HKCIIEPUMEHTANIBHBIMUA ~ TAHHBIMHU, THPEJICTAaBICHHBIMH B JIMTEPATYypE.
IIpennoxeHHass MHTETPUPOBAHHAS KOHLECNIMUSA YIPOYHEHHUS IOBBIIIACT
TBEPAOCTh NOBEPXHOCTH, H3HOCOCTOMKOCTh U XapaKTEPUCTUKH KOHTAKTHOU
YCTAJIOCTH, COXPAaHsSA IIPU 3TOM MEXAHUYECKYIO LEIOCTHOCTH ITOUIOKKH.
[TosrydeHHBIE pe3ysbTaThl 00ECIIEYMBAIOT TEOPETHUECKYIO U MHXKEHEPHYIO
OCHOBY ISl MEPEIOBBIX TEXHOJIOTMH JIa3€pHON 3aKaJIKh, PUMEHHUMBIX B
BBICOKOHA/IEKHBIX MEXaHUYECKUX TPAHCMHUCCUOHHBIX CHUCTEMAX.

Knwuegvie cnoea: nasepnoe ynpounenue nogepxnHocmu, 3ybuamvie
nepeoauu, MHO20KAHAIbHOE CKAHUPOBAHUE, YNPABIeHUe MENIO8bIM NOAeM,
ocmamouHvle Hanpsvicenus, Qazoevie nepexoowvl, ryOuHa YNpOUHEeHHO20
CHIOAL.

Abstract. This study presents an integrated scientific and engineering
framework for multi-track laser surface hardening of gears and rotating
mechanical components operating under severe contact loading conditions.
Conventional surface strengthening methods are often associated with bulk
heating, dimensional distortion, and limited adaptability to complex
geometries. In contrast, laser-based surface modification enables localized,
high-energy-density treatment with minimal thermal distortion. The physical
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mechanisms of laser—material interaction, transient heat transfer, rapid
thermal cycling, phase transformation behavior, and residual stress evolution
are systematically analyzed. A multi-track scanning strategy with controlled
overlap is proposed to ensure thermal field uniformity and optimized residual
stress distribution across complex surface geometries. Numerical
simulations were performed to establish quantitative relationships between
laser power, scanning speed, absorptivity, and hardened layer depth. Virtual
experiments demonstrate the nonlinear dependence of peak temperature and
layer thickness on linear energy density. The predicted trends are consistent
with experimental findings reported in the literature. The proposed integrated
hardening concept enhances surface hardness, wear resistance, and contact
fatigue performance while preserving the mechanical integrity of the
substrate. The results provide a theoretical and engineering basis for
advanced laser hardening technologies applicable in high-reliability
mechanical transmission systems.

Keywords: laser surface hardening, gears, multi-track scanning,
thermal field control, residual stresses, phase transformation, hardened
layer depth.

Introduction

In modern mechanical engineering and power transmission systems, gears and
rotating components operate under severe contact pressures, cyclic loading, and
complex tribological conditions. Such operating environments inevitably lead to
surface wear, contact fatigue, microcrack initiation, and eventually failure of the
transmission system [1-5]. Industrial experience indicates that the reliability and
service life of mechanical transmissions are primarily governed by the mechanical
integrity and structural condition of working surfaces. Conventional surface
strengthening techniques—including bulk heat treatment, carburizing, nitriding, and
induction hardening—are widely implemented in industrial practice. However, these
methods are often associated with several limitations. Bulk heating can induce
dimensional distortions, unfavorable residual stress distributions, and limited
adaptability for components with complex geometries. In particular, localized control
of mechanical properties in gear tooth profiles and rotating component surfaces
remains challenging when using traditional thermal processes [2, 6-8].

In recent years, high-energy-density laser-based surface modification has
emerged as a promising alternative for precision surface engineering. Laser surface
hardening enables localized energy input within a short time interval, resulting in rapid
heating and self-quenching of the surface layer. This process facilitates the formation
of martensitic or fine-dispersed microstructures with significantly increased hardness
while preserving the core mechanical properties of the component [3, 9].

Despite extensive research on laser surface treatment, most existing studies focus
on individual process parameters or simplified specimen geometries. The development
of an integrated multi-track laser hardening concept for complex functional surfaces—
such as gear teeth and rotating mechanical elements—remains insufficiently
systematized. In particular, issues related to track overlap control, spatial-temporal
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thermal field management, and optimized residual stress formation require further
scientific clarification. Therefore, the objective of this study is to develop an integrated
scientific and engineering framework for multi-track laser surface hardening of gears
and rotating components. The research combines theoretical heat transfer modeling,
analysis of laser—material interaction mechanisms, and numerical simulation of
thermal cycles, with qualitative validation against published experimental data [4, 10].
This approach establishes a structured foundation for advanced laser hardening
technologies applicable to high-reliability mechanical transmission systems.

Research Methodology
During laser surface hardening, heat transfer within the material is governed by
the general transient heat conduction equation:
T /ot = a VT + Q(x,y,z,t)

The laser heat source is modeled as a moving Gaussian distribution:
2

2nP T
Qx,y,t) = o7 eXP| —2-57

I
The linear energy density is defined as:

P

E, =—

Y

This parameter acts as the primary governing similarity parameter for thermal

response under solid-state hardening conditions.
This formulation describes the evolution of steep temperature gradients that develop in
the near-surface region under localized high-energy input. Laser surface hardening is
characterized by extremely rapid heating and cooling rates (10°-10° K/s), which
promote solid-state phase transformations without bulk melting [5]. Under such
thermal conditions, martensitic or fine-dispersed microstructures are formed, resulting
in significant surface hardness enhancement.

Heat transfer during the process involves three primary mechanisms:

1. Absorption of laser radiation at the surface,
2. Conduction of thermal energy into the material bulk,
3. Convective and radiative heat losses to the surrounding environment.

The laser beam was modeled as a moving heat source with spatial-temporal
distribution corresponding to the scanning trajectory. The principal technological
parameters considered in the simulations include laser power P, scanning speed v,
beam diameter d, and material thermophysical properties (thermal conductivity,
specific heat, density, and absorptivity). For gears and rotating components, geometric
effects were incorporated into the modeling domain to account for curvature and non-
uniform heat flow conditions. The process was analyzed under solid-state heating
conditions, excluding melting phenomena. Temperature gradients and cooling rates
were used as primary indicators for predicting phase transformation behavior and
residual stress development [6].

Rapid cooling following localized heating generates compressive residual stresses
in the near-surface region. Unlike conventional bulk heat treatment—where tensile
residual stresses may dominate—Ilaser hardening introduces thermal gradients in a
confined region while the substrate remains relatively cool. This condition promotes
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beneficial compressive residual stress formation, which enhances fatigue resistance
and crack initiation thresholds in gears and rotating components.
To analyze collapse behavior under different regimes, hardened layer depth is

normalized:
h

h*x=

hmax
here, h — hardened layer depth, h,,,,maximum observed layer depth.

The nonlinear growth behavior can be approximated as:
h=C"'(1—exp(-kE,)) - C*(E,— E.)H(E, — E,.)
where, C1 — growth coefficient, k — thermal response constant, C2 — softening
coefficient, E, — critical energy threshold, H — Heavisine function.
At moderate energy density, exponential growth dominates. At excessive energy
levels, structural softening may occur.

Analysis and Results

The thermal response of the laser hardening process was analyzed under multiple
combinations of absorptivity (A) and scanning speed (v). Figure 1 illustrates the
nonlinear dependence of normalized maximum surface temperature on laser power for
a wide range of processing regimes. The results demonstrate that temperature increases
monotonically with increasing laser power; however, the growth rate gradually
decreases, indicating a saturation-type behavior. Regimes with higher absorptivity and
lower scanning speed exhibit steeper temperature growth due to increased energy
coupling efficiency and longer interaction time.

Multi-regime model: Dependence of T_max on P (for A and v)

A=0.90, v=1.2
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Scientific interpretation of the observed exponential-type saturation confirms
that maximum surface temperature is governed primarily by linear energy density
rather than laser power alone. At lower power levels, heat accumulation dominates. As
power increases, enhanced thermal diffusion and convective losses limit further
temperature rise. The divergence between curves indicates strong parametric
sensitivity, highlighting the necessity of multi-parameter control for stable
transformation conditions. To evaluate structural response under varying regimes,
hardened layer depth was expressed in normalized form. Figure 2 presents the collapse
behavior of layer depth as a function of dimensionless linear energy density for
multiple A—v combinations. All regimes exhibit rapid growth at low energy density,
followed by gradual stabilization. At excessively high energy input, a mild reduction
trend appears for certain regimes, suggesting thermal over-processing effects.

Model: residual stress evolution as a function of cooling rate and track ove

—— Qverlap ratio, ¢=0.1 —— Overlap ratio, 9=0.5
2.0 4 Overlap ratio, ¢=0.2 —— Overlap ratio, ¢=0.6
—— Overlap ratio, ¢=0.3 Overlap ratio, ¢=0.7
—— Qverlap ratio, 9=0.4
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Figure 2. Dimensionless collapse behavior of normalized hardened layer depth
under multi-regime processing conditions.

Scientific interpretation of the collapse trend indicates that different processing
regimes converge toward a unified similarity behavior when expressed in
dimensionless form. This confirms that linear energy density acts as the governing
similarity parameter for hardened layer formation. The slight high-energy softening
reflects microstructural coarsening and thermal relaxation phenomena at excessive
energy input levels. The convergence of curves demonstrates the robustness of the
proposed scaling approach. Residual stress formation was analyzed as a function of
cooling rate and track overlap ratio (¢). Figure 3 shows logarithmic-type growth of
normalized compressive residual stress for multiple overlap conditions. Higher overlap
ratios consistently produce greater compressive residual stress values, indicating
stronger thermo-mechanical constraint effects during rapid cooling.

http://khorezmscience.uz 14
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Scientific interpretation of logarithmic growth behavior reflects thermoelastic
stress generation under steep thermal gradients. Rapid cooling induces surface
contraction while the substrate constrains deformation, producing compressive residual
stresses. Increasing track overlap enhances thermal cycling interaction, promoting
more uniform martensitic transformation and stabilizing compressive stress fields. The
absence of discontinuities confirms the thermo-mechanical consistency of the multi-
track hardening model.

0.8 w

0.8 1

0.7 1

0.6 1
@ A=0.75 v=0.7 =@ A=082 v=13
& A=D.75 v=1.0 -8 A=.90, v=0.7

0.5 - -@- A=0.75 v=13 =@ A=0.90, v=1.0
& A=0.82, v=0.7 A=0.90, v=1.3
@& A=0.52, v=1.0

0.50 0.75 1.00 1.25 1.50 1.75 2.00
Figure 3. Evolution of normalized compressive residual stress as a function of
cooling rate under varying track overlap ratios (¢). The horizontal line indicates
the beneficial compressive stress region.

Conclusion

This study presented an mtegrated multi-regime modeling framework for laser
surface hardening, linking thermal response, structural evolution, and residual stress
formation within a unified analytical approach. The thermal analysis demonstrated
nonlinear saturation behavior of maximum surface temperature with increasing laser
power, confirming that linear energy density serves as the governing parameter for
process control. The multi-regime temperature curves revealed strong parametric
sensitivity to absorptivity and scanning speed, highlighting the necessity of coordinated
parameter optimization. Dimensionless collapse analysis of hardened layer depth
showed convergence of different processing regimes toward a unified similarity
behavior. This confirms that structural response under solid-state laser hardening can
be described using a generalized scaling relationship independent of individual
parameter combinations. Residual stress modeling revealed logarithmic growth of
compressive stress with increasing cooling rate and demonstrated the stabilizing effect
of track overlap ratio. Increased overlap enhances thermo-mechanical constraint and
promotes the formation of beneficial compressive stress fields, improving fatigue
resistance and wear performance. Overall, the proposed modeling framework provides
a structured theoretical basis for predictive process optimization in laser surface

http://khorezmscience.uz 15
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hardening of gears and rotating components. The integration of thermal, structural,
and mechanical response within a unified formulation supports the development of
intelligent and adaptive laser processing systems for high-reliability mechanical
applications.
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Annotatsiya. Ushbu maqolada sanoat korxonalarida biznes-jarayonlarni
boshqarishni zamonaviy axborot texnologiyalari yordamida
avtomatlashtirish masalalari ko‘rib chiqiladi. Boshqaruv, ishlab chiqarish va
moliyaviy jarayonlarni kompleks integratsiyalash hamda optimallashtirish
vositasi sifatida ERP tizimlarini joriy etishga alohida e’tibor garatilgan.
“NMZ” Alda Microsoft Dynamics Axapta ERP tizimini joriy etish tajribasi
tahlil qilingan. Tizimning asosiy modullari — “Ishlab chiqarish”, “Debitorlik
qarzlari”, “Kreditorlik qarzlari”, “Bank”, “Konstruktorlik va texnologik
ma’lumotlar arxivi”, “Asosiy vositalar”, “Ish haqi”, shuningdek, texnik
xizmat ko‘rsatish va ta'mirlash quyi tizimlarining funksional imkoniyatlari
batafsil ko‘rib chiqgilgan. ERP tizimini joriy etish natijasida yagona axborot
bazasi yaratilib, buxgalteriya hisobining shaffofligi ta’minlandi, inson
omilining ta’siri kamaytirildi, bo‘limlar o‘rtasida ma’lumotlarni uzatish
tezlashtirildi va qaror qabul qilish samaradorligi oshirildi. Sanoat
korxonalarining raqamli transformatsiyasida ERP texnologiyalarining
yuqori ahamiyati haqida xulosa chigarilgan.

Kalit so‘zlar: ERP tizimi, boshqaruvni avtomatlashtirish, biznes-
Jjarayonlar, ragamli transformatsiya, sanoat korxonasi, integratsiyalashgan
axborot tizimi.

AHHOTanusA. B 1aHHON cTaThe pacCMaTPUBAIOTCS BOIPOCH aBTOMAaTU3 a1
yrOpaBjieHuss OW3HEC-MPOILleCCaMU Ha MPOMBIIUICHHBIX NPEANPUSITUSIX C
UCIIOJIb30BAaHUEM COBPEMEHHBIX HMH(OPMAIMOHHBIX TexHonoruil. Ocoboe
BHUMaHue yzensercs BHeApeHuto ERP-cuctem Kkak HMHCTpYMEHTY
KOMIUIEKCHOM ~ MHTErpallii ¥ ONTHUMHU3AIMU  YNPABJICHUYECKUX,
MPOU3BOJICTBEHHBIX M (PUHAHCOBBIX MPOIECCOB. AHAIUZUPYETCS OIBIT
BHenpenust ERP-cuctembr Microsoft Dynamics Axapta mna AO “HM3.”
[TonpoOHO paccMOTpeHbl (PYHKIIMOHATBHBIE BO3MOXKHOCTH OCHOBHBIX
moxaynien cuctemsl: “TlpousBoactBo,” “Jllebutopckasi 3a0MKEHHOCTD,”
“Kpenuropckas 3aq0JDKEHHOCTh,” “baHK,” “ApXHMB KOHCTPYKTOPCKO-
TexHosiorundeckor wuHbopmanuu,” “OcHOBHBIC cpeacTBa,” ‘“3apaboTHas
miaTa,” a TakKe MOJACUCTEMbl TEXHUYECKOr0 00CITyKUBaHUS U peMOoHTa. B
pesynbrare  BHenapenuss ~ ERP-cuctembl  Obuta  co3maHa  eauHas
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nHdopMalnroHHas 6a3a, obecrneunBaroias Mpo3pavyHOCTh yuéTa, CHUKCHHE
BIIMSHUSL YEJIOBEUYECKOro (paKTopa, YCKOpPEHHUE IMepe/iauyd JaHHBIX MEXITY
MOJPa3ACICHUSIMA U TOBBIMICHHE S()PEKTUBHOCTH MPUHATHUS PEIICHUM.
Cnenan BBIBOJ O BbICOKOW 3HaummoctH ERP-TexHonoruiéi B 1mudpoBoi
TpaHc(hopMalK MPOMBIIUICHHBIX TPEANPUSITHH.

Knwueevie cnosa: ERP-cucmema, asmomamusayus YnpaeieHus,
buzHec-npoyeccol, yugposas mpaucpopmayus, NPOMbLULLIEHHOE
npeonpusimue, UHMe2pUpo8aHHas UHGOPMAYUOHHAS cucmema.

Abstract. This article discusses the automation of business process
management in industrial enterprises using modern information
technologies. Special attention i1s given to the implementation of ERP
systems as a tool for comprehensive integration and optimization of
management, production, and financial processes. The experience of
implementing the ERP system Microsoft Dynamics Axapta at JSC “NMZ”
is analyzed. The functional capabilities of the main modules of the system
are considered in detail: “Production,” “Accounts Receivable,” “Accounts
Payable,” “Bank,” “Archive of Design and Technological Information,”
“Fixed Assets,” “Payroll,” as well as subsystems for maintenance and repair.
As a result of the implementation of the ERP system, a unified information
database was created, ensuring transparency of accounting, reducing the
human factor's influence, speeding up data transfer between departments,
and 1mproving decision-making efficiency. A conclusion is drawn on the
high significance of ERP technologies in the digital transformation of
industrial enterprises.

Keywords: ERP system, management automation, business processes,
digital transformation, industrial enterprise, integrated information system.

Introduction

The digital transformation of industrial enterprises necessitates the replacement
of traditional management methods with integrated information systems [1]. Enterprise
resource planning (ERP) systems have emerged as a critical solution for unifying
business processes across production, finance, procurement, and sales functions [4].
However, the successful adoption of ERP requires empirical evidence of its operational
impact in real-world manufacturing contexts.

This study addresses this gap by analyzing the implementation of Microsoft
Dynamics Axapta ERP at JSC “NMZ.” Microsoft Dynamics Axapta offers flexible
configuration capabilities tailored to enterprise-specific workflows, including
production planning, financial accounting, and supply chain management [2, 6]. The
objective of this research is to evaluate how ERP implementation affects key
performance indicators—specifically data transfer latency, error rates, and document
cycle times—across seven functional modules. This paper presents a case study of the
implementation process, analyzes module-specific outcomes, and draws conclusions
regarding ERP technologies as enablers of industrial digital transformation.
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Literature Review

Enterprise resource planning (ERP) systems have become fundamental to digital
transformation in industrial enterprises [1, 4]. These integrated platforms unify
business processes across production, finance, procurement, and sales, replacing
fragmented traditional management methods [3]. ERP adoption is now considered a
prerequisite for competitive industrial operations globally [5].

The manufacturing sector particularly benefits from ERP through enhanced
production planning, material requirements calculation, and real-time capacity
monitoring [9, 10]. Microsoft Dynamics Axapta (now Dynamics 365) offers high
flexibility for configuring modules according to enterprise-specific needs, including
production, supply chain, and financial management [6]. Successful implementation
requires careful attention to data migration, user training, and organizational change
management [2, §].

Research indicates that ERP systems reduce data redundancy, minimize human
errors, accelerate inter-departmental information transfer, and improve decision-
making transparency [7]. Post-implementation benefits include unified client/supplier
registries, automated document generation, and real-time order tracking [10].
However, implementation success depends on aligning system capabilities with
organizational processes and ensuring adequate user adoption [3, 5]. The growing body
of evidence confirms ERP technologies as critical enablers of industrial enterprise
digital transformation [1, 4, 7].

Research Methodology

A single-case study design evaluated Microsoft Dynamics Axapta ERP
implementation at JSC “NMZ” across seven modules (Production, Accounts
Receivable/Payable, Bank, Design Archive, Fixed Assets, Payroll, Maintenance).
Quantitative KPIs (data transfer latency, error rates, document cycle times) were
measured pre- and 4-months post-implementation (n=47 users). System logs,
structured error tracking, and semi-structured interviews provided triangulated data.
Descriptive statistics and paired t-tests (p<0.05) compared baseline to post-
implementation performance. Thematic analysis of qualitative data identified
transparency, reduced human error, and decision-making efficiency as primary
outcomes.

Analysis and Results
Main functions of the “Production” module:

« Production configurations, routes, operations, specifications.

« Planning (aggregate planning, Gantt chart planning, operation planning).

« Stages of the production order, production monitoring.

« Work centers (resources) and work center groups, work center calendar.

« Information on production capacities, capacity loading monitoring, accounting
for production capacities, power distribution profile over time, accounting for
constraints, and identifying “bottlenecks.”

« Calculation of material consumption by configuration, finished product size,
waste percentage.

« Consumption journal and material/resource tracking.
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« Work time efficiency in percentage terms.
« Route cards, task cards, and route tasks.
o Automatic printing of production documentation.

more than 10 main production workshops
. | over 350,000 product groups
) Production * over 150,000 stock keeping units (SKUs)

more than 6,500 clients
over 180 sales managers

L

Customer Settlements

more than 6,700 primary suppliers

Supplier Settlements L—> ¢ over 5 central warehouses
* over 120,000 unique incoming item numbers

over 1 million bank accounts

— *
Bank * more than 7 banks and operators

ERP System Microsoft | —
Dynamics AX Archive of Design and * more than 7 million drawings and standards

Technological Information |+ more than 150,000 types of component parts
over 55,000 material consumption rates

Fixed Assets ~ + over 10,000 outdoor assets
* more than 75 physical objects

more than 250 areas of operation

Payroll and HR \ +  over 2,000 employees

over 2,000 positions in the staffing table

Ly Maintenance and Repair \‘| - __over 250 pay grades

over 250,000 standard operations |

Figure 1. Modules implemented at JSC “NMZ”.

Thanks to the listed functionalities, it became possible to use new algorithms in
production planning; calculations of loading are now made in the context of work
centers and groups of work centers. The level of detail for production schedule
formation was brought to the level of technological operations. Production orders for
the manufacture of DSE (completed products) are automatically generated. Figure 2
shows an example of a 3D diagram of work center loading, generated by the system.
As a result of the tools provided by this module, the production accounting processes
at the enterprise have been improved: movement of DSE/materials in the warehouse
departments, operational manufacturing, final delivery to SGD and SGU, inter-
departmental transfers, and more.

The “Accounts Receivable” module allowed the organization of a unified client
and contract registry, registering sales orders with full specifications and reducing the
time for generating primary documents (contracts, specifications, invoices, invoices for
payment, shipping notes, work orders, and production completion reports). The
“Deployment” function provided users with the ability to track the order status at any
given time, thereby reducing the risks of delayed delivery to the customer.

In the “Accounts Payable” module, functions for maintaining supplier registries,
contracts, and purchase orders have been implemented, transitioning the generation of
primary documents (e.g., receipt orders, limit cards, requirements-warehouse slips,
inventory ledgers, etc.) to automatic mode. The system's aggregate planning algorithms
enabled better calculation of material needs and timely procurement planning.

Conclusion
As aresult of implementing the ERP system, Microsoft Dynamics Axapta at JSC
“NMZ,” a unified data repository was created, which consolidates all information used
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by various departments. The percentage of errors has been significantly reduced
because data is entered into the system only once by the specialist, after which it is
automatically accessed by all departments in the necessary format.
The speed of data transfer became instantaneous; as soon as the sales department
entered a sales order into the system, it was immediately visible to the procurement or
production department. Also, payment updates appear in the order as soon as the
financial department registers the bank statement in the system. The number of errors
caused by human factors has decreased, and any errors that still arise are fixed much
faster.

ERP system functionality also allows management to monitor employee
performance in real-time. When one department enters data, such as the movement of
goods, another department receives that information immediately. This real-time data
update helps to ensure transparency and eliminate discrepancies. Microsoft Dynamics
Axapta i1s a universal system that has the potential to implement a vast number of
processes. During the initial implementation, only a portion of its capabilities were
utilized. However, as the enterprise grows, new modules will be integrated into the
system, allowing for the introduction of new solutions and the addition of new
departments, all with minimal financial and time investments.
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Annotatsiya. Mazkur maqolada quyma ishlab chigarishda ishlatiladigan
qum-qolip aralashmalarini regeneratsiya qilish texnologiyalarining ilmiy-
texnik asoslari va amaliy ahamiyati tahlil qilingan. Quyish jarayonida yuqori
harorat va mexanik ta’sir natijasida o‘z xossalarini yo‘qotgan kvarts qumi
hamda bog‘lovchi moddalarning qoldiglarini gayta tiklash muammolari
ko‘rib chiqilgan. Ishlatilgan aralashmalarni chiqindi sifatida utilizatsiya
qilish igtisodiy va ekologik jihatdan salbiy oqibatlarga olib kelishi asoslab
berilgan. Magolada mexanik, termik va kimyoviy regeneratsiya usullarining
ishlash prinsiplari, afzallik va kamchiliklari solishtirma tahlil qilingan.
Mexanik usul energiya tejamkorligi bilan ajralib tursa-da, tozalash darajasi
cheklanganligi qayd etilgan; termik usul yuqori sifatli tozalashni ta’minlasa-
da, katta energiya sarfini talab etadi; kimyoviy usullar esa maxsus reagentlar
qo‘llanishi bilan tavsiflanadi. [lmiy manbalar asosida regeneratsiya qilingan
qumning 70-95 9% gacha qismini yangi aralashmaga qayta qo‘shish
mumkinligi ko‘rsatib o‘tilgan.

Kalit so‘zlar: qolip aralashmalari, kvars qumi, regeneratsiya
texnologiyasi, mexanik tozalash, termik ishlov berish, bog ‘lovchi moddalar,
texnogen chigindilarni utilizatsiya qilish.

AHHOTauusA. B 1aHHON cTaThe NMPOAaHAIM3UPOBAHBI HAYYHO-TEXHUYECKUE
OCHOBBI M IPAKTUYECKOE 3HAYCHHME TEXHOJIOTMM pereHepanuy IecYaHo-
(OpPMOBOYHBIX CMECEW, NPHUMEHSIEMBIX B JIMTEHHOM IPOU3BOICTBE.
PaccmoTpensl mpo0sieMbl BOCCTaHOBJIEHHSI KBapLEBOrO MecKa U OCTAaTKOB
CBA3YIOIIMX BEILIECTB, YTPAaTUBUIMX CBOM CBOMCTBA IIOJ BO3JAECHCTBHEM
BBICOKMX TEMIEparyp M MEXaHWYECKHX Harpy30K B IIPOLECCE JIUThA.
OO00CHOBaHO, YTO yTUJIM3aLUs OTPAOOTaHHBIX CMECEil B KaUeCTBE OTXO0B
OPUBOJUT K OTPULATENbHBIM HIKOHOMHYECKMM M  JKOJIOTMYECKUM
nocyiencTBusiM. B pabote mpoBeAEH CpaBHUTENbHBIN aHATU3 MEXAHUYECKUX,
TEPMUYECKUX M XUMUYECKUX METOJOB PpEreHEpaluH, PpPaCKpbIThl HX
OPUHLMIBL JEHCTBUSA, NPEUMYILIECTBA W HeNOCTaTku. OTMEYEeHO, 4TO
MEXaHWYECKUI METOJl OTJIMYAETCS dJHEProd(pPeKTUBHOCTHIO, OJHAKO
CTENEHb OYUCTKU OIPaHUYEHA; TEPMUUYECKUN METOI 00ECIIEUNBAET BHICOKOE
KayeCTBO OYHMCTKH, HO TPEOYEeT 3HAUMTENIbHBIX YHEPro3aTpar; XUMUUYECKUE
METOJIbl XapaKTEPU3YyHTCS NPUMEHEHHEM CIIeHMaIbHBIX peareHToB. Ha
OCHOBE aHaJM3a HAy4YHBIX HCTOYHMKOB II0Ka3aHo, 4yTto a0 70-95 %
PEreHEepUPOBAHHOIO IECKA MOXET OBbITh MOBTOPHO HCIIOJB30BAHO IPH
MPUTOTOBIICHUU HOBBIX ()OPMOBOUYHBIX CMECEH.
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Knroueevie cnosa: ¢opmosounvie cmecu, Keapyesvlii Necok,
MEXHON02Us ~ peceHepayul, MexaHudyeckas OdYUCmKa, mepmudecKkas
obpabomka, ceazyrowue geuwecmad, Ymuiu3ayus mexHo2eHHbIX 0mxo008.

Abstract. This article analyzes the scientific and technical foundations and
practical significance of regeneration technologies for sand molding
mixtures used in foundry production. The problems of restoring quartz sand
and residual binders that lose their properties under the influence of high
temperatures and mechanical stresses during the casting process are
examined. It is substantiated that disposing of used mixtures as waste leads
to negative economic and environmental consequences. The paper provides
a comparative analysis of mechanical, thermal, and chemical regeneration
methods, describing their operating principles, advantages, and
disadvantages. It is noted that the mechanical method is characterized by
energy efficiency; however, its cleaning efficiency is limited. The thermal
method ensures high-quality purification but requires significant energy
consumption. Chemical methods, in turn, involve the use of special reagents.
Based on scientific sources, it is shown that up to 70-95% of regenerated
sand can be reused in the preparation of new molding mixtures.

Keywords: molding mixtures, quartz sand, regeneration technology,
mechanical cleaning, thermal treatment, binding agents, utilization of
technogenic waste.

Introduction

In the casting production process, mold and core mixtures used for shaping metal
products (mainly consisting of quartz sand, binders, and various additives) constitute a
significant part of the total production cost. Especially in large-scale serial production,
the volume of sand mixtures is very large, and renewing them after each casting cycle
requires a considerable amount of raw materials and financial resources. In traditional
technologies, used molding mixtures are discarded as waste or reused only to a limited
extent. This leads, on the one hand, to an increase in the consumption of natural
resources and, on the other hand, to the growth of industrial waste. As a result,
environmental problems arise, along with additional costs associated with waste
disposal and an increase in production costs.

For this reason, the introduction of technologies for the regeneration of used mold
and core mixtures is becoming increasingly important in the modern foundry industry.
The regeneration process is the process of cleaning used sand mixtures using
mechanical, thermal, or chemical methods, removing the residues of binder materials
contained in them, and restoring the physicochemical properties of sand grains. In
mechanical regeneration, sand particles are cleaned through mutual friction; in the
thermal method, organic binders are removed under the influence of high temperature;
and in chemical methods, harmful residues are decomposed with the help of special
reagents [1]. The use of regenerated sand in repeated production has several
advantages. First of all, the amount of purchasing new raw materials decreases, which
increases economic efficiency. Secondly, the amount of waste is significantly reduced,
and the negative impact on the environment decreases [2].



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

- Cleaning Efficiency of Regeneration Methods

80

60 +

40

Cleaning Efficiency (%)

20

Mechanical Thermal Chemical
Regeneration Methods

Figure 1. The effect of regeneration methods on the cleanliness of the mixture.

In addition, by optimizing the regeneration process, it is possible to maintain
stable quality indicators of molding mixtures, reduce defects in cast products, and
improve the overall efficiency of the production process.

Literature Review

Today, the development of energy-efficient and environmentally safe
regeneration methods, the introduction of automated regeneration lines, and the
improvement of control systems for the quality of reclaimed sand are among the urgent
issues. Therefore, the regeneration of used molding mixtures is not only economically
beneficial but also an important factor in ensuring sustainable industrial development.
In modern metallurgy and foundry production enterprises, sand-mold mixtures (mainly
quartz sand and binders) are an integral part of the production cycle. However, after
the casting process, under the influence of high temperature, the physical and
mechanical properties of mold materials change: binders (bentonite, resin, or liquid
glass) form a hard shell on the surface of sand grains.

Used sand mixtures are often disposed of in waste landfills, which leads to
chemical contamination of soil and groundwater. The costs of extracting and
transporting high-quality quartz sand are increasing year by year. In addition, the reuse
of sand containing residues of old binders increases defects such as gas porosity and
cracks in cast products [3].

Research Methodology

Scientists R. Brown and W. Tilch [3], in their studies, explained the destruction
mechanisms of dead bentonite and resin layers formed on the surface of sand grains.
According to their conclusions, the quality of the regeneration process is measured by
cleaning the shell on the surface of the sand grain up to 95-98%, while preserving the
integrity of the grain. In the field of mechanical regeneration, industrial companies and
researchers such as Knights, Eisner, and G.K. [4] improved the attrition technology
using centrifugal force. At this stage, the main problem was excessive wear of the sand
(formation of dust). Modern studies focus on pneumatic regeneration, in which sand
grains are cleaned by colliding with each other using an air flow, ensuring that the
geometric shape of the grains is preserved.

http://khorezmscience.uz 24
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Figure 2. Purity comparison of regenerated and used sands.

With the increasing use of organic binders (Cold-Box and Alpha-set processes),
research on thermal regeneration has intensified. Researcher A.M. Fedorov and others
[5] determined the optimal temperature regimes (750-850°C) for sand regeneration in
fluidized bed furnaces.

Under the conditions of Uzbekistan, this topic has been studied by scientists such
as S.M. To‘raxodjayev, A.A. Muhamedov, and T.S. Sultonov [6]. Their research
mainly focuses on the chemical and mineralogical changes of local sands (for example,
Jeroy-Sardoba sands) during the regeneration process, as well as on optimizing the
technological parameters for the hydraulic recycling of mixtures with liquid glass
binders.

Table 1. Chemical composition of molding sand mixtures.

Mass
Ne Component Chemical Formula Fraction Function
(%)
I |  Quartzsand Si0s 85-92 Main skeletal material,
provides heat resistance
. Al:05-4Si102-H20 . . ..
2 Bentonite (montmorillonite) 5-10 Binder, provides plasticity
3 Water H-0 2-5 Activating medium
Coal dust (or Controls gas release,
4 . C 0.5-2 . ;
graphite) improves surface quality
5 Additives (lime, Ca0, organic compounds 091 Stabilizes technologlcal
starch, etc.) properties

The current level of research shows that effective methods for regenerating
mixtures using new-generation nano-binders have not yet been fully developed. In
addition, the high cost of the thermal method makes it impractical for small enterprises.
Therefore, low-energy-consuming methods such as plasma or ultrasonic regeneration
remain among the issues that still need to be solved.

The technology of regeneration of used molding sand mixtures in casting
production is considered one of the urgent scientific and technical problems in modern
metallurgy and mechanical engineering industries. Molding and core mixtures widely
used in the casting process mainly consist of quartz sand, bentonite or chemical
binders, additives, and water, and they serve as the main technological medium in
shaping molten metal. In large-scale and mass production, the consumption of molding

http://khorezmscience.uz 25




ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

mixtures reaches significant volumes, resulting in a considerable share of the total
production cost. Under traditional production conditions, used mixtures are either
discarded as waste or reused in limited quantities. This, on the one hand, increases the
demand for natural quartz sand, and on the other hand, leads to an increase in industrial
waste, environmental burden, and disposal costs.

The essence of the problem lies in the fact that during the casting process, the
molding mixture partially loses its initial physical and mechanical properties under the
influence of high temperatures (1000—1600°C), direct contact with molten metal, and
mechanical impacts. Binder materials burn out or undergo thermal decomposition, and
a slag-like and carbonized solid layer forms on the surface of sand grains. As a result,
the granulometric composition of the sand changes, gas permeability decreases, and
the quality of reuse deteriorates. If such mixtures are used without regeneration, defects
such as porosity, surface imperfections, and dimensional inaccuracies may occur in
cast products.

As an effective solution to this problem, the technology for the regeneration of
used molding mixtures is proposed. Regeneration is the process of cleaning used sand
and restoring its technological properties through mechanical, thermal, or chemical
methods. In mechanical regeneration, sand grains are cleaned due to friction and impact
between particles, which allows most of the binder residues to be separated. This
method has the advantage of relatively low energy consumption, although the degree
of cleaning may be limited. In thermal regeneration, organic binders are completely
burned out at temperatures of 600—-800°C, resulting in a much more effective cleaning
of the sand surface. This method ensures high-quality regeneration, but it requires
significant energy consumption. In chemical regeneration, residual binders are
decomposed using special reagents; however, this method requires complex chemical
processes and 1s less commonly used in industry.

Analysis and Results

Scientific studies show that up to 70-95% of regenerated sand can be added to a
new mixture, which significantly reduces raw material consumption and lowers
production costs. In addition, the reduction in waste volume is important from the point
of view of environmental protection. According to data from the Federal Highway
Administration (FHWA), recycling and secondary use of used foundry sands is one of
the effective ways to reduce industrial waste. In modern enterprises, the efficiency of
the process can be further increased through the automation of regeneration lines, the
introduction of dust collection systems, and the use of energy-efficient furnaces.

Thus, the technology for regenerating used molding mixtures is an important
direction that ensures economic and ecological sustainability in casting production. If
the problem is high raw material consumption and the increase of industrial waste, the
solution 1s the wide implementation of mechanical, thermal, and combined
regeneration methods. Scientifically based regeneration processes not only reduce
production costs but also help stabilize the quality of cast products, ensure rational use
of resources, and provide environmental safety.

The technology of regenerating used molding mixtures in casting production
plays an important role in ensuring the economic efficiency and environmental
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sustainability of the industry. In traditional production processes, the disposal of
used sand mixtures as waste leads to increased raw material consumption, higher
production costs, and negative environmental impacts. As a result of high temperature
and mechanical effects, the physicochemical properties of the mixture deteriorate,
which limits the possibility of its direct reuse.

Conclusion

The introduction of regeneration technologies is considered an effective solution
to this problem. With the help of mechanical, thermal, and chemical methods, it is
possible to clean used sand grains from binder residues and restore their technological
properties. Scientific studies show that a large portion of regenerated sand (up to 70—
95%) can be reintroduced into the composition of new mixtures, which helps conserve
natural resources and reduce costs. In addition, the implementation of the regeneration
process reduces the volume of industrial waste, decreases the load on landfills, and
facilitates compliance with environmental regulations. The use of energy-efficient
equipment and automated control systems further increases the efficiency of the
process. In general, the regeneration of used molding mixtures is considered a
scientifically grounded and promising approach for ensuring rational use of resources,
stabilizing product quality, and maintaining environmental safety in casting
production.
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Annotatsiya. Ushbu maqolada mashinasozlik sanoatida ishlab chiqarish
samaradorligini oshirishning zamonaviy usullaridan biri sifatida Kaizen
vositalarini joriy etishning ilmiy va amaliy jihatlari tahlil qilinadi. Tadqiqot
obyekti sifatida ishlab chigarish tizimi olinib, undagi yo‘qotishlar aniglanadi
va ularni kamaytirish mexanizmlari ishlab chiqiladi. 5S tizimi, plain-do-
check-act (PDCA) sikli va vizual boshqaruv asosida ishlab chiqarish
jarayonlarini optimallashtirish yondashuvlari taklif etiladi. Ishlab chiqilgan
matematik modellar yordamida ishlab chigarish samaradorligi, overall
equipment effectiveness (OEE)-uskunalardan umumiy samaradorligi,
hamda mahsulot sifati ko‘rsatkichlari baholanadi. Tadqiqot natijalari Kaizen
vositalarini joriy etish orqali ishlab chiqarish samaradorligini 25-40% ga
oshirish, brak darajasini sezilarli kamaytirish va resurslardan foydalanish
samaradorligini yaxshilash mumkinligini ko‘rsatadi.

Kalit so‘zlar: Kaizen, 58 tizimi, ishlab chigarish samaradorligi, Lean
manufacturing, PDCA sikli, OEE, optimallashtirish, mashinasozlik.

AHHOTauMs. B aHHOM cTaTbe aHANM3UPYIOTCS HAyYHbIE U MPAKTUYECKUE
aCIeKThl BHEJIPEHUS] MHCTPYMEHTOB Kaizen Kak OJHOTO U3 COBPEMEHHBIX
METOJI0B NOBBIIECHUS ~ TMPOU3BOJACTBEHHOM  A((EKTUBHOCTH B
MalIMHOCTPOUTEIIBHOW  MNPOMBIIUIEHHOCTH. B kadecTtBe  0OBEKTa
UCCJICOBAHUSl PACCMATPUBAETCS MPOU3BOJCTBEHHAs CUCTEMA, B KOTOPOI
BBISIBIISIIOTCS CYIIECTBYIOIINE MOTEPU M pa3padaThIBAIOTCS MEXAHU3MBbI UX
cHkenus. [Ipennararorcs moaxoJbl K ONTHUMU3AIMKN POU3BOJACTBEHHBIX
poiieccoB Ha ocHoBe cuctembl 5S, nukia plan—do—check—act (PDCA) u
BU3yalbHOrO  ynpapieHusi. C  uWcnoinb3oBaHMEM  pa3pabOTaHHBIX
MaTeMaTHYECKUX MOJEJECH OLICHMBAIOTCSl MOKAa3aTelu MPOU3BOJICTBEHHOM
apdextuBHocTH, overall equipment effectiveness (OEE) — oO6mas
3¢ PeKTUBHOCTH 000PYAOBaHUS, a TAKXKE KAUECTBO MPOAYKIMU. Pe3ynbTaThl
UCCIEOBAaHUs TIOKa3bIBalOT, YTO BHEApPeHHEe UHCTpymMeHToB Kaizen
MO3BOJISIET TMOBBICUTH MPOU3BOACTBEHHYIO 3(PdekTuBHOCTh Ha 25-40%,
CYILIECTBEHHO CHHM3UTh YPOBEHb Opaka M yIydlmuTh 3(PGEKTUBHOCTD
UCIIOJIb30BaHUsI PECYPCOB.

Knwuesvte cnoea: Kaizen, cucmema 35S, 2¢ppexmusnocms
npoussoocmea, bepedcausoe npouzsoocmeo, nomepu, yuxki PDCA, OEE,
ONMUMU3AYUS, MAUUUHOCMPOEHUE.
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Abstract. This article analyzes the scientific and practical aspects of
implementing Kaizen tools as one of the modern methods for improving
production efficiency in the mechanical engineering industry. The
production system is considered as the research object, where existing losses
are identified and mechanisms for their reduction are developed. Approaches
for optimizing production processes are proposed based on the 5S system,
the plan—do—check—act (PDCA) cycle, and visual management. Using the
developed mathematical models, production efficiency indicators, overall
equipment effectiveness (OEE), and product quality parameters are
evaluated. The research results demonstrate that the implementation of
Kaizen tools can increase production efficiency by 25-40%, significantly
reduce the defect rate, and improve resource utilization efficiency.
Keywords: Kaizen, 5S system, production efficiency, Lean
manufacturing, PDCA cycle, OEFE, optimization, mechanical engineering.

Introduction

In modern industrial production systems, the issue of improving efficiency is
directly related not only to technological modernization but also to the implementation
of advanced production management methods. Under the conditions of global
industrial transformation, the competitiveness of machine-building enterprises is
determined by the flexibility of their production systems, the efficiency of resource
utilization, and the level of process optimization. Practical observations show that, in
many machine-building enterprises, production efficiency decreases due to the
following factors: interruptions between technological operations; excessive
inventories and logistics losses; non-optimal worker movements; uneven equipment
loading.

In eliminating these problems, the Kaizen concept is considered one of the most
effective approaches from both scientific and practical perspectives. The Kaizen
system serves to increase efficiency at the macro level through optimization of
production at the micro level.

Literature Review

Contemporary scientific research on the concepts of Kaizen and Lean
manufacturing forms a comprehensive management approach aimed at minimizing
losses in production systems, increasing the efficiency of resource utilization, and
optimizing value flow. These concepts were initially developed in Japan and are now
widely applied in global industrial enterprises as an effective model for organizing
production [1, 4, 13].

The theoretical foundations of the Kaizen philosophy were developed by M. Imai,
who interprets Kaizen as a strategy for the continuous improvement of production and
management processes [1]. According to the author, improving production efficiency
1s achieved not through large investment changes, but through small yet systematic
improvements implemented in daily activities. The Kaizen concept is based on such
principles as the active participation of employees, problem identification in the
workplace (gemba), standardization, and continuous process control. In this regard,
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Kaizen particularly emphasizes the important role of the human factor in increasing
production efficiency [1, 15].

The practical foundations of the Lean manufacturing concept are directly
associated with the Toyota Production System (TPS), developed by T. Ohno [2]. This
system 1s aimed at identifying and eliminating all operations that do not create value in
production and offers an effective mechanism for optimizing production processes.
Within the framework of TPS, production losses are classified into seven main types:
overproduction, waiting, excessive transportation, overprocessing, excess inventory,
unnecessary movement, and defective product manufacturing [2, 9].

The main principles of the Toyota Production System include Just-in-Time,
Jidoka, and Continuous Flow. The Just-in-Time principle implies organizing
production in accordance with demand, that is, producing the product exactly when it
1s needed and in the required quantity. This makes it possible to reduce excess
inventory and accelerate the production cycle. The Jidoka principle means integrating
quality control into the production process itself; that is, when a defect is detected, the
process is automatically stopped, and the problem is immediately eliminated. The
Continuous Flow principle serves to minimize interruptions between operations and to
establish a continuous production flow [2, 8].

In contemporary scientific research, the effectiveness of Lean and Kaizen tools is
supported by numerous empirical results. In particular, studies conducted by Shah and
Ward show that Lean systems have a significant impact on production efficiency,
increase the stability of production processes, and reduce inventory levels [5].
According to them, the effectiveness of the Lean concept is ensured not by the
implementation of individual tools, but by the integration of all processes on the basis
of a systematic approach.

In his research, J. Liker conducts an in-depth analysis of Toyota’s experience and
identifies long-term strategic development, standardized processes, continuous
employee development, and systematic problem-solving as the main advantages of the
Lean approach [3]. The author scientifically substantiates that the practical application
of Lean principles can increase production efficiency by 20—40% and significantly
reduce the defect rate [3, 5].

Studies conducted by Holweg demonstrate the historical development of the Lean
production concept and its differences from the classical mass production system [14].
According to him, the Lean approach increases the efficiency of resource utilization by
minimizing operations that do not create value within the production system. At the
same time, this approach enhances the flexibility of the production system and can be
effectively applied even under conditions of small-batch and customized production
[14].

In addition, contemporary studies extensively highlight the importance of such
tools as the 5S system, visual management, Kanban, the PDCA cycle, and Value
Stream Mapping in production optimization [7-9]. These tools make it possible to
standardize production processes, promptly identify problems, and eliminate them in a
systematic manner.

At the same time, the analysis of the literature shows that the concepts of Kaizen
and Lean manufacturing have mainly been studied in the context of developed
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industrial countries. In the industrial enterprises of Central Asia, particularly in the
machine-building sector, the issues of adapting these approaches to local production
conditions and implementing them with due consideration of technological and
organizational features have not been sufficiently studied. This creates the need for
additional scientific research in this area.

In general, the analyzed scientific sources show that the concepts of Kaizen and
Lean manufacturing are highly effective in improving production efficiency. At the
same time, the development of scientifically grounded methodological approaches for
their application in machine-building enterprises, especially under regional industrial
conditions, remains an urgent task.

Research Methodology

In this study, systemic, comparative, and mathematical modeling approaches were
used to evaluate the effectiveness of improving the production system of a machine-
building enterprise on the basis of Kaizen tools. The research methodology was aimed
at studying production processes in terms of individual elements, quantitatively
assessing losses, determining the level of equipment utilization, and mathematically
expressing the changes resulting from the implementation of Kaizen tools.

The main purpose of this methodology is to assess the current state of the
production system, identify the sources of inefficiency within it, and scientifically
substantiate the growth in efficiency achieved as a result of optimization. From this
perspective, the research was conducted in four main interrelated areas: the dynamic
efficiency model, the extended OEE model, the loss model, and the optimization
condition.

The following scientific methods were used in the course of the research:

System Analysis Method. The production enterprise was considered as a unified
system, and its constituent components—raw material supply, technological
operations, equipment performance, worker movements, control stages, and finished
product output processes—were studied in their interrelationship. This approach made
it possible to comprehensively assess the factors affecting efficiency.

Observation and Time Study Method. The time spent on operations performed at
workplaces, waiting periods, unnecessary movements, equipment idle time, and
technological interruptions was studied. With the help of this method, the shares of
productive time and lost time were determined.

Comparative Analysis Method. The indicators before and after the implementation
of Kaizen tools were compared with each other. This method served to quantitatively
determine changes in efficiency, quality, and the level of resource utilization.

Mathematical Modeling Method. Production efficiency and losses were expressed
through special functional relationships. Mathematical modeling made it possible to
evaluate enterprise performance not only descriptively, but also on the basis of
quantitative criteria.

1. Dynamic Efficiency Model

In this study, production efficiency was considered as a time-dependent variable
and was expressed by the following model:
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Q(t)
() =5 ©
where:
n(t) — production efficiency at time t;
Q(t) — the volume of useful products produced per unit of time;

R(t) — the amount of resources consumed during this time interval.

The essence of this model is that production efficiency is determined by the ratio
between the useful output and the resources consumed. Ifthe volume of useful products
increases while resource consumption remains unchanged or decreases, efficiency
increases. Conversely, if more resources are consumed to produce the same amount of
output, efficiency decreases.

Here, the concept of resources is interpreted broadly and includes the following:
working time; electric energy; raw materials and supplies; equipment operating
resources; labor input; and the time spent on auxiliary operations.

The advantage of using the dynamic model is that it considers efficiency not as a
static indicator, but as a process that changes over time. For example, production
efficiency may differ at the beginning, middle, and end of a work shift. Kaizen tools
are specifically aimed at reducing this variability, stabilizing the process, and ensuring
a more even distribution of efficiency over time.

From a practical point of view, this model is important for determining the
following: during which time intervals efficiency decreases; which operations require
more resources; and what changes occur in the ratio between useful output and
resources after the implementation of Kaizen.

If the average efficiency over time is to be determined, the following expression
may be used:

T
ﬁ = l @ dt
T J, R(t)

where T is the observation period. This formula makes it possible to evaluate the
average efficiency over the entire observation period.

2. Extended OEE Model
To comprehensively assess the level of equipment utilization in the production system,
the OEE (Overall Equipment Effectiveness) indicator was used.

The classical OEE model has the following form:

OEE=A-P-Q
where:
A — Availability, that is, the equipment availability coefficient;
P — Performance, that is, the performance coefficient;
O — Quality, that is, the quality coefficient.

In this study, this model was extended as follows in order to take into account
the impact of Kaizen as well:
OEFE=A-P-Q-K
where:
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K — the Kaizen coefficient, that is, the correction coefficient expressing the
level of process optimization.

Meaning of the OEE Components. Availability coefficient (availability):
A= Toperating
Tplan
where:
T'operating — actual equipment operating time;
Tyian — planned operating time.

This indicator shows how much time the equipment has lost due to various
malfunctions, setup operations, or idle periods.
Performance Coefficient (Performance):
Qactual output

P =

Qplanned output
where:

Qucnal — the actual volume of output produced;
Opiannea — the theoretical or planned output volume.

This indicator shows how close the actual operating rate of the equipment is to
the planned level.
Quality Coefficient (Quality):

Ngood

Q=
Ntotal
where:
Ngooa — number of good products;

N — Total number of products produced.

This indicator describes the proportion of defects and the overall level of quality.

Meaning of the Kaizen coefficient K. The scientific novelty of this study lies in
the fact that, in addition to the OEE model, a Kaizen coefficient was introduced.

This coefficient generalizes the following factors: the level of 5S system
implementation; the reduction of unnecessary movements; the decrease in equipment
setup time; the establishment of visual management in the workplace; the level of work
based on standard operations; and the activity of employees in the suggestion system.
The Kaizen coefficient can be conditionally determined in the following form:

K=1+a«a
here, a is the coefficient of relative improvement achieved as a result of Kaizen.
For example, if Kaizen tools optimize the production process by 10%, then:
K=1+0.10=1.10

In this case, the OEE value is assessed not only through the technical performance
of the equipment, but also through the impact of managerial and organizational
improvements. This increases the practical significance of the model.

3. Loss model (Muda function)
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One of the central concepts of the Kaizen and Lean Manufacturing philosophy
1s muda, that is, losses that do not create value. In this study, the total losses were
expressed by the following function:

7
weSw
i=1
where:
M — total amount of losses;

W; — the i-th type of loss.

According to Lean theory, there are 7 main types of losses:
1. Overproduction — producing more products than required by demand;
2. Waiting — when a worker or equipment remains idle while waiting for the next
operation;
Excess transportation — moving materials and parts more than necessary;
4. Overprocessing — applying excessive or unnecessary operations to the
product.
5. Excess inventory — the accumulation of more materials or semi-finished
products in storage than necessary;
6. Excess motion — unnecessary walking, searching, bending, and repositioning
by the worker;
7. Defects (scrap) — the production of defective products.
If each type of loss is evaluated separately in quantitative terms, then:
M=W,+W,+W;+W, + Wy + Wg + W,

In practice, each Wi value can be determined in the form of time, cost, or resource
consumption. For example: waiting loss — in minutes/hours; defect loss — as the
proportion of defective products; excess motion — as unnecessary distance traveled or
time spent; excess inventory — as the value of unnecessarily stored resources.

The methodological advantage of this study is that the total losses were evaluated
as a single aggregate indicator and compared before and after the implementation of
Kaizen. This made it possible to determine which type of loss had the greatest negative
impact on overall efficiency.

If each type of loss is assumed to have its own weight coefficient, then the
weighted loss model can be written as follows:

7
M=) W,
i=I

here, Pi is the degree of impact of the i-th type of loss on the production system.

This approach is especially important in machine-building enterprises, because
certain types of losses (for example, defects or equipment downtime) cause much
greater economic damage compared to others.

4. Optimization condition

The main logical and mathematical idea of this study is expressed as follows:

min M = maxn

(98}
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that is, minimizing the total amount of losses leads to maximizing production
efficiency.

The scientific meaning of this relationship is that, in a production system, part of
the resources is spent on creating value, while another part is spent on losses. If losses
are reduced, more useful output can be obtained with the same amount of resources.
As a result, efficiency increases.

From a mathematical point of view, if the total resources are expressed as follows:

R(t) = Re(t) + R, (1)
where:
R/(t) — resources spent on useful activities;
R,(t) — resources spent on losses,
then reducing losses decreases Ry(t) and increases overall efficiency. Therefore:
n(e) = Q(t)
Re(t) + Ry, (t)

If Ry(t) is reduced, the denominator becomes smaller and n(t) increases.
Therefore, the main task of Kaizen tools is precisely aimed at minimizing Ry(t).

Practical meaning of optimization. This optimization condition is ensured in
practice through the following measures: reorganizing workplaces based on 5S;
reducing equipment setup time; simplifying the material flow; conducting root cause
analysis of defect causes; and implementing continuous improvement based on the
PDCA cycle.

Thus, the optimization condition is regarded not only as a mathematical
expression, but also as a practical concept of production management.

5. Sequence of practical application of the methodology

This methodology was applied in the study through the following stages:

Stage 1. The initial state of the production system was analyzed.

Stage 2. Time, resources, and losses were recorded for each operation.

Stage 3. Dynamic efficiency and OEE indicators were calculated.

Stage 4. Priority types of losses were identified, and appropriate Kaizen tools were
selected.

Stage 5. The indicators were remeasured after the implementation of Kaizen.

Stage 6. The improvement in efficiency was evaluated through a before-and-after
comparative analysis.

6. Scientific significance of the methodology

The scientific significance of the proposed methodology lies in the fact that it
makes it possible to evaluate production efficiency not only descriptively, but also on
the basis of precise mathematical indicators. The dynamic efficiency model takes into
account the time-dependent variability of the production system. The extended OEE
model, in turn, incorporates the impact of managerial optimization into the technical
performance indicators. The loss model serves to express the main concepts of Lean
theory in quantitative form. The optimization condition directly links the theoretical
basis of Kaizen tools with production efficiency.

As a result, this methodology serves as a scientific basis for evaluating the
effectiveness of implementing Kaizen tools in machine-building enterprises,
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identifying the structure of various losses, and developing practical improvement
measures.

Analysis and Results

In this study, a comparative analysis was carried out of the conditions before and
after the implementation of Kaizen tools in the production system. The main purpose
of the analysis was to quantitatively evaluate changes in production efficiency,
equipment utilization coefficient, defect rate, and finished product output. For this
purpose, a simulation model of the production processes was developed, and the model
results were interpreted in close alignment with real production indicators.

The analysis results showed that the implementation of Kaizen tools has a positive
effect on nearly all key indicators of the production system. In particular, the changes
observed in the OEE indicator, defect rate, and production volume clearly reflect the
results of process optimization

Experimental model and simulation results

To evaluate the impact of Kaizen tools on production efficiency, a before-and-
after comparative simulation model was used. In this approach, the initial state of the
production system and the state after the implementation of Kaizen tools were modeled
separately.

Table 1. Comparative results of indicators before and after Kaizen implementation.

Indicator Initial state After Kaizen Change
implementation
OEE 0.62 0.84 +35%
defect 12% 5% -58%
Production volume 100 units 140 units +40%

As can be seen from the table data, in the initial state the overall efficiency of
equipment utilization, that is, the OEE indicator, was 0.62. This value shows that the
combined efficiency of the equipment’s availability, performance, and quality
coefficients was not at a sufficient level. After the implementation of Kaizen tools, the
OEE increased to 0.84. This growth can be explained by the reduction in equipment
downtime, the better coordination of technological operations, and the decrease in the
number of defects.

The relative change in the OEE indicator is determined as follows:
_ OEEpney —OEEqq

Sopg = x 100%
Substituting the values:
0.84 — 0.62
5055 = W X 100% = 35.5%

Thus, the OEE indicator increased by approximately 35%. This result shows that
Kaizen tools operate with high effectiveness in the production system.

A significant positive result was also observed in terms of the defect rate. In the initial
state, the proportion of defects was 12%, whereas after the implementation of Kaizen,
this indicator decreased to 5%. The reduction in defects is primarily associated with
the establishment of order in workplaces, the introduction of standard operating



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

procedures, the use of visual management tools, and the root-cause analysis of
defect causes.
The percentage reduction in the defect rate is calculated as follows:
Boia — B
5defect = M X 100%
Bold

1
6defect - T X 100% = 583%

As a result, it was determined that the defect rate decreased by 58%. This is
characterized by the stabilization of production quality and the improvement of
technological discipline.

The production volume also increased significantly. In the initial state, 100 units
of product were manufactured during a given observation period, whereas after the
implementation of Kaizen, this indicator reached 140 units. The main reasons for this
growth can be explained by the following factors: waiting time was reduced; motions
and internal logistics were optimized; the time required for equipment setup and restart
decreased; the workplace was made more ergonomically convenient; and the processes
were brought closer to a continuous flow.

Relative growth in production volume:

(SQ _ Qnew - Qold % 100%
Qo1
5, =20~ 100 000 = 40%
¢~ 7100 0T

Thus, the finished product output increased by 40%. This result shows that Kaizen
tools improve not only quality, but also the level of utilization of production capacity.
Dynamic analysis. In the research methodology, production efficiency was
expressed through the following dynamic model:
Q(t)
n(e) = RO
where:
n(t) — production efficiency at a given moment in time
O(t) — the volume of useful output obtained per unit of time;
R(t) — the resources consumed during that time interval

In the dynamic analysis, the efficiency indicators for the initial and the improved

states of the production system were taken as follows:
Nota = 0.65, Nnew = 0.85

Where:

N01a=0.65 — efficiency before the implementation of Kaizen tools

New=0.85 — efficiency after the implementation of Kaizen
Absolute change in efficiency:

Ay = Nnew — Nota
4, =0.85-0.65=10.20

Thus, production efficiency increased by 0.20 units, that is, by 20 percentage

points. This is a highly significant result, which in practice means that more useful
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output was obtained while the resource consumption remained the same or was
relatively lower.
If the relative growth of efficiency is determined, then:

817 _ Nnew — Nold % 100%
Nota
5 =28 =065 000 ~ 30.8%
i — 065 0~ . (0]

Thus, dynamic efficiency increased by approximately 31%.

The obtained results scientifically confirm that the implementation of Kaizen
tools in the production system of a machine-building enterprise is effective. In
particular: the increase in OEE from 0.62 to 0.84 indicates an improvement in the level
of equipment utilization; the reduction of defects from 12% to 5% shows that the
quality indicators became more stable; the increase in production volume from 100
units to 140 units demonstrates that the production flow was optimized; and the rise in
dynamic efficiency from 0.65 to 0.85 indicates that the efficiency of resource
utilization improved. Thus, Kaizen tools significantly increase overall efficiency in the
production system by reducing losses, improving quality, and increasing output
volume.

Conclusion

The results of this study showed that the implementation of Kaizen tools in the
production systems of machine-building enterprises is a scientifically grounded and
practically highly effective direction for improving efficiency. During the study, the
production processes were systematically analyzed, the main losses within the system
were 1dentified, they were evaluated through mathematical models, and the
possibilities of optimization using Kaizen tools were substantiated. Based on the
analysis results, the following scientific conclusions were formulated:
- the Kaizen system makes it possible to optimize production processes not only at the
level of individual elements, but also as a complex integrated system. As a result of
this approach, production efficiency increases simultaneously at all levels —
operational, technological, and managerial;
- it was determined that the losses (muda) existing in the production system are the
main source of inefficiency. Kaizen tools make it possible to systematically identify
these losses, evaluate them quantitatively, and reduce them step by step. As a result,
the efficiency of resource utilization increases;
- the stabilization of technological processes is one of the important outcomes of the
Kaizen approach. The standardization of processes, the reduction of interruptions
between operations, and the ensuring of continuous production flow increase the
overall reliability of the production system;
- it was confirmed that the OEE (Overall Equipment Effectiveness) indicator is an
effective criterion for the comprehensive evaluation of production efficiency. The
significant increase in OEE as a result of implementing Kaizen tools indicates an
improvement in the level of equipment utilization;
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- with the help of the dynamic efficiency model, the time-dependent variability of
production processes was evaluated, and it was scientifically substantiated that Kaizen
tools can reduce this variability and stabilize the process.

Practical recommendations

Based on the results of the study, the following specific practical
recommendations were developed for the effective implementation of Kaizen tools in
machine-building enterprises:

1) Implementation of a digital Kaizen monitoring system (based on IoT and
sensors). In modern industry, real-time monitoring and control of production processes
are of great importance. Therefore, it is recommended to introduce a digital Kaizen
monitoring system at the enterprise.

2) Creation of a real-time OEE monitoring system

Calculating the OEE indicator only periodically (monthly or weekly) is not
sufficient. Monitoring it in real time is an important tool for managing production
efficiency.

3) Integration of vibration-reducing technologies with Kaizen

In machine-building enterprises, production quality and tool service life largely
depend on vibration processes. Therefore, it is recommended to integrate Kaizen tools
with technological optimization.
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Annotatsiya. Mazkur maqolada Navoiy kon-metallurgiya kombinati
tarkibidagi  2-gidrometallurgiya zavodi misolida ishlab chiqarish
jarayonlarini Kaizen vositalart asosida kompleks optimallashtirish
masalalari o‘rganilgan. Tadqiqotda korxonaning maydalash sexida faoliyat
yuritayotgan sharli tegirmonlar asosida ma’dan gayta ishlash jarayonlari
tahlil qilinib, undagi yo‘qotishlar (muda) aniglangan hamda ularni
kamaytirish yo‘llari ishlab chiqilgan. 5S tizimi, vizual boshqaruv, OEE
ko‘rsatkichlari va ragamli monitoring elementlari asosida ishlab chiqarish
samaradorligini  oshirish mexanizmlari taklif etilgan. Matematik
modellashtirish asosida ishlab chiqarish samaradorligi, mahsulot sifati va
iqtisodiy ko‘rsatkichlar baholanib, Kaizen vositalarini joriy etish natijasida
ishlab chiqgarish hajmini oshirish, brak darajasini kamaytirish va resurslardan
foydalanish samaradorligini yaxshilash mumkinligi ilmiy jihatdan asoslab
berilgan.

Kalit  so‘zlar: Kaizen, gidrometallurgiya, ishlab chiqarishni
optimallashtirish, sharli tegirmon, samaradorlik, mahsulot sifati, muda, 5S
tizimi, OEE, raqamli monitoring

AHHOTanMs. B 1aHHOW cTaThe MCCIEAYIOTCS BOIPOCHl KOMIUIEKCHOW
ONTHUMH3ALUU MPOU3BOJCTBEHHBIX IMPOLECCOB HA OCHOBE MHCTPYMEHTOB
KaiinzeH Ha npuMepe 2-ro ruApoOMeTaNTyprudecKoro 3asona Hasourickoro
TOPHO-METAJUTypruyeckoro komoOunara. [IpoBeaeH aHanu3 mpoLECCOB
nepepadOTKU pyzbl C HCIOJIb30BAaHUEM IIAPOBBIX MEIbHUL JAPOOUIIBHOIO
1I€Xa, BBISIBJICHBI IPOU3BOJCTBEHHbIE NoTepu (muda) u paspaboTaHbI
METOIbl HMX  CHIKEHHA. lIpensiokeHpl MeXaHW3Mbl  MOBBILICHUS
(¢ (PEKTUBHOCTH MPOU3BOJICTBA HA OCHOBE CHUCTEMBbI S5S, BHU3YalIbHOIO
ynpaBienus, nokaszarened OEE wu uudpoBoro monuropunra. C
VICII0JIb30BAaHMEM MAaTEMaTUYECKOTO MOJECIUPOBAHUS OLEHEHBI IT0KA3aTen
3(pPEKTUBHOCTH, KayecTBa IIPOLYKLAN U HDKOHOMMYECKOU
pe3ysnbTaTuBHOCTU. OOOCHOBAHO, UTO BHEAPEHHE MHCTpyMeHTOB KalinzeH
IO3BOJISIET YBEJIMYMUTh OO0BEM IEpepadOTKH, CHU3UTh YpOBEHb Opaka U
HOBBICUTH 3()(PEKTUBHOCTH UCIOIb30BAHUS PECYPCOB.
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Knrwoueevie cnosa Kaiiozen, euopomemannypaus, OnmumMu3ayus
npou3eo00Ccmea,  waposvie  MenbHuybl, dhdekmusHocms,  Kauecmeo
npooykyuu, nomepu (muda), cucmema 58, OEE, yughposoii monumopume.

Abstract. This paper investigates the comprehensive optimization of
production processes based on Kaizen tools using the example of the 2nd
Hydrometallurgical Plant of the Navoi Mining and Metallurgical Combine.
The study analyzes ore processing operations carried out by ball mills in the
crushing department, identifies production losses (muda), and proposes
methods for their reduction. Mechanisms for improving production
efficiency are developed based on the 5S system, visual management, OEE
indicators, and digital monitoring. Mathematical modeling is applied to
evaluate production efficiency, product quality, and economic performance.
The results demonstrate that the implementation of Kaizen tools enables
increased processing capacity, reduced defect rates, and improved resource
utilization efficiency.

Keywords: Kaizen, hydrometallurgy, production optimization, ball
mills, efficiency, product quality, waste (muda), 5S system, OFEE, digital
monitoring.

Introduction

In modern industrial production systems, the issue of improving product quality
and economic efficiency has become a priority under conditions of global competition.
In particular, in the mining and metallurgical industry, the large-scale processing of
raw materials, the continuity of technological processes, and the rational use of
resources are among the main factors determining production efficiency. From this
perspective, the need to introduce modern management concepts instead of traditional
approaches to production organization is increasingly growing.

Hydrometallurgical Plant Ne 2 (HMP-2), which is part of the Navoi Mining and
Metallurgical Combine, is one of the largest industrial enterprises in the region in terms
of production capacity. At present, up to 150 thousand tons of gold-bearing ore are
processed per day with the help of 78 ball mills. In recent years, large-scale
modernization works aimed at increasing production volume have been carried out at
the enterprise, and five new blocks consisting of nine ball mills each were
commissioned in the crushing department. As a result, the ore processing volume was
increased to 13.5 million tons, which is nearly 20 percent higher compared to 2020.

However, along with the increase in production volume, the growing complexity
of technological processes, the operation of equipment under heavy loads, and
imbalances in internal logistics and between operations may negatively affect
efficiency. Practical observations show that, in such large-scale production systems,
the main problems are often associated with the following factors: equipment
downtime and technical interruptions; logistical losses arising during ore flow transfer;
insufficient workplace organization and lack of standardized procedures; excessive
inventories and inefficient internal transport operations; and technological deviations
and vibration processes that affect product quality.



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

These problems generate hidden losses (muda) within the production system,
reduce overall efficiency, increase production costs, and negatively affect product
quality. Therefore, the comprehensive optimization of production processes based on
an integrated approach is an urgent scientific and practical issue.

In solving these problems, the Kaizen philosophy, as one of the modern
management concepts, plays an important role. The Kaizen approach is aimed at the
continuous improvement of production processes, the minimization of losses, and the
maximum efficient use of resources. Optimizing the production system at the micro
level ensures high efficiency at the macro level. In particular, the application of Kaizen
tools in large hydrometallurgical enterprises makes it possible to balance production
flows, increase the level of equipment utilization, and stabilize product quality.

The main purpose of this study is to develop the scientific basis for improving
product quality and economic efficiency through the comprehensive optimization of
production processes based on Kaizen tools, using Hydrometallurgical Plant No. 2 of
the Navoi Mining and Metallurgical Combine as a case study.

Literature review

In modern scientific literature, the issues of improving production efficiency and
enhancing product quality have been widely studied mainly within the frameworks of
Lean Manufacturing, Kaizen, Total Quality Management (TQM), and Six Sigma
concepts. These approaches are aimed at optimizing production systems, minimizing
losses, and improving value-creation processes, and today they are being effectively
applied in various branches of industry [1-4].

The theoretical foundations of the Kaizen philosophy were developed by M. Imai,
who considered it as a strategy for the continuous improvement of production processes
[1]. According to Imai’s concept, the improvement of production efficiency is achieved
not through major investment changes, but through small yet systematic improvements.
This approach requires the active participation of all employees involved in the
production process and is based on identifying and eliminating problems directly at the
workplace (gemba). In this regard, Kaizen places special emphasis on the important
role of the human factor in improving production efficiency [1, 15].

The concept of Lean Manufacturing was formed on the basis of the Toyota
Production System (TPS) developed by T. Ohno, and it is aimed at identifying and
eliminating all operations in production that do not create value (muda) [2]. The TPS
classifies production losses into seven main types: overproduction, waiting, excessive
transportation, overprocessing, excess inventory, unnecessary motion, and the
production of defective products [2, 9]. By minimizing these losses, production
efficiency can be significantly improved.

The main principles of the Toyota Production System—Just-in-Time, Jidoka, and
Continuous Flow—play an important role in optimizing production processes. The
Just-in-Time principle ensures that products are manufactured exactly when needed
and in the required quantity, thereby reducing excess inventory and accelerating
production flow. The Jidoka principle implies the integration of quality control into the
production process, meaning that when a defect occurs, the process is automatically
stopped and the problem is immediately eliminated. Continuous Flow, in turn, serves
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to reduce interruptions between operations and create an uninterrupted production
stream [2, 8].

Modern scientific studies confirm that Lean and Kaizen tools have a significant
impact on production efficiency. In particular, studies conducted by Shah and Ward
show that the implementation of Lean systems can increase production efficiency by
20-40%, reduce inventory levels, and ensure the stability of production processes [5].
In his research, J. Liker identifies standardized work processes, continuous employee
development, and systematic problem-solving as the main advantages of the Lean
approach [3]. In his view, the Lean system not only improves production efficiency but
also ensures the enterprise’s long-term competitiveness.

Holweg M., in analyzing the evolution of the Lean production concept,
emphasizes that, unlike mass production systems, it combines flexibility and efficiency
[14]. This approach makes it possible to use resources effectively by reducing non-
value-adding operations in production processes. In particular, in machine-building
and metallurgical enterprises with complex technological processes, the Lean approach
serves as an important tool for optimizing the production system.

Issues of quality management have also been widely studied within the
frameworks of TQM and Six Sigma concepts. These approaches are aimed at reducing
defects in production processes, stabilizing quality, and ensuring the production of
goods that meet customer requirements [10, 11]. In particular, the Six Sigma
methodology makes it possible to minimize defects through statistical analysis, which
directly affects production efficiency.

In many scientific studies, the OEE (Overall Equipment Effectiveness) indicator
is used as the main integrated criterion for evaluating production efficiency [11, 12].
The OEE indicator makes it possible to determine the overall efficiency of a production
system by combining equipment availability, performance, and quality indicators.
Scientific sources report that, as a result of implementing Kaizen and Lean tools, the
OEE value can increase from 0.6 to 0.8—0.85 [3, 5].

In addition, modern studies consider the digitalization and monitoring systems of
production processes (IoT, sensors, real-time monitoring) as important factors in
improving efficiency. These technologies make it possible to quickly identify
deviations arising in production processes, monitor equipment conditions, and
accelerate the decision-making process [7, §].

In the context of the hydrometallurgical industry, production processes are
characterized by large-scale raw material processing, complex physicochemical
processes, and continuous technological flows. Therefore, improving production
efficiency in this field requires a special approach. Ore grinding processes using ball
mills are directly related to energy consumption, equipment loading, and the stability
of technological parameters, and the losses arising in these processes have a significant
impact on overall production efficiency.

However, an analysis of the existing scientific literature shows that the application
of Kaizen and Lean Manufacturing concepts specifically in hydrometallurgical
enterprises, particularly in large-scale ore processing systems, has not been sufficiently
studied. In particular, there are few studies on the comprehensive optimization of
production processes, the adaptation of Kaizen tools to local conditions, and the
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evaluation of their effectiveness based on mathematical models in industrial
enterprises of Central Asia.
Therefore, in this study, the development of the scientific basis for improving
product quality and economic efficiency through the application of Kaizen tools in a
hydrometallurgical production system is considered an urgent task.

Research Methodology

In this study, the production system of Hydrometallurgical Plant Ne 2 was
considered as a complex multi-stage technological system, and an integrated
analytical-methodological approach was developed to improve its efficiency. This
approach includes the analysis of production processes based on the value stream,
multi-criteria evaluation, statistical modeling, and the determination of economic
efficiency. The research methodology consisted of the following interrelated blocks:

1. Value Stream Mapping — VSM

The production processes in the crushing department of HMP-2 were analyzed
using the VSM (Value Stream Mapping) method. Through this method, the entire
technological chain was divided into the following stages: ore receiving; grinding (ball
mills); transport system; control and sorting.

For each stage, the following time components are determined:

Ttotal. = Tv_alue + Tnon—value )
where: T\q. — useful (value-adding) time, 7},0n—vaie — lost time.

Value efficiency coefficient:

Tvalue
V =
err Ttotal
if:
Vo < 0.6

the system is considered to have a high level of inefficiency.

Problems identified on the basis of VSM: uneven loading of ball mills;
interruptions in the transport system; lack of synchronization in the technological flow.

2. Multi-criteria evaluation model (MCDA + AHP method)

To comprehensively evaluate production efficiency, weight coefficients were
determined based on the Analytic Hierarchy Process (AHP), and an MCDA model was

developed.
Overall efficiency index:
n
I = Z w; " X;
i=1

where:
x; — normalized indicator
w; — weight coefficient

Normalization:
Xi — Xmin

x. =
] ) J_Cmax — Xmin ]
Indicators: Quality — xi1, Production volume — x2, Energy consumption — Xs,
Defect rate — Xxa.
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Weights obtained as a result of AHP: w;=0.35, w,=0.30, w3=0.20, w,=0.15.

3. Regression model (determining the impact of Kaizen)

The impact of Kaizen tools on efficiency was evaluated through the following
multifactor regression:

Y =By + B1Xss + BoXsta + .83Xflow + BaXcontror T €

where, Y — overall efficiency, X5 — 58 level, X;,;— standardization, X, — flow
optimization, X,ni — visual control.

Interpretation: ;>0 — i- the factor has a positive effect “if Bi is larger— the most
important factor.

4. Statistical quality control (SPC + C,, Cy)

Quality was evaluated using the following indices:

Process variance:
1
= [— ) (x; — xy)?
\/ nz o

_ USL—1LSL
p 60

Process capability:

Centered index:
USL —u u— LSL
5,
Interpretation: C,>1.33 — high quality, C,x</— the process 1s not stable.
5. Energy efficiency model.
For ball mills:

Cpr = min (

E

Espec - 5

where: E — energy consumption, Q — processed ore.
Through Kaizen: idle rotation is reduced; the load becomes optimal.
6. Economic efficiency (NPV + ROI model)
ROLI:
profit — cost

ROI = X 100%
cost

NPV = Z CFe
(1+7r)t o

where: CF; — cash flow, » — discount rate, /) — investment.
7. Comprehensive optimization model
max I, min Eg,,., min Brak

8. Scientific novelty of the methodology

The scientific novelty of the methodology proposed in this study is determined by
the integrated application of several advanced approaches in evaluating the production
system. In particular, the use of the Value Stream Mapping (VSM) method in analyzing
production processes makes it possible to examine technological processes not only
descriptively, but also deeply from the perspective of value creation. Through this

NPV:
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approach, useful and non-useful operations in the production chain are clearly
distinguished, and the real sources of losses are identified. In addition, the application
of the multi-criteria decision-making model (MCDA) in evaluating production
efficiency represents an important scientific novelty of the study. With the help of this
approach, the production system is comprehensively assessed simultaneously on the
basis of several important indicators — product quality, production volume, time, and
costs. This ensures a much higher level of accuracy and reliability compared to
traditional single-indicator evaluation methods.

Another important aspect of the methodology is the possibility of quantitatively
evaluating the impact of Kaizen tools on production efficiency on the basis of
regression analysis. Through this approach, the extent to which each Kaizen element
(58S, standardization, flow optimization, and others) influences efficiency is statistically
determined. This transforms the Kaizen concept into not only a theoretical framework,
but also a mathematically grounded management tool. Furthermore, in the study,
product quality and the stability of technological processes are analyzed in depth using
Statistical Process Control (SPC) methods. Evaluating quality through process
variance and the Cp and Cpk indices makes it possible to determine the real state of the
production system and maintain quality at a stable level.

Moreover, the inclusion of an energy efficiency model and economic evaluation
elements (ROI, NPV) in the methodology creates an opportunity to comprehensively
assess production processes not only from a technological perspective, but also from
an economic point of view. This serves to apply economic efficiency as a key criterion
in optimizing the enterprise’s activities.

Overall, the scientific novelty of this methodology lies in the comprehensive
substantiation of the impact of Kaizen tools on the production system through
mathematical models, statistical analysis, and economic evaluation, and this approach
1s regarded as a new scientific and practical solution for the hydrometallurgical
industry.

9. Advantages of the methodology: The proposed methodology has a number of
important advantages and serves as a universal scientific and practical tool for the
effective management and optimization of the production system.

First, the methodology is based on a systematic and integrated approach,
considering production processes not separately, but as a single integrated system. This
makes it possible to take into account the interaction of technological, organizational,
and managerial factors and to comprehensively evaluate overall efficiency.

Second, the methodology is distinguished by its adaptability to real industrial
conditions. It is especially tailored for application in hydrometallurgical enterprises
specializing in large-scale ore processing and works effectively even under conditions
of ball mills, continuous technological flow, and high load. This broadens its practical
implementation potential.

Third, the methodology ensures a high level of accuracy due to its statistical and
mathematical foundation. The use of regression analysis, SPC methods, and multi-
criteria evaluation models makes it possible to assess production indicators not
subjectively, but in an objective and reliable manner.
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Fourth, this methodology contributes to the optimization of management
decisions. Based on the obtained results, it becomes possible to determine which
factors have the greatest impact on production efficiency, and improvement measures
can then be developed precisely in those directions. This leads to the rational use of
resources and the reduction of costs.

Fifth, the methodology has the potential to be integrated with digitalization and
modern industrial technologies. When used together with IoT, sensors, and real-time
monitoring systems, it creates the possibility for online control and rapid management
of production processes.

Another important advantage of the methodology is its universality. This
approach can be applied not only in hydrometallurgical enterprises, but also in other
branches of industry.

As a result, the proposed methodology demonstrates itself as a scientifically
grounded tool with high effectiveness in improving production efficiency, enhancing
product quality, and optimizing economic outcomes.

Analysis and Results

In this study, the production processes in the crushing department of
Hydrometallurgical Plant Ne 2 were comprehensively analyzed in terms of the
conditions before and after the implementation of Kaizen tools. The analysis was based
on observation and simulation data adapted to real production conditions.

Considering that up to 150 thousand tons of ore are processed daily at HMP-2,
even a small increase in efficiency can lead to significant economic results. Therefore,
identifying the existing losses in the production system and reducing them was
considered a priority task.

Results of the value stream mapping (VSM) analysis. Observations carried out in
the crushing department in the initial state showed that:

- only 58-62% of the total production time was spent on useful (value-adding)
operations;

- the remaining 38—42% of the time resulted from losses;

- some of the ball mills operated at 85-90% load, while others worked at 60—70%
load;

- repeated interruptions of 5 to 12 minutes were observed in the internal transport
system.

After the implementation of Kaizen tools (5S, flow balancing, visual
management):

- the share of value-adding operations increased to 72—75%;

- the share of losses decreased to 25-28%;

- the load of the mills stabilized within the range of 80-85%;

- transport interruptions were reduced to 2—4 minutes.

These results indicate that the production flow became much more stable and the
internal logistics were optimized.

Multi-criteria efficiency evaluation (MCDA results).
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Table 1. In the study, production efficiency was evaluated on the basis of the
following main indicators.

Indicator initial After Kaizen
implementation
Product quality 0.86 0.94
(proportion of conforming products)
Production volume 150 thousand 180 thousand
t/day t/day

Defect rate 14% 6%
Energy consumption (relative) 100% 88%

As a result of the integral assessment:
the overall efficiency index increased from 0.63 to 0.82;
this indicates an approximate 30% overall improvement.
This result shows that Kaizen tools improve not only individual indicators, but also

the efficiency of the entire system.
Impact of Kaizen factors (Regression interpretation). The analysis results showed that
the following factors had the greatest impact on efficiency:

process standardization — approximately 28—32% impact
flow balancing — approximately 30-35% impact
the 5S system — approximately 15-20% impact
visual control — approximately 10—15% impact
These results indicate that, under the conditions of 2-GMZ, the most important

factor is the continuity and synchronization of the production flow, while 5S is a
supporting but important stabilizing factor.
Quality indicators (analysis based on SPC). In the initial state:

the variability in the crushed ore fraction was high;
in some shifts, quality deviation reached up to +12—15%;
due to process instability, efficiency decreased at subsequent stages.

After the implementation of Kaizen:

quality deviation decreased to +5—7%;

the process approached stable operation;

the proportion of acceptable products increased from 86% to 94%.

This result indicates that the technological discipline of the crushing process

improved.
Energy efficiency results. In the initial state:

the ball mills operated under uneven loading conditions;

excessive rotations and idle running were observed;

energy consumption was high.

After the implementation of Kaizen:

energy consumption per unit of output decreased by 10—15%;

the mills were shifted to an optimal loading regime;

idle time was significantly reduced.

This is a particularly important result for a hydrometallurgical enterprise.

Economic efficiency results. The analysis showed that:
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- production volume increased from 150 thousand t/day to 180 thousand t/day

(+20%);

- the defect rate decreased from 14% to 6% (—57%);
- operating costs decreased by 10—12%.
As aresult:
- overall economic efficiency increased by 25-35%;
- the costs of Kaizen implementation were recovered within a short period.

This means that Kaizen can generate a significant economic effect even without
large-scale investment.

General scientific conclusion (based on the analysis). The obtained results prove
the following: the main problem in production is not the technology itself, but the
process organization. Through the application of Kaizen tools, losses are significantly
reduced, quality becomes more stable, energy efficiency increases, and production
volume grows. Especially in a large enterprise such as 2-GMZ, even a 5-10%
improvement can produce a substantial economic effect. This analysis showed that the
integrated application of Kaizen tools: increases production efficiency by up to 30%;
improves quality by 10-15%; reduces defects by two times; decreases energy
consumption by 10—15%.

Conclusion

In this study, the possibilities of improving product quality and economic
efficiency through the integrated organization of production processes and the
implementation of Kaizen tools in the crushing section of Hydrometallurgical Plant Ne
2, which 1s part of the Navoi Mining and Metallurgical Combine, were scientifically
investigated. The results of the conducted analyses showed that, in large-scale
hydrometallurgical production systems, the main sources of inefficiency are associated
not so much with the complexity of technological processes as with imbalances in their
organization, disruptions in internal logistics, uneven equipment loading, and
interruptions between operations. From this point of view, the reorganization of
production on the basis of an integrated approach is an important factor in achieving
high efficiency. According to the research results, the introduction of Kaizen tools into
the production system led to the following positive outcomes: the share of non-value-
adding operations was significantly reduced, the production flow became more stable,
product quality improved, and the defect rate decreased sharply. At the same time,
energy consumption was optimized and production volume increased. This, in turn,
resulted in an increase in overall economic efficiency.

From a scientific perspective, the study proved that the Kaizen approach has a
comprehensive impact on all elements of the production system, including
technological processes, organizational structure, operational management, and quality
control. In particular, flow balancing and process standardization emerged as the main
factors in improving efficiency.

Practical recommendations. Based on the research findings, the following
specific and practical recommendations were developed:

1) Digitalization of production processes and implementation of a real time
monitoring system.
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In large-scale production systems such as 2-GMZ, it is necessary to introduce
an [oT- and sensor-based monitoring system that enables real-time tracking of ball
mills, the transport system, and load levels. This would allow the causes of equipment
downtime to be identified quickly, technological deviations to be eliminated
immediately, and management decisions to be made promptly.

2) Balancing production flow and introducing a standardized work system.
It is necessary to distribute the load of ball mills at an optimal level, synchronize
internal transport processes, and develop standard operating procedures for all
technological operations. This will reduce interruptions in the production process,
minimize time losses, and increase overall efficiency.

3) Implementation of an integrated quality management system (SPC + Kaizen).
To ensure stable product quality, it is necessary to integrate statistical process control
(SPC) methods with Kaizen principles. This will make it possible to identify deviations
in technological parameters at an early stage, eliminate the root causes of defects, and
stabilize quality indicators.
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Annotatsiya. Ushbu tadqiqotda isitish darajali kunlari (HDD)
ko‘rsatkichlariga asoslangan soddalashtirilgan statsionar energiya modeli
20142015 yillar isitish mavsumida Toshkent viloyatidagi ikki qishloq
uyidan olingan tabily gaz sarfi ma’lumotlari bilan tagqoslab tasdiglangan:
energiya samarali pilot uy (100 mm mineral jun izolyatsiyasi, issiqlikni qayta
tiklash ventilyatsiyasi) va izolyatsiyasiz oddiy uy. To‘rt asosiy harorat
varianti sinab ko‘rildi. Model izolyatsiyalangan uy uchun isitish talabini
oshirib baholaydi (HDD(20): MBE = +40,6%), izolyatsiyasiz uy uchun esa
kam baholaydi (HDD(22): MBE = —20,8%); bu farqlar statsionar model
aniglay olmaydigan xatti-harakati bilan izohlanadi. Mutlaq xatolar 28—-32%
ga yetsa-da, ikki bino o ‘rtasidagi nisbiy energiya nisbati atigi 5,5% xato bilan
gayta ishlab chiqiladi (0,477 va 0,504), bu esa modelning O‘zbekiston
qishloq hududlarida qiyosiy bino fondini baholash va rekonstruksiya
ustuvorliklarini belgilash uchun yaroqliligini tasdiglaydi.

Kalit so ‘zlar: isitish darajali kunlari; bino energiya modeli; energiya
samaradorligi; qishloq turar joylari; modelni tasdiglash, rekonstruksiya;
issiqlik izolyatsiyasi; sakin xatti-harakati,; bino fondi baholash.

AHHoTanmMs. B naHHOi paboTe mnpoBeaeHa BamuAauus YHPOIIEHHOM
CTAallUOHAPHOM HHEPreTHUYECKOM MOJEIM Ha OCHOBE TIpajyca-CyTOK
oromieHus (HDD) nytém cpaBHEHHST ¢ HM3MEPEHHBIM NOTpPeOJIECHUEM
IPUPOAHOIO ra3a B JBYX CEIbCKMX JoMax TalIKeHTCKOHM oOjacTu 3a
otonuTeNbHBIA ce30H 2014-2015 romos: sHEeprodPpPeKTUBHBIN MUIOTHBIH
oM (100 MM yTerneHuss MUHEPaJbHOM BaTOM, BEHTUJISILUS C PEKyIEepaLuen
TeIia) U HEyTEIUIEHHBIM TUITUYHBIN J0M. BBIIO HCIIBITAHO YEThIpE BApHAHTA
0a30Bol TemnepaTypbl. Mojenb 3aBbIllIaeT NOTPEOHOCTh B OTOIJICHUU ISt
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yreménnoro noma (HDD(20): MBE = +40,6%) u 3aHmwkaer ero s
neyreménnoro (HDD(22): MBE = -20,8%); o00a OTKJIOHEHHUS
OOBSCHAIOTCS  MOBEJCHUEM  KWIBLIOB, HEYJOBUMBIM CTallMOHAPHOU
Mozenbto. HecMoTpst Ha abcosnoTHbie ommOku 28—32%, OTHOCUTEIbHBIN
nokaszaTteiab 3HEprodp(@EeKTUBHOCTU JABYX 3JaHUI BOCHPOU3ZBOAUTCS C
norpemHocTeio Jmib 5,5% (0,477 npotus 0,504), yto moaTBEpKAAET
MPUTOAHOCTh MOJENH I CPaBHUTEIBHOW OIeHKH (OHTAa 37aHUN U
OTpENENICHHUs] TPUOPUTETOB PEKOHCTPYKIIMM B  CEIbCKUX pailloHax
V30ekucrana.

Knrouesvie cnoea: cpaoyca-cymku omonieHus; 9SHepeemuyecKds
MO0eNb 30aHUs; IHEPeOIPPHEKMUBHOCNL, CEeNbCKOE HCUNLE, BATUOAYUS
MoOenu;, pPeKoOHCMPYKYUs;, Mennioeds usoAyus; No8eoeHue HCUibyos;
oyenka ¢hoHoa 30aHull.

Abstract. This study validates a simplified steady-state heating degree-day
(HDD) energy model against measured natural gas consumption from two
rural houses in Uzbekistan's Tashkent region during the 2014—2015 heating
season: an energy-efficient pilot house (100 mm mineral wool insulation,
heat-recovery ventilation) and an uninsulated typical house. Four base-
temperature variants were tested. The model overestimates demand for the
insulated house (HDD(20): MBE = +40.6%) and underestimates it for the
uninsulated one (HDD(22): MBE =—-20.8%), both due to occupant behavior
undetectable by a steady-state model. Despite absolute errors of 28—32%, the
pilot-to-typical energy ratio is reproduced with only 5.5% error (0.477 vs.
0.504), confirming the model's suitability for comparative building stock
assessment and retrofit prioritization in rural Uzbekistan.

Keywords: heating degree-days; building energy model; energy
efficiency, rural housing, model validation; retrofit; thermal insulation;
occupant behavior; building stock assessment.

Introduction

Heating accounts for the dominant share of residential energy use in Uzbekistan,
where winters are cold and rural housing is largely uninsulated. Forecasting that
demand accurately is essential for planning renovation programs, sizing renewable
energy systems, and setting efficiency targets under the government's rural housing
construction program running since 2009. High-fidelity dynamic simulation tools like
Energy Plus or TRNSYS exist, but demand extensive input data and expertise rarely
available at the policy assessment stage. Simplified steady-state degree-day models
offer a practical alternative, requiring only basic geometric and thermal parameters
alongside widely available climate data. However, despite common use in Europe and
North America, such models have rarely been validated against measured data in
Central Asian climates [1-5], where large diurnal temperature swings and distinct
occupant behavior patterns differ substantially from the conditions these models were
originally calibrated for — creating a real risk of systematic bias when applied to
Uzbekistan [6-10]. This paper addresses that gap by validating a simplified degree-day
energy balance model against monitored gas consumption and temperature data from
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two rural buildings in the Zangiata district of Tashkent Oblast: an energy-efficient
pilot house built under a UNDP/GEF demonstration project and a geometrically
identical typical house without enhanced insulation. The study examines sensitivity to
base temperature choice, quantifies prediction errors using standard metrics, and
explains the physical causes of the observed biases.

Research Methodology

Measured natural gas consumption (daily meter readings) and indoor/outdoor
temperatures (SciWilli loggers, six-hour intervals) were collected from two rural
houses in Zangiata, Uzbekistan, during the 2014-2015 heating season (148 days).
Building envelope parameters (U-values, areas, volume) were obtained from
construction documents. A steady-state heating degree-day energy balance model was
implemented following ISO 13790, calculating transmission and ventilation losses,
internal and solar gains, and applying gain utilization factors (0.70 for pilot house, 0.95
for typical). Four base temperatures (actual indoor mean, 20°C, 21°C, 22°C) were
tested. Model accuracy was evaluated using mean bias error (MBE) and coefficient of
variation of root-mean-square error (CV-RMSE).

Analysis and Results

The simplified model estimates annual heating demand from the balance
between building heat losses and usable heat gains. Heat losses depend on the thermal
properties of the building envelope and the ventilation rate; heat gains include internal
sources and solar radiation through windows. Heating degree-days[3] accumulate the
daily temperature deficit below a chosen base temperature T:

HDD = " (To = Toue ) (1)
d=1

where T, represents the heating base temperature, T,,; 4 is the daily mean outdoor
temperature. When outdoor temperature exceeds T}, no degree-days are accumulated
for that day. For residential buildings in Uzbekistan, the standard indoor comfort
temperature is Teompore = 20 [4], which was adopted as the baseline value of Ty,
Simplified Building Energy Balance

The annual heating demand of the building is calculated from the balance between
heat losses and heat gains:

Qn = Qioss — anin ()

where Qs 18 the total heat loss, Q44 1s the sum of internal and solar heat gains, heat
losses include transmission and ventilation components.
Transmission Heat Loss

Heat transfer through building envelopes is calculated as[3]:

Qr = HDDZ U - A 3)

where U; represents thermal transmittance, and A; denotes surface area of building
elements.
Ventilation losses are estimated as:
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Qy=0.19-V-HDD 4)
where V' is the heated building volume. Total heat losses are therefore:
Quoss = Qr + Qv %)

Internal and Solar Gains
Internal heat gains are approximated as

Qint = dint * Afloor (6)
Solar heat gains through glazing surfaces are estimated by
Qsot = Aw " 9 * Isolar (7)
The usable heat gains are represented by
anin =1 (Qso1 + Qint) )

where 1 is the gain utilisation factor. Following the ISO 13790 [5]quasi-steady-state
approach, 1 was set to 0.95 for the typical house and 0.70 for the pilot house, reflecting
the better-insulated building’s reduced ability to exploit intermittent gains without
overheating.
Validation Case Study, Building Description

Validation used data from two rural houses in Ibrat village, Zangiata district —
both single-storey, four-room buildings (design 184-33s) occupied by five-person
families, differing only in their envelopes.

Table 1. Building parameters used in the energy model.

Parameter Unit Pilot house Typical house

Heated floor area m? 146.1 131.4
Heated volume m? 520.24 520.24
Exterior wall area m? 172.8 172.8
Window area m? 17.6 17.6
Roof area m? 151.2 151.2
U-value, walls W/(m?-K) 0.258 1.010
U-value, roof W/(m?-K) 0.223 0.909
U-value, floor W/(m?-K) 0.258 0.258
U-value, windows W/(m?-K) 2.564 2.564
Transmission loss coeff. Ht W/K 152.9 386.5
Ventilation loss coeff. Hv W/K 98.85 98.85
Boiler efficiency % 95 ~70 (estimated)
Heating season duration days 148 148
Seasonal HDD (base 20°C) °C-days 2442 2442

The pilot house (UNDP/GEF, 2014)[2] has 100 mm mineral wool wall insulation
(Knauf, A = 0.034 W/(m-K)), 150 mm attic insulation, polystyrene socle insulation, a
24 kW boiler (Ariston, 95%), two-pipe heating with thermostatic valves, and heat-
recovery ventilators (Marley, 30—60 m>/h). The typical house uses uninsulated brick
walls, a standing boiler (KV-30T, ~70%), and a single-pipe system. It serves as a
comparison case to test the model across two contrasting performance levels. Building
parameters are given in Table 1.

The contrast in thermal properties is striking. Wall U-values [6]differ by a factor
of approximately 4 (0.258 vs. 1.010 W/(m?-K)), and roof U-values by a similar factor
(0.223 vs. 0.909 W/(m?-K)). As a direct consequence, the total transmission heat loss
coefficient Ht of the pilot house (152.9 W/K) is less than 40% of the typical house
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value (386.5 W/K). These differences are the main driver of the model’s contrasting

annual predictions for the two buildings.

Climate and Monitoring Data

Zangiata has a continental semi-arid climate with a 148-day heating season, an
average outdoor temperature of 3.5 °C, a design temperature of —14 °C, and 2442
°C-days of seasonal HDD [7]at a 20 °C base. Indoor and outdoor temperatures were
logged by SciWilli devices every six hours (03:35, 09:35, 15:35, 21:35) from 25
February to 14 March 2015, with daily gas meter readings running in parallel. The
validation window i1s 9—13 March 2015 — the only period for which both gas and
logger data are simultaneously available for both buildings. A key climate feature
affecting model performance is the large diurnal temperature swing. On 10 March,
outdoor temperature was —0.2 °C at 03:35 and +0.8 °C by 09:35; on 13 March it rose
from +4.6 °C to +15.1 °C over the same interval. A steady-state model working only
with daily averages cannot capture this within-day variation, introducing prediction
errors beyond those expected in more uniform climates.

Validation Results. Daily Validation — Pilot House

Table 3 presents the daily predicted and measured heating energy for the pilot
house over the five-day validation period. Measured values lie in the range 109.7—
139.3 kWh/day, reflecting gradual warming toward the end of the monitoring period
as outdoor temperatures rose from a mean of 0.6 °C on 10 March to 8.9 °C on 13
March.

Table 2. Daily validation results for the pilot (energy-efficient) house.

Date Measured | HDD(Tin) | HDD(20) | HDD(21) | HDD(22) Error Outdoor
(kWh) (kWh) (kWh) (kWh) (kWh) | HDD(20) | mean, °C
9 Mar 117.1 168.2 164.3 175.4 186.5 +40.3% +5.15
10 Mar 109.7 224.7 215.0 226.0 237.1 +95.9% +0.58
11 Mar 117.1 207.5 181.5 192.6 203.6 +55.0% +3.60
12 Mar 125.5 197.0 154.9 166.0 177.1 +23.4% +6.00
13 Mar 1393 156.9 123.1 134.2 145.2 —11.6% +8.88
Summary 1217 MBE MBE MBE MBE CvV
+59.0% | +40.6% | +49.8% | +58.9% 50.1%

The model overestimates on all days except 13 March, when warm conditions
pushed actual consumption to 139.3 kWh against HDD(20)'s 123.1 kWh (—11.6%) —
revealing that at low loads, thermal mass and internal gains sustain indoor temperatures
without boiler input, something the model cannot represent. HDD(20) performs best
overall (MBE = +40.6%, CV-RMSE = 50.1%). The actual indoor temperature variant
performs worst (MBE = +59.0%, CV-RMSE = 63.0%) because indoor temperatures
climbed to 22—-24 °C by 12—13 March, inflating HDD values and pushing predictions
higher still. The largest error falls on 10 March (+95.9%), where a moderate daily
average masked a sharp overnight drop to —0.2 °C; the well-insulated envelope retained
enough heat that little gas was consumed, while the steady-state model, blind to
carried-over thermal energy, predicted full demand from the daily average alone.
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Figure 1. Predicted vs. measured daily heating demand-pilot house (9-13 March, 2015).

Daily Validation -Typical House

Table 3 presents the equivalent results for the typical house. Here, the picture is
reversed: all model variants underestimate measured consumption on four of the five
days. Measured values are substantially higher than for the pilot house (216—260
kWh/day versus 110-139 kWh/day), reflecting both the poor insulation and a
consistently higher level of heating effort by the occupants.

Table 3. Daily validation results for the typical rural house.

Date Measured | HDD(Tin) | HDD(20) | HDD(21) | HDD(22) Error Outdoor
(kWh) (kWh) (kWh) (kWh) (kWh) | HDD(22) | mean, °C
9 Mar 252.9 181.2 164.3 175.4 186.5 —26.3% +5.15
10 Mar 216.1 210.5 215.0 226.0 237.1 +9.7% +0.58
11 Mar 260.1 161.3 181.5 192.6 203.6 —21.7% +3.60
12 Mar 243.9 141.7 154.9 166.0 177.1 —27.4% +6.00
13 Mar 234.9 130.3 123.1 134.2 145.2 —38.2% +8.88
Summary | 2416 MBE MBE MBE MBE Cv
—31.1% | —30.0% | —254% | —20.8% 26.5%

HDD(22) gives the best results for the typical house (MBE =-20.8%, CV-RMSE
=26.5%), falling within the indicative 30% threshold. The improvement over HDD(20)
reflects actual occupant behavior: indoor temperatures ranged from 18.2 to 21.5 °C on
a daily mean basis, with individual readings above 25 °C, so raising the base
temperature partially compensates for the higher-than-assumed heating regime. The
worst day is 11 March, when measured consumption was 260.1 kWh against
HDD(22)’s 203.6 kWh (—21.7%): indoor temperatures had dropped to 17.5-18.3 °C
overnight (outdoor —0.1 °C at 03:35), driving sustained high-load boiler operation that
a daily-average model cannot detect. The one well-predicted day is 10 March
(HDD(20) error —0.5%), where low outdoor temperatures happened to align the
degree-day calculation with actual consumption — an agreement that disappears on
warmer days, when the uninsulated building loses heat disproportionately through
overnight radiation and infiltration while the model averages that effect away.
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Figure 2. Predicted vs. measured daily heating demand-typical house (9-13 March, 2015).

Table 4. Comparison of model-predicted and measured annual specific heating demand.

Parameter Pilot house Typical house Ratio (Pilot/Typical)
Model prediction
(kWh/m?/year) 75.3 175.8 0.477
Measured annual
demand 110.3 218.9 0.504
(kWh/m?/year)
Annual model error —31.7% —27.8% 5.5%

Both buildings show similar absolute annual errors of 28—32%, with the model
underpredicting in both cases — the opposite of the overestimation seen in the five-
day window, which captured atypically mild, solar-rich conditions with reduced
occupant heating. Over the full season, including the coldest months when the degree-
day deficit and heating intensity are greatest, the model falls short. Despite this, the key
finding is that the relative ranking is preserved: the predicted pilot/typical energy ratio
i1s 0.477 against a measured 0.504, a difference of just 5.5%. The model correctly
identifies the pilot house as consuming roughly half the energy of the typical house.
For policy purposes — estimating retrofit savings, prioritizing renovation districts, or
calculating estate-level demand — this level of relative accuracy is sufficient.

Conclusion

A simplified degree-day energy model was validated against monitored gas
consumption from two rural Uzbek buildings during the 2014-2015 heating season.
The model overestimates demand for the well-insulated pilot house (best variant
HDD(20): MBE = +40.6%, CV-RMSE = 50.1%) and underestimates it for the
uninsulated typical house (best variant HDD(22): MBE = —20.8%, CV-RMSE =
26.5%, within the ASHRAE Guideline 14 threshold). Both biases stem from occupant
behavior: pilot-house residents let indoor temperatures exceed 20°C through solar
gains, while typical-house residents overheated to compensate for overnight heat loss
— neither effect being detectable by a steady-state daily model. No single base
temperature suits both building types. The 2 °C difference between optimal values (To
= 20 °C for the insulated house, To =22 °C for the uninsulated one) suggests that base
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temperature should vary with insulation level rather than being fixed. Although
absolute annual errors reach 28-32%, the pilot-to-typical demand ratio is reproduced
with only 5.5% error (0.477 vs. 0.504), confirming the model captures relative retrofit
savings reliably. It is therefore applicable for stock assessment and scenario analysis
in rural Uzbekistan when results are interpreted in relative terms, with future work
needed to cover a full heating season and incorporate solar irradiance data.
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Annotatsiya. Ushbu maqolada fugaro aviatsiyasi ob’ektlarida ornitologik
xavfsizlikni oshirishga qaratilgan intellektual lazerli qushlarni qo‘rqitish
tizimi tagdim etilgan. Video quyi tizimi aerodrom hududini uzluksiz
monitoring qiladi va potentsial xavfli zonalardagi qushlarni avtomatik
ravishda aniglaydi. Tizim sanoat dasturlashtiriladigan mantiqiy kontroller
(PLC) va CODESYS dasturiy platformasi yordamida amalga oshirilgan,
ma’lumotlarni arxivlash va texnologik parametrlarni vizualizatsiya qilish esa
SCADA vositalari bilan ta’minlangan. Eksperimental sinovlar nazorat
qilinadigan hududda qushlar faolligining barqaror pasayishini hamda
avtomatik aniglash va lazerli nishonlashning yuqori ishonchliligini
tasdigladi. Olingan natijalar aviatsiya va sanoat xavfsizligini ta’minlashda
intellektual lazerli tizimlarni qo‘llashning maqgsadga muvofiqligi va
samaradorligini ko‘rsatadi.

Kalit so‘zlar: lazerli qushlarni qo ‘rqitish; ornitologik xavfsizlik;
videokuzatuv, PTZ kamera;, kompyuter ko ‘rish, aeroportlar, aviatsiya

xavfsizligi; intellektual tizimlar; qushlarni avtomatik aniglash; 532 nm
lazer; SCADA; CODESYS; PLC.

AnHoOTanus. B cratbe npejcTaBiieHa HHTEUIEKTyallbHAs JIa3epHas CUCTEMa
OTIYTHBAHUSl TTHUI, HANpPaBJICHHAs HA TOBBIIICHHUE OPHUTOJIOTUYECKOMN
0€30MacHOCTH Ha O0BEKTax TIpakJIaHCKOW aBualuu. Bumeomnoacucrema
OCYUIIECTBIISIET HENPEPBIBHBIM MOHUTOPUHI TEPPUTOPHH a’pojapoMa Hu
aBTOMAaTHYECKH OOHAPY>KMBAET NTHI[ B IMOTEHIIMAIBHO OMACHBIX 30HAX.
Cucrema  peanu3zoBaHa € HCHOJIb30BAHUEM  MPOMBIILICHHOIO
nporpammupyemoro Jsiorudeckoro kounrtposuiepa (IIJIK) u mporpammuoi
mwiatgopmel CODESYS, a apxuBupoBaHHME JaHHBIX W BHU3yaJIM3allds
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TEXHOJIOTHYECKUX TapaMeTpoB obOecneunBaroTcs cpeactBamu SCADA.
DKCTepUMEHTAIbHbIC HWCHBITAHUS TOATBEPAMIIA CTAOMILHOE CHUKCHUE
AKTUBHOCTH NTHI] B KOHTPOJIUPYEMOM 30HE, a TAK)KE BHICOKYIO HAJIEKHOCTh
aBTOMATHYECKOTO OOHAPY>KEHUS W Jla3epHOro Bo3nehcTBus. [lomydeHHbIe
pe3yabTaThl  AEMOHCTPUPYIOT —1eiaecoo0pa3sHOCTh U 3(PPEKTUBHOCTH
NPUMEHEHUS] MHTEIUICKTyaJIbHbIX JIa3€pHBIX CHUCTEM [UJIsi oOecredyeHus
aBUAIMOHHOW W TTPOMBITINICHHOMN 0€30MMacHOCTH.

Knroueewie cnosa: nazepnoe omnyeueanue nmuy, OpHUMONIOSUYECKAS
beszonachocmo, udeonabdnooenue, PTZ-kamepa; kxomnvriomepHoe 3peHue;
asponopmul; 0E30NACHOCMb NOAEMO8, UHMENLNeKMYAIbHble CUCTEMbL,
asmomamuyeckoe oonapyicernue nmuy,; nazep 532 um; SCADA; CODESYS;
1UIK.

Abstract. The paper presents an intelligent laser-based bird deterrence
system aimed at enhancing ornithological safety at civil aviation facilities.
The video subsystem performs continuous monitoring of the aerodrome area
and automatically detects birds within potentially hazardous zones. The
system is implemented using an industrial programmable logic controller
and the CODESY'S software platform, while data archiving and visualization
of technological parameters are provided by SCADA tools. Experimental
trials confirmed a stable reduction in bird activity within the controlled area
and high reliability of automatic detection and laser targeting. The obtained
results demonstrate the feasibility and effectiveness of applying intelligent
laser-based systems to ensure aviation and industrial safety.

Keywords: laser bird deterrence; ornithological safety;, video
surveillance; PTZ camera; computer vision, airports; aviation safety;
intelligent systems, automatic bird detection; 532 nm laser;, SCADA;
CODESYS; PLC.

Introduction

The problem of ornithological hazards and associated bird strikes remains one of
the most significant threats to flight safety in airport environments. Aerodrome
infrastructure creates favorable conditions for bird habitation and migration, leading to
intersections between bird flight paths and aircraft takeoff and landing trajectories.
Over recent decades, numerous approaches to managing ornithological risks have been
proposed and investigated, including acoustic systems, pyrotechnic devices, biological
control methods, radar-based techniques, and optical technologies [1].

Early experimental studies demonstrated that low-power lasers can effectively
disperse birds from feeding and resting areas without causing physical harm [2].
Subsequent research confirmed that under dynamic control of the beam trajectory,
birds exhibit persistent avoidance behavior even after repeated exposure. This has
stimulated the development of laser technologies as an environmentally friendly
alternative to acoustic and pyrotechnic deterrents.

Modern laser-based ornithological safety systems represent complex
optoelectronic complexes integrating video surveillance, intelligent image processing,
and controllable radiation sources. The use of PTZ cameras and computer vision
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algorithms enables the detection of birds over large areas, the determination of their
coordinates and motion dynamics, and the generation of commands for precise laser
beam guidance. Such a targeted approach significantly increases efficiency compared
to continuous area scanning.

Thus, analysis of contemporary studies indicates that the integration of laser
emitters with video surveillance and intelligent data processing algorithms constitutes
one of the most promising directions in the development of airport ornithological safety
systems.

Literature Review

Laser methods for bird deterrence. Traditional bird deterrence methods, including
acoustic devices [3], pyrotechnic means, and biological techniques [4], exhibit limited
long-term effectiveness due to bird habituation to repetitive stimuli and the need for
continuous personnel involvement. Moreover, these methods are associated with noise
pollution and do not always comply with the environmental sustainability requirements
of airport infrastructure.

In contrast, laser systems generate a directed visual stimulus perceived by birds
as a dynamically changing object, triggering an instinctive avoidance response [5]. The
most commonly used radiation is green laser light with a wavelength of approximately
532 nm, as the visual systems of most bird species exhibit high sensitivity within this
spectral range [6]. The movement of the laser spot across surfaces creates the illusion
of an approaching object, causing birds to vacate the affected area.

Compared to static visual deterrents, dynamically controlled laser beam
trajectories significantly reduce habituation effects and ensure prolonged deterrence
efficiency [7]. Next-generation laser systems combine laser modules with pan-—tilt
video cameras and computer vision processing units [8]. The video subsystem
continuously monitors the protected area and automatically detects birds, after which
their coordinates are used to generate guidance commands for the laser emitter.

An important development trend is the integration of artificial intelligence
techniques to improve the reliability of bird recognition and tracking under adverse
weather conditions and in the presence of background disturbances [9]. Deep learning
algorithms enable robust bird detection in video streams and trajectory prediction,
ensuring accurate and timely laser Bo3neiictBue until the object exits the controlled
zone. Compared to acoustic and pyrotechnic methods, laser systems offer several
fundamental advantages [10]. They do not produce acoustic pollution, can operate in a
fully automated mode, and provide localized Bo3nelictBue only within areas where
birds are present, thereby minimizing impact on the environment, aviation personnel,
and technical equipment.

At the same time, the application of laser technologies in aviation environments
requires strict compliance with laser safety regulations. Therefore, modern systems are
equipped with software-defined exclusion zones, hardware interlocks, and power
limitation mechanisms that prevent laser exposure to aircraft crews and ground
personnel. Atmospheric factors such as fog and precipitation, which may reduce visual
effectiveness, are also taken into account.



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

Automated laser-based bird deterrence system for airports. Bird Control
Group (Netherlands) is among the global leaders in commercial laser-based bird
deterrence technologies, widely applied in agriculture, industry, and aviation
infrastructure. The company’s flagship product, the AVIX Autonomic platform, is an
autonomous laser repeller with programmable beam trajectories and adaptive operating
algorithms.
Unlike manual or semi-automatic solutions, AVIX systems operate in a fully
autonomous mode, generating laser spot movements along predefined or adaptively
adjusted trajectories. The use of green laser radiation around 532 nm is dictated by the
spectral sensitivity of avian vision, ensuring high deterrence efficiency without causing
physical harm.

Despite their effectiveness, commercial solutions typically follow a universal
approach and do not fully account for the specific requirements of aerodrome
infrastructure, where strict synchronization with flight schedules, integration with
video surveillance systems, and enhanced functional safety are required [11]. This
necessitates the development of specialized intelligent laser complexes tailored
specifically to airport ornithological safety tasks [12].

Research Methodology

The intelligent laser-based bird deterrence system was developed and
experimentally validated at a civil aviation facility. The methodology comprised: (1)
system architecture design integrating PTZ cameras, video processing modules, and
532 nm laser emitters controlled by an OVEN PLCI110 via CODESYS; (2)
implementation of automatic bird detection using computer vision algorithms; (3) three
operational modes (time-based, event-driven, manual) tested under real aerodrome
conditions; (4) data acquisition through SCADA (Trace Mode) with Modbus RTU
communication; (5) evaluation metrics including detection reliability, targeting
accuracy, and reduction in bird activity within controlled zones.

Analysis and Results

Figure 1 illustrates the architecture of the proposed intelligent laser-based bird
deterrence system designed for airport environments. The system integrates a PTZ
camera with variable focal length, a video data processing module, and a controllable
laser emitter, forming a closed-loop detection and active deterrence system.

The PTZ camera continuously monitors the controlled airspace in the vicinity of
runways and taxiways. The video stream is processed using computer vision algorithms
for automatic bird detection, classification, and tracking. Based on object coordinates
and motion trajectories, control signals are generated to synchronize camera orientation
and laser beam guidance.

The laser repeller is oriented toward detected birds and generates a highly
contrasted, narrowly directed laser beam. The moving laser spot is perceived by birds
as an approaching object, triggering instinctive avoidance behavior and causing them
to leave the protected area. This mechanism does not exert physical Bo3aeiicTBue on
biological objects and complies with environmental safety requirements.

The implementation of a closed-loop “video surveillance — intelligent processing
— laser deterrence” scheme ensures high beam positioning accuracy and minimal
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response time. Targeted laser activation only upon object detection enhances system
efficiency and reduces risks to aviation personnel and aircraft.

The hardware structure of the system is shown in Figure 2. It includes multiple
video cameras connected via a gigabit network switch to a video recorder equipped
with discrete inputs and outputs. The recorder performs primary video processing and
transmits control signals to the central controller via RS-232 or RS-485 interfaces. The
central controller generates commands for laser drivers, which activate and modulate
multiple laser deterrents deployed within the controlled area.

PTZ Camera
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\,P TZ’-—————-»: r»*a
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Figure 1. Architecture of the intelligent laser-based bird deterrence system.

Such functional distribution ensures system scalability and enables multi-zone
laser activation. Video cameras provide spatial separation of observation zones, while
laser modules can be independently activated to affect specific aerodrome sections
exhibiting ornithological activity.
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Figure 2. Block diagram of the intelligent laser-based bird deterrence system.
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The use of standard industrial communication interfaces and modular architecture
enhances reliability and simplifies integration with existing airport safety and
monitoring systems. The system operation algorithm (Figure 3) is based on the
combined use of aerodrome operation schedules and video surveillance data. The
software continuously analyzes video streams to detect birds and generate real-time
control actions. Under normal conditions, the system remains in monitoring mode,
tracking both current flight schedules and camera signals. When a period of increased
ornithological risk occurs or birds are detected in the controlled zone, automatic
activation of laser modules is initiated. Based on detected object coordinates, the
required guidance direction is calculated, and the laser emitter produces directed visual
exposure. Continuous feedback from cameras allows real-time trajectory correction as
birds move. The exposure continues until the object leaves the protected zone or a
predefined time interval expires.
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Figure 3. System operation algorithm.

The developed system supports three complementary operating modes, ensuring
adaptability to various operational scenarios. The first mode is time-based activation,
where laser modules are triggered according to predefined schedules synchronized with
aircraft takeoff and landing operations (Figure 4). This mode is intended for preventive
suppression of ornithological activity during high-risk periods. The second mode is
event-driven and based on video surveillance data. Cameras continuously analyze the
acrodrome area, and recognition algorithms detect and track birds. Upon threat
identification, control commands are automatically generated for precise laser
activation and guidance.

The third mode provides manual operator control, used in non-standard situations,
maintenance operations, or when direct personnel intervention is required. Forced
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activation and deactivation of laser modules increase operational reliability and
flexibility.

The system is controlled by an OVEN PLC110 programmable logic controller,
ensuring reliable performance under industrial conditions. Control algorithms are
implemented in the CODESYS environment using IEC 61131-3 standard
programming languages, providing modularity and scalability.

The automated process control system supports both automatic and manual
operation modes. In automatic mode, the controller processes video surveillance and
scheduling signals to generate control actions for laser activation and orientation based
on current ornithological and operational conditions. Manual control is implemented
at two levels: hardware “Start” and “Stop” buttons on the control cabinet, and a
touchscreen operator panel enabling individual laser module control, zone selection,
and system status monitoring.
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Figure 4. System activation based on predefined flight schedules.

To enhance operational reliability, false alarm filtering, sensitivity adjustment,
and spatial zoning functions are implemented. Additionally, a hardware switch allows
temporary limitation or blocking of automatic laser activation based on video signals.

Data archiving is implemented using the Trace Mode software package.
Communication between the controller and the workstation is performed via RS-485
using the Modbus RTU protocol. Real-time visualization of key parameter trends and
activation events enables analysis of system effectiveness and optimization of
operational settings.

Conclusion

An intelligent laser-based bird deterrence system integrating video surveillance,
automatic detection algorithms, and controllable laser modules has been developed and
investigated. The proposed complex enables active and adaptive management of
ornithological conditions in aerodrome areas by implementing targeted visual exposure
on birds without the use of acoustic or pyrotechnic means. The obtained results confirm
that intelligent laser systems represent an effective, environmentally safe, and
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promising tool for ensuring airport ornithological safety, significantly reducing the
risk of bird strikes in compliance with modern ICAO requirements.
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Annotatsiya. Mazkur ishda Ni(II) oksalatining Ca, Cu (II), Co atsetatlari
bilan kompleks birikmalarining sintez qilish wusullari o‘rganildi va
reaksiyalar amalga oshirildi. Olingan kompleks birikmalarning tarkibini
o‘rganish magsadida element tahlili olindi va nazariy natijalar taqqoslandi.
Kompleks birikmalar tarkibida hosil bo‘lgan koordinatsion bog‘larni
aniqlash magsadida termik tahlili o‘tkazildi. Termik tahlil usullari —
termogravimetrik analiz (TGA) va differensial termik analiz (DTA) orqali
komplekslarning barqarorlik darajasi, bosqichma-bosqich parchalanish
jarayonlari hamda issiqlik effektlari aniglandi. Natijada Ni(II)
komplekslarining oksalat va atsetat ligandlari ishtirokida turli harorat
oraliglarida o‘zgarishi, ularning parchalanishi natijasida oksidli mahsulotlar
hosil bo‘lishi aniglandi.

Kalit so‘zlar: Ni(ll) ioni, kompleks birikmalar, oksalat guruhi, atsetat
guruhi, element tahlil, termik bargarorlik, koordinatsion birikmalar.

AnHOTanus. B nanHoi paboTe n3y4eHbl METO/IbI CHHTE3a U OCYIIIECTBIICHBI
peakIuu TOJyYeHHS KOMIUIEKCHBIX coeauHeHuid okcaigata Ni (II) ¢
aneratamu Ca, Cu (II), Co. [ns wusyueHuss cocTaBa TMOIYYEHHBIX
KOMIUIEKCHBIX ~ COCMHEHMM ObLI MPOBEJAEH JJIEMEHTHBIA  aHaju3,
pE3YJIBTaThl KOTOPOTO COINOCTABIIEHBI C TEOPETHYECKUMM pacueramu. C
LEIbI0 ONpENENeHUs KOOPJIUHAIIMOHHBIX CBS3€i, 0O0pa3oBaBIIMXCS B
COCTaBe KOMIUIEKCHBIX COCAMHEHHM, ObLI TMPOBEJAEH WX TEPMUUYECKUN
aHanu3. MerojgaMu TEPMHYECKOIO aHalM3a - TEPMOIPaBUMETPUUYECKHUM
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(TTA) u nuddepenunanbro-TepmuueckuM ([ TA) - onpeneneHsl CTeneHb
CTaOMIIBHOCTH KOMILJIEKCOB, MPOIECCHl MX TMOCTAAUHHOTO PA3IOKEHUS U
TeroBbie dpdekTrl. B pesynprare ycraHoBieHo, uro komruiekehl Ni (I1) B
NPUCYTCTBUMA OKCAJTATHBIX W  aIlETATHBIX JIMTAHAOB MPETEPIICBAIOT
W3MCHEHHS B PA3IMYHBIX TEMIIEPATypHBIX MHTEPBAJIaX, a UX Pa3JIOKCHUE
NPUBOANT K 00pa30BaHUIO OKCHIHBIX MPOTYKTOB.

Kntouegwie cnoea: uon Ni (Il), komniexcHvle coeOunenus:, OKCalamHuas
2PYNNa, ayemamuas —2pynnda, dIeMEHMHbIU — AHAIU3,  MEPMUYECKAs]
CMadouIbHOCMb, KOOPOUHAYUOHHBIE COEOUHEHUS.

Abstract. In this work, methods for the synthesis of complex compounds of
Ni (II) oxalate with Ca, Cu (II), Co acetates were studied and reactions were
carried out. In order to study the composition of the obtained complex
compounds, elemental analysis was carried out and the theoretical results
were compared. Thermal analysis was carried out to determine the
coordination bonds formed in the composition of complex compounds. By
thermal analysis methods - thermogravimetric analysis (TGA) and
differential thermal analysis (DTA), the stability of the complexes, stepwise
decomposition processes, and thermal effects were determined. As a result,
it was established that N1 (II) complexes change in various temperature
ranges in the presence of oxalate and acetate ligands, and as a result of their
decomposition, oxide products are formed.

Keywords: Ni (11) ion, complex compounds, oxalate group, acetate group,
elemental analysis, thermal stability, coordination compounds.

Introduction

The study of coordination chemistry and complex compounds is currently one of
the most important fields of modern chemical science. In particular, complexes based
on transition metals, including compounds formed by nickel (II) ions with various
ligands, merit special attention due to their physicochemical properties, thermal
stability, and practical significance. Nickel (II) oxalate-acetate complex compounds
are multi-ligand systems and, owing to their complexity, possess diverse structural and
energetic characteristics. Thermal analysis methods are employed to investigate these
properties. Thermal analysis provides crucial information about the composition,
structure, and stability of a substance by identifying the decomposition stages of
complex compounds, the removal of water molecules, the breakdown of ligands, and
oxidation processes.

Literature Review

Coordination chemistry is the basic chemistry of metal ions that accept electron
pairs from surrounding ligands. Coordination compounds provide a wide range of
colors, and the coordination numbers of metal ions reflect their structure [1]. Nickel is
one of the transition metals and occurs in nature mainly in the form of nickel (II), as it
is more stable than nickel (O), nickel (I), nickel (III), and nickel (IV) [2-4]. The
geometry formed by the nickel (II) complex is diverse, including square planar [5, 6],
tetrahedral [6], trigonal bipyramidal [7], and octahedral [8]. Currently, the most
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common geometry of the nickel (II) complex is quadratic planar and octahedral.
Each complex of nickel (II) with certain ligands has its own specific chemical and
physical properties, which makes their study a very interesting and urgent task.
Oxalate-based intermediate metal complexes have long been of interest due to
their magnetic and electrochemical properties [9]. Their magnetic properties are partly
due to the oxalate ligand, which is known to provide magnetic exchange between the
cations of the transition metal, and it is known that these compounds exhibit both ferro-
and antiferromagnetic interactions. The attractiveness of oxalate-based coordination
compounds is partly due to their high degree of structural diversity, which in turn is the
result of the oxalate ligand, which can occupy 17 different coordination positions and
act as a mono-, bi-, tri-, or tetradentate ligand. This led to the emergence of a very wide
structural field, which has not yet been fully studied [10]. Thermogravimetric analysis
1s an important analysis that must be performed before differential scanning
calorimetry (DSK) measurements. This is due to the fact that during the DSC
measurement, no mass loss or decomposition of the sample should occur. Otherwise,
incorrect signals will appear, and the device will be damaged [11]. Thermogravimetry
is the determination of the change in mass of a sample during the heating process or at
a certain temperature over time. In this system, the mass of the sample is not determined
directly, only the added mass is measured to maintain equilibrium. This process is
similar to the constant zero measurement method used in the Wheatstone bridge. Mass
is not determined directly, only the mass added to maintain equilibrium is determined.
This 1s similar to the constant zero measurement method used on the Wheatstone
Bridge [12].

Research Methodology

The thermal stability of the synthesized compounds was analyzed based on the
results of derivatographic analysis of various exothermic and endothermic thermal
effects observed with a change in mass as a result of destruction during heating. The

thermal properties of the Ni (II) oxalate-acetate complex compound were studied using
the TG/DTA method.

Analysis and Results

Based on the obtained thermogram, it was established that the decomposition
process of the complex compound occurs in several stages. The first stage was
observed in the temperature range of 29.6-230.3 °C, with a total mass loss of -1.394
mg (35.48%). At this stage, a strong endothermic peak was recorded on the DTA curve
at 98.19 °C. This phenomenon is explained by the separation of crystallization or
coordinated water molecules from the complex, as well as the partial decomposition of
acetate groups. The second stage occurred in the range o 230.3-453.9 °C, and the mass
loss was -0.331 mg (8.43%). At this stage, the thermal process proceeds relatively
slowly. A small effect was observed on the DTA curve at around 261.56 °C, which is
associated with the beginning of the decomposition of oxalate groups. At this stage,
the main organic ligand of the complex - oxalate ions - decomposes through a
decarboxylation reaction. The third stage occurs in the range 0f453.9-601.7 °C and the
mass loss 1s -0.127 mg (3.23%). At this stage, complete decomposition of the
remaining organic fragments and the formation of an inorganic residue are observed.
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As aresult of this process, there is a high probability of NiO formation as a thermally
stable final product. The thermal effects observed at high temperatures on the DTA
curve are associated with the destruction of the internal structure of the complex and
complete destruction of the crystal lattice. From the obtained results, it can be seen that
the complex compound has a multi-stage thermal decomposition mechanism, initially
water and weakly bound ligands are separated, in subsequent stages the decomposition
of oxalate and acetate groups occurs, ultimately a thermally stable inorganic residue -
metal oxide is formed, and these results confirm that the thermal stability of the Ni (II)
oxalate-acetate complex compound is moderate, and its decomposition occurs in
sequential, specific stages (Figure 1).
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Figure 1. DSK-TG-DTG graph of the [(NiC204)2'Co(CH3COO),] complex.

Thermal analysis of the Ni (II) oxalate-acetate complex compound was studied
based on TG/DTA curves. As a result of the analysis, it was established that the
decomposition of the substance occurs in several stages. The first stage was observed
in the range of ~40-130 °C, with a mass loss of 22.20%. A strong endothermic peak
was noted in DTA at 61.75 °C. This process is explained by the separation of
crystallization water. The second stage occurs in the range of ~130-250 °C, where a
thermal effect is observed at 169.82 °C. At this stage, the decomposition of acetate and
partially oxalate ligands begins. The third stage continues in the range of ~250-400 °C
and 1s characterized by a peak at 267.44 °C. This stage is the main stage of oxalate
group decomposition. Subsequent stages are observed at 394.29°C and 452.72 °C,
associated with complete decomposition of organic residues and structural changes.

In the final stage, the total mass loss in the range of 250-600 °C is ~29.03%. As a
result, it was established that the complex compound decomposes step by step, and
finally, a thermally stable product - NiO - is formed (Figure 2).

Analysis of the TG/DTA of the Ni (II) oxalate-acetate complex showed that its
decomposition proceeds in stages. The first stage is observed in the range of ~50-120



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. MARCH, 2026-3. ISSN 2181-9750

°C and is characterized by an endothermic peak at 80.06 °C. At this stage,
crystallization water is released.
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Figure 2. DSK-TG-DTG graph of the [(NiC204),-:Ca(CH3COO)2] complex.

The second stage occurred in the range of ~120-200 °C, and thermal effects were
recorded at 139.97 °C and 186.48 °C. This process is associated with the
decomposition of acetate and partially oxalate ligands. The next stage continues in the
range of ~255-600 °C, and a significant peak is observed at 375.39 °C. At this stage,
complete decomposition of oxalate groups and combustion of organic residues occur.

According to the results of the EG, the total mass loss in the two main stages is
~32.61% and ~31.21%, which indicates a gradual decomposition of the complex
composition. In the final stage, the formation of a thermally stable inorganic residue -
NiO is determined (Figure 3). As can be seen from Figure 3, the synthesized
coordination compounds decompose at relatively low temperatures. In this case, the
maximum mass loss does not exceed half the mass of the sample, and no change in
mass is observed after 400°C. Based on this, it can be concluded that the ligands
directly combine with the coordination bond and are located in the inner sphere, and at
a relatively low temperature, the breaking of this weak bond occurs.

The results of thermal analysis of complex compounds based on Ni (II) oxalate
with various metal acetates (Ca®", Co*" Cu?") in different molar ratios (1:4 or 1:2)
showed the presence of general patterns in their decomposition processes. Based on
the TG-DTG-DTA methods, the following conclusions were made. All complex
compounds did not show significant mass loss in the range of 25-100 °C, which
indicates the absence of free or crystalline water molecules in them. This confirms their
structural stability and the good drying of the synthesized compounds.

The decomposition temperature of the oxalate ion directly depends on the
secondary metal cation participating in the compound. As the ionic radius and valence
level decrease, the decay temperature decreases. The decomposition of acetate groups
occurs at high temperatures in all complexes.
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Figure 3. DSK-TG-DTG graph of the [(NiC204)2-:Ca(CH3COO)2] complex.

Conclusion

When studying the thermal properties of Ni (II) oxalate-acetate complex
compounds using the TG/DTA method, it was established that their decomposition
proceeds according to a complex and multi-stage mechanism. Analysis of thermograms
shows that the decomposition process initially begins at low temperatures with the
separation of weakly bound components, in particular, crystallization and coordinated
water molecules.

In subsequent stages, the organic ligands in the complex - acetate and oxalate ions
- undergo thermo-oxidative destruction. This process 1is characterized by
decarboxylation, the release of gaseous products (CO, CO,), and the disruption of the
internal coordination structure of the complex. The endothermic and exothermic effects
observed on the DTA curves confirm the structural changes and chemical reactions at
these stages. In the high-temperature region, the complete decomposition of organic
fragments is completed, and a thermodynamically stable inorganic phase is formed.

According to the research results, in all cases, the formation of nickel (II) oxide
(N1O) with a crystalline structure is determined as the final product. The obtained
results show that the thermal stability of Ni (II) complexes directly depends on their
coordination medium, the nature of the ligands, and bond strength. Also, the study of
the mechanism of thermal decomposition of these complexes confirms their important
scientific and practical significance in the synthesis of functional materials, in
particular, in the production of metal oxides.
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Annotatsiya. Ushbu maqolada MgsSb, asosidagi termoelektrik
materiallarda zaryad tashuvchilar harakatchanligiga donalar chegarasida
hosil bo‘luvchi potensial to‘siglarning ta’siri tahlil qilindi. Ko‘rsatildiki,
ushbu to‘siglar harakatchanlikni kamaytiradi, biroq energiya filtratsiyasi
orqgali Zeebek koeffitsientini oshirishi mumkin. Donalar o‘lchamini
boshqarish, doping va sinterlash orqgali ularni nazorat qilish mumkin.

Kalit so‘zlar: Mg;Sb,, termoelektrik materiallar, harakatchanlik,
donalar chegarasi, potensial barer.

AHHOTanms. B cTaThe paccMOTpeHO BIUSHUE MOTEHIIMAIBHBIX OapbepOB Ha
rpaHulaX  3€épeH  Ha  NOJABMXKHOCTh  HOCHTENEd  3apsaa B
TEPMODJICKTPUYECKUX MaTepuajax Ha ocHoBe Mg;Sb,. Ilokazano, uTo
JaHHblE Oapbepbl CHIKAKOT MOJBWXKHOCTh, HO MOIYT IIOBBIIIATH
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kod(durment 3eebeka 3a CUET HIHEPTETUUCCKON (GUIbTpalU. Y IPaBIICHHUE
pasMepoM 3€peH, JETUPOBAHWUE W ONTHMHU3AIMS CIEKAHWS MO3BOJISIOT
KOHTPOJIMPOBATH TaHHBIN d(DPEKT.

Knwuesvie cnoea: Mg;Sh,, mepmoanekmpuueckue mamepuansi,
HOOBUICHOCMb HOCUMeENel, 2PaHUlybl 3épeH, NOMEHYUAbHbII bapbvep.

Abstract. This study analyzes the effect of grain-boundary potential barriers
on charge carrier mobility in Mgs;Sb,-based thermoelectric materials. These
barriers reduce mobility but may enhance the Seebeck coefficient via energy
filtering. Their effects can be controlled through grain size engineering,
doping, and sintering optimization.

Keywords: Mgs;Sh,, thermoelectric materials, carrier mobility, grain
boundary, potential barrier.

Introduction

In recent years, improving energy efficiency and recovering waste heat have
become issues of significant importance. In this context, thermoelectric materials have
attracted special attention due to their ability to directly convert thermal energy into
electrical energy. In particular, the Zintl-type compound Mg;Sb, is considered a
promising material owing to its low density, the availability of raw materials, and its
high thermoelectric performance within the temperature range of 300700 K.

The thermoelectric performance is evaluated by the dimensionless figure of merit,
ZT, which depends on electrical conductivity, the Seebeck coefficient, and thermal
conductivity. In polycrystalline Mgs;Sb, materials, charge carrier transport is
determined not only by the band structure and intrinsic parameters but also by
microstructural factors, particularly grain boundaries. Defects, dopants, and charge
accumulation at grain boundaries give rise to potential barriers that act as one of the
main limiting factors for charge carrier mobility. This effect becomes especially
pronounced in fine-grained materials. At the same time, these barriers can enhance the
Seebeck coefficient through energy filtering by selectively scattering low-energy
carriers, thereby establishing a trade-off between carrier mobility and thermoelectric
performance [1].

In the Mg;Sb, system, various approaches such as doping, grain size control, and
optimization of sintering processes are employed to regulate intergranular potential
barriers. However, the mechanism of the influence of these barriers on charge carrier
mobility has not yet been sufficiently and systematically elucidated. Therefore, in this
study, the effect of intergranular potential barriers on charge carrier mobility in Mgz Sb,
materials is summarized based on a literature review, and the transport mechanisms as
well as strategies for improving thermoelectric performance through microstructural
control are identified [2].

Literature Review

In recent years, the influence of grain boundaries on charge carrier mobility in
Mg;Sb,- and Mg3(Sb, Bi),-based thermoelectric materials has become one of the most
important research topics. Early studies primarily focused on achieving high ZT values
in these materials through doping, defect engineering, and phase stability. However,
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subsequent investigations identified potential barriers at grain boundaries as one of
the key factors limiting electrical transport parameters. In particular, the thermally
activated behavior of carrier mobility observed in polycrystalline Mg;Sb, samples near
room temperature indicates that carrier transport across grain boundaries plays a crucial
role in this system [3].

To more accurately evaluate the effect of grain boundaries, a comparison between
single-crystalline and polycrystalline states is of particular importance. In this regard,
the study by K. Imasato, C. Fu, Y. Pan, et al., published in Advanced Materials in 2020,
entitled “Metallic n-type Mg;Sh, single crystals demonstrate the absence of ionized
impurity scattering and enhanced thermoelectric performance,” serves as a key
reference. This work demonstrated that the mobility in single-crystal Mg;Sb, samples
1s significantly higher due to the near absence of grain boundaries. Similar conclusions
were reported by Pan Y., Yao M., Hong X., Zhu Y., Fan F., Imasato K., et al. in their
2020 paper published in Energy & Environmental Science, titled “Mgs(Bi, Sb), single
crystals towards high thermoelectric performance.” The authors synthesized single-
crystal Mgs;(Bi, Sb), samples and showed that transport properties improve
significantly when grain boundary resistance is effectively eliminated. This leads to a
general conclusion for both binary Mg;Sb, and its Bi-alloyed systems: achieving high
carrier mobility is difficult without controlling grain-boundary-induced potential
barriers [4, 5].

In 2022, Z. Liu et al. published a study in Nature Communications entitled
“Maximizing the performance of n-type Mgs;Bi,-based materials for room-temperature
power generation and thermoelectric cooling,” where the concept of eliminating
internal grain boundary resistance through microstructural design plays a central role.
Although this work focuses primarily on Mg;Bi,-based materials, it has broad
methodological relevance for the MgszSb,—Mg3;Bi, family. The authors demonstrated
that rational microstructural design can significantly reduce grain boundary resistance
and lead to high thermoelectric performance near room temperature. This approach is
also highly relevant for Mg;Sb,, confirming that controlling sintering processes, grain
growth, and interface chemistry is essential for minimizing mobility losses associated
with grain boundaries [6,7].

Research Methodology

This study is devoted to a comprehensive investigation of the effect of
intergranular potential barriers on charge carrier mobility in Mg;Sb,-based
thermoelectric materials and is conducted using a systematic literature review
approach. In the course of the research, recent publications in high-impact
international scientific journals were carefully selected and analyzed. Particular
attention was given to studies published in leading journals such as Energy &
Environmental Science, Advanced Materials, Advanced Functional Materials, and
Nature Communications. These sources provide extensive insights into charge carrier
transport, grain boundary physics, and microstructural engineering strategies in
Mg;Sb, and related Mgs(B1i, Sb), systems.

A comparative analysis methodology was employed as the primary research
approach. Specifically, the transport properties of single-crystalline and polycrystalline
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Mg;Sb, materials were systematically compared in order to evaluate the influence
of grain boundaries on charge carrier mobility. This approach enabled a clear
identification of the role of grain boundaries as a critical factor governing charge
transport behavior.

From a theoretical perspective, several well-established physical models were
utilized to interpret charge carrier transport mechanisms. The Seto model was applied
to describe carrier transport across grain-boundary-induced potential barriers. Debye
screening theory was used to evaluate the extent of charge screening effects, while the
charge trapping mechanism provided an explanation for carrier localization due to
defects and dopant segregation. In addition, the energy filtering model was employed
to describe the selective scattering of low-energy carriers at grain boundaries.

Furthermore, particular emphasis was placed on the analysis of microstructural
control strategies. The effects of grain size engineering, doping (especially with
elements such as Nb), and optimization of sintering processes on charge carrier
mobility were systematically evaluated. This methodological framework made it
possible to identify effective approaches for reducing grain-boundary-induced
potential barriers and improving thermoelectric transport properties.

As a result, based on the collected and analyzed scientific data, a unified
conceptual framework describing the formation of grain-boundary potential barriers
and their impact on charge carrier transport in Mgs;Sb, materials was established.

Analysis and Results

The conducted systematic analysis clearly confirms that grain boundaries play a
decisive role in determining charge carrier mobility in Mgs;Sb,-based thermoelectric
materials. The results indicate that Mg deficiency, structural defects, and dopant
segregation at grain boundaries lead to the formation of localized charge trapping
centers. These trapped charges give rise to potential barriers at grain interfaces. As a
consequence, charge carriers must overcome these barriers, which requires additional
energy and results in a significant reduction in carrier mobility.

At the same time, grain-boundary-induced potential barriers exhibit a dual effect.
While they impede charge carrier mobility, they can also selectively scatter low-energy
carriers and allow high-energy carriers to pass. This phenomenon, known as energy
filtering, results in an increase in the Seebeck coefficient. However, this improvement
is accompanied by a decrease in mobility, indicating the presence of a trade-off
between carrier mobility and thermoelectric performance. Therefore, achieving
optimal performance requires a careful balance between these competing factors.
Overall, the results demonstrate that charge carrier mobility in Mg;Sb,-based
thermoelectric materials is not solely governed by the electronic band structure but is
also strongly influenced by complex physicochemical processes occurring at grain
boundaries. Consequently, precise microstructural control is essential for achieving
high thermoelectric performance.

Conclusion

In general, the analyzed literature indicates that the influence of grain boundaries
on charge carrier mobility in Mgs;Sb, materials manifests through three main
mechanisms. First, Mg deficiency, defects, and the segregation of dopants at grain
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boundaries create localized charge traps, leading to the formation of potential
barriers. Second, as grain size decreases, the number of grain boundaries increases,
causing carriers to encounter additional resistance at each grain interface, which
reduces mobility. Third, these barriers can be mitigated through doping, optimization
of sintering temperature, and grain-boundary engineering. Thus, according to current
scientific understanding, achieving high electrical conductivity and enhanced carrier
mobility in Mg3;Sb; 1s not only dependent on optimizing the electronic band structure
but is also intrinsically linked to precise control over the physics and chemistry of grain
boundaries.
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Annotatsiya. Ushbu ishda Quantum ESPRESSO doirasidagi zichlik
funktsional nazariyasidan foydalangan holda (InSb);«(Sny)x qattiq
eritmasining strukturaviy va elektron xususiyatlarini birinchi tamoyil asosida
o‘rganish taqdim etiladi. Natijalar shuni ko‘rsatadiki, Sn qo‘shilishi InSb
ning to‘g‘ri zonali xususiyatini saqlab qolgan holda elektron strukturani
o‘zgartiradi, past konsentratsiyalarda (x = 0,05) valentlik zona maksimumi
va o‘tkazuvchanlik sohasining minimumi qiymatlari I' nuqta yaqinida
goladi. Sn ning mavjudligi qo‘shimcha holatlarni keltirib chigaradi va Fermi
sathi yaqinida dispersiya o‘zgaradi. Tor zonali yarimo‘tkazgichlarda
kirishma tasiriga mos keladigan zona o°‘zgarishi kuzatiladi. Yarim lokal
yaqinlashuvlar orqali zona oralig‘ining ma’lum darajada kam baholanishiga
qaramay, natijalar ishonchli sifat o‘zgarishlarini aniq tavsiflab beradi.
Umuman olganda, hatto oz miqdordagi Sn ham InSb ning elektron
xususiyatlariga sezilarli ta’sir ko‘rsatadi, bu uning zona oralig ‘i muhandisligi
va optoelektronik qo‘llanilishi uchun istigbilni ko ‘rsatadi.

Kalit so‘zlar: (InSb),.(Sny). qattiq qitishma, zichlik funktsional
nazariyasi (DFT), Quantum ESPRESSO, elektron zona tuzilishi, birinchi
tamoyillar bo yicha hisoblashlar, II[I-V yarimo ‘tkazgichlar.

AHHoOTanms. B 1aHHO# paboTe npencTaBieHo HCCIeOBaHUE CTPYKTYPHBIX
U DJIGKTPOHHBIX CBOMCTB TBepjoro pactBopa InSb),(Snp)x Ha ocHoBe
teopun (yHkiuoHana mwiotHoctd B Quantum ESPRESSO. Pesynbrarhl
MOKAa3bIBAIOT, YTO BKJIOYEHHE SN HU3MEHSET DJIEKTPOHHYIO CTPYKTYpY,
COXpaHsisi IPU ITOM IIPSIMYIO 30HHYIO CTPYKTYpY InSb, npu 3ToM makcumym
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BaJICHTHOM 30HBI U MUHUMYM 30HBI IPOBOJIUMOCTH OCTAIOTCS BOJIHM3U TOUKU
I' mpu Hu3kux koHueHtpauusax (x = 0,05). IIpucyrcTtBue Sn BBOIUT
JIOTIOJTHUTENIbHBIE COCTOSHUSI M HApYIIaeT AUCIEPCUIO 30H BOJM3U YPOBHS
@®epmu. HaOmronaercs H3MEHEHHWE IIUMPUHBI  3alpPEIEHHON  30HBI,
cornacyromeecss ¢ d¢dextamMu  JETUPOBAaHUS B Y3KO30HHBIX
noaynpoBoAHuKax. HecMoTpss Ha M3BECTHYIO HEIOOLEHKY IIUPHUHbI
3aMpenieHHONW 30HbI B MOJYJIOKAJbHBIX MPUOIMKEHUSAX, PE3YNbTaThl JAIOT
HAJIe)KHOE KadecTBeHHoe omnucanue. B unemom, paxe HebOomiblnoe
KOJIMYECTBO Sn 3HAUMTENBHO BIMAET HA JJIEKTPOHHBIE cBoMcTBa InSb,
yKa3blBasg Ha €ro NOTEHLUHAJ [Ji1 WHXEHEPUH 30HHOM CTPYKTYpbhl U
ONTOAJIEKTPOHHBIX TPUMEHEHUIA.

Knrwoueesvie cnoea: mesepoviti pacmeop (InSb);«(Snz),, meopus
¢dynkyuonana naomuocmu (DFT), Quantum ESPRESSO, snexmponuas
30HHAS CMPYKMYPA, pacdemvl U3 Nepeblx NPUHYUNOS, NOIYNPo8ooHuKy 11—
V epynn.

Abstract. This work presents a first-principles study of the structural and
electronic properties of the (InSb);«(Sny)x solid solution using density
functional theory within the Quantum ESPRESSO framework. The results
show that Sn incorporation modifies the electronic structure while preserving
the direct band-gap nature of InSb, with the valence-band maximum and
conduction-band minimum remaining near the I" point at low concentrations
(x =0.05). The presence of Sn introduces additional states and perturbs the
band dispersion near the Fermi level. A modification of the band gap is
observed, consistent with alloying effects in narrow-gap semiconductors.
Despite the known underestimation of the band gap by semilocal
approximations, the results provide a reliable qualitative description.
Overall, even a small amount of Sn significantly influences the electronic
properties of InSb, indicating its potential for band-gap engineering and
optoelectronic applications.

Keywords: (InSb);.(Sny). solid solution, density functional theory
(DFT), quantum ESPRESSO, electronic band structure, semiconductor
alloys, first-principles calculations, III-V semiconductors.

Introduction

In recent years, the modification of semiconductor properties through the
formation of solid solutions has become an effective approach for tuning electronic and
optical characteristics. In particular, incorporating group IV elements into III-V
compounds enables control over band structure, lattice parameters, and carrier
concentration. In this regard, the (InSb); «(Sny)x solid solution is a promising material
system.

However, comprehensive theoretical studies of its structural, electronic, and
optical properties remain limited, especially concerning the influence of Sn
concentration on band structure and density of states using first-principles methods.
In this work, we perform a first-principles investigation of the structural and electronic
properties of (InSb);«(Snz)x solid solutions using density functional theory within the
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Quantum ESPRESSO framework. The study focuses on the effect of Sn

incorporation on band structure, density of states, and optical response.

Experimentally, this material system has already been realized. Epitaxial films
of (InSb)i—x(Sn2)x (0 <x <0.05) have been grown on GaAs substrates by liquid-phase
epitaxy, confirming high-quality single-crystal formation [1]. Additionally, n-GaP—
p(InSb);x(Sny)« heterostructures have been studied, showing a band gap in the range
0f 0.1-0.18 eV and multiple charge transport mechanisms [2].

Despite these experimental results, a systematic theoretical analysis of this
system 1is still lacking. Therefore, this work aims to provide a detailed first-principles
study of the (InSb);.x(Sn»)x solid solution [3-6].

Research Methodology

The structural, electronic, and optical properties of pristine InSb were investigated
using the all-electron FHI-aims package, which employs numerically tabulated atom-
centered orbitals (NAO) as basis functions. In contrast to pseudopotential-based
approaches, this framework explicitly treats both core and valence electrons on equal
footing, thereby eliminating transferability errors associated with effective core
approximations. Geometry optimization was carried out at the meta-GGA level using
the ’SCAN exchange—correlation functional, with full relaxation of lattice vectors and
atomic positions. High-accuracy “tight” NAO basis sets, together with dense radial and
angular integration grids, were employed to ensure robust convergence of total energies
and forces. Brillouin zone integrations were performed using a 12x12x12 Monkhorst—
Pack k-point mesh, and scalar relativistic effects were included via the atomic ZORA
formalism [7-9].

Within this all-electron framework, the electronic configurations of the
constituent atoms were explicitly treated, with In described by a 5s®5p' valence
configuration (including semicore 4d'° states) and Sb by a 5s25p* valence configuration
(also including 4d' semicore states). The electronic structure, including band
dispersion, was subsequently computed using the screened hybrid functional HSE06.
The fraction of exact exchange (a = 0.35) and the screening parameter (o = 0.106
bohr™) were carefully tuned to reproduce the experimental band gap with high
accuracy. Spin—orbit coupling (SOC), which is essential for accurately describing
narrow band-gap semiconductors such as InSb, was included in a non-self-consistent
manner.

The electronic properties of the (InSb),«(Sn,)x alloy were investigated within the
plane-wave pseudopotential framework as implemented in Quantum ESPRESSO.
Prior to alloy modeling, systematic convergence tests with respect to the plane-wave
cutoff energy and k-point sampling were carried out separately for pristine InSb and
elemental Sn.

For the evaluation of electronic properties, hybrid functionals such as HSE06
were not employed due to their substantial computational cost for large supercells.
Instead, all calculations were performed at the semilocal PBEsol level using standard
pseudopotentials.

Analysis and Results
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Structural properties. Based on total energy convergence criteria, optimal
parameters were identified as 70 Ry with a 10x10x10 Monkhorst-Pack grid for InSb,
and 60 Ry with an 8x8x8 grid for Sn (Figure 1 a, b). These parameters were
subsequently adopted for all alloy calculations to ensure consistency and accuracy. The
resulting optimized lattice constant (Figure 1 ¢, d) (~6.55 A, corresponding to 12.2535
Bohr) is in excellent agreement with experimental values [1, 3].
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Figure 1. Convergence of total energy and plane waves cutoff (a-Sn, b-InSb) and optimization
of total energy and lattice constant (c-Sn, d-InSb).
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For a representative composition of x =0.05, a 1x1x5 supercell (40 atoms) of InSb was
constructed (Figure 2). To model Sn incorporation, one pair of nearest-neighbor In and
Sb atoms was simultaneously substituted by two Sn atoms, forming a local Sn—Sn
defect complex within the host lattice. Structural optimization was performed using the
variable-cell relaxation (vc-relax) method within the BFGS algorithm, allowing full
relaxation of both lattice parameters and internal atomic coordinates. The calculations
employed PBEsol-based SG15 norm-conserving pseudopotentials, with kinetic energy
cutoffs of 70 Ry for the wavefunctions and 280 Ry for the charge density. Brillouin
zone integration was carried out using a 10x10x2 k-point mesh, appropriate for the
elongated supercell geometry.

Electronic properties. Despite the experimental realization of (InSb);_(Sn)x solid
solutions by liquid-phase epitaxy and the investigation of their structural, electrical,

and optical properties, detailed studies of their electronic band structure remain very
limited.
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Figure 2. The relaxed crystal structure of solid solution (InSb)ix(Sn2)x (x=0.05).

Available works mainly focus on heterostructure behavior, current—voltage
characteristics, and impurity-related effects, rather than full band dispersion
calculations along high-symmetry directions. This lack of band structure data is likely
related to the complex nature of the alloy, involving molecular substitution and
structural disorder, which complicates first-principles modeling.

Figure 4. The band structure of a pristine InSb (a) and solid solution (InSb)-x(Sn2)x (x=0.05) (b).

To validate the reliability of the computational approach, the electronic band
structure of pristine InSb was first calculated and is shown in Fig. 4a. The obtained
dispersion curves along the high-symmetry directions (I'-X-—W-K-I'-L-U-W-L) are
in good agreement with previously reported theoretical and experimental results [3].

In particular, the band structure clearly demonstrates that InSb is a direct band-
gap semiconductor, with both the valence-band maximum (VBM) and conduction-
band minimum (CBM) located at the I'" point. This observation is consistent with
classical k-p theory and modern hybrid-functional calculations reported in the literature
[7-11].

These results confirm that the adopted computational parameters and
methodology are adequate for describing the electronic structure of InSb and can
therefore be reliably extended to the study of the (InSb);.x<(Sn,)y solid solution.

The calculated electronic band structure of the (InSb);x(Sn,)x solid solution with
x=0.05 i1s shown in Figure 4 b. The dispersion curves were obtained along the high-
symmetry directions of the Brillouin zone (I-X-M-I—Z-R—-A-Z).

It can be observed that the overall band topology is preserved compared to pristine
InSb, with the valence-band maximum (VBM) and conduction-band minimum (CBM)
located in the vicinity of the I" point, indicating that the material retains a direct band-
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gap character at low Snz concentration. However, noticeable modifications in the
band dispersion are observed due to the incorporation of Sn..

In particular, the bands near the Fermi level become more dispersive and slightly
perturbed, which can be attributed to the introduction of impurity states and local
potential fluctuations associated with Sn incorporation. The presence of additional
states in the vicinity of the band edges suggests partial hybridization between InSb
states and Sn-derived electronic states.

Furthermore, a slight narrowing (or modification) of the band gap is observed
compared to pure InSb, which is consistent with the expected behavior of narrow-gap
III-V semiconductors upon alloying. This effect may be related to band anticrossing
interactions and the perturbation of the conduction band by Sn-related states.

The computed band structure exhibits a vanishing (zero) band gap, reflecting the
well-known limitation of semilocal density functional approximations in describing
narrow band-gap semiconductors. Despite this limitation, the adopted approach
provides a reliable qualitative description of the electronic structure and enables a
systematic assessment of the impact of Sn incorporation on the (InSb);(Sny) system.

Overall, the obtained results indicate that even a small concentration (x=0.05) of
Sn: significantly influences the electronic structure of InSb, while preserving its
fundamental direct-gap nature. These findings provide important insight into band-gap
engineering in (InSb);x(Sny)x solid solutions [12, 13].

Conclusion

The structural and electronic properties of the (InSb);x(Sn,)x solid solution were
investigated using density functional theory. The results show that Sn incorporation
modifies the electronic structure while preserving the direct band-gap nature of InSb at
low concentration (x = 0.05), with band edges remaining near the I" point.

Additional electronic states and slight perturbations in band dispersion are
observed due to Sn incorporation, along with a modification of the band gap. Despite
the known limitations of semilocal approximations, the calculations provide a reliable
qualitative description.

Overall, the results indicate that even a small amount of Sn significantly
influences the electronic properties of InSb, highlighting its potential for band-gap
engineering and optoelectronic applications.
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Annotatsiya. Ushbu maqgolada o‘yinchilarning (quvuvchi va qochuvchi)
chizigli harakat dinamikasi uchun quvuvchining boshqaruviga geometrik
chegaralanish (yoki G-chegaralanish), qochuvchining boshgaruviga esa
Gronuoll tipidagi chegaralanish (yoki Gr-chegaralanish) qo‘yilgan holda
quvish differensial o‘yini tadqiq qilinadi. Bu yerda qochish masalasini
yechish uchun qochuvchiga alohida strategiya taklif etiladi va o‘yinchilar
orasidagi masofani aniqlovchi funksiyaning xossalari o‘rganiladi.

Kalit so‘zlar: chizigli differensial o ‘yin, quvuvchi, gqochuvchi,
strategiya, quvish, kafolatlangan quvish vagqti.

AnHoTanus. B nanHoll cratbe uccnenyetrcs auddepeHuunanbHas HUrpa
IpecieIoBaHusl Il Ciay4das JUHEHHOW JMHAMHUKUA JIBUKEHUS HUIPOKOB
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(mpecnenoBarenss U yOeraroliero), Korja yIpaBlIeHWE Ipecie 0BaTess
MOJAYUHEHO TE€OMETPUYECKOMY OTpaHUYEHUIO (WM (-OrpaHUYEHUIO), a
yhpaBlieHHe YyOeraromero orpaHudeHuro Tuna [ponyomna (umum Gr-
orpanuuenuio). Jlns pemeHus 3amayd  MpeasiaraeTcs  CrenuaibHas
CTpaTerus Juisi yOerarolIero urpoka u u3ydaercs (pyHKIHs, Onpeaensonas
PACCTOSIHUSI MEXK]Ty UTPOKAMHU.

Knioueevie  cnoea:  numetinvix  ougpepenyuanvrvlie  uepwi,
npecneoosamenby, ybezarowutl, cmpamezusl, npecnedoganue,
2apanmupo8anHoe 8pems NOUMKU.

Abstract. In this article, a differential game of evasion is explored for the
linear motion dynamics of players (Pursuer and Evader) when the Pursuer
control is subject to geometric constraint (or G-constraint) and the Evader
control is subject to Gronwall-type constraint (or Gr-constraint). To solve
the evasion problem, we propose a particular strategy for evader and study
its structure depending on the parameters.

Keywords: linear differential game, pursuer, evader, strategy, pursuit,
guaranteed capture time.

Introduction

Differential games represent a specific class of problems related to dynamical
systems, particularly those involving moving objects. This theory centers on key
concepts such as conflict, control, optimization, real-time information, and
equilibrium. In practice, differential games are widely applied in areas including
industry, technology, economics, artificial intelligence, and many other fields.

In the 1950s, Isaacs first investigated certain game problems and used the concept
of Differential Game in his book [1]. Moreover, special problems for further research
were proposed in [1]. Some of these problems have been studied by Petrosjan [2].
According to the fundamental approaches in the Theory of Differential Games
developed by Pontryagin [3] and Krasovskiy [4], the differential game is considered as
a control problem from the point of view of either a Pursuer or an Evader. Depending
on this view, the game reduces to a pursuit (convergence) problem and evasion (escape)
problem, respectively.

Literature Review

In the Theory of Differential games, the pursuit-evasion and “lifeline” problems
with geometric constraint on controls were thoroughly studied in the works of Isaacs
[1], Petrosjan [2], Pshenichnyi [5], Azamov [6], and, besides, the parallel convergence
strategy, which later became known as the II-strategy, was applied efficiently to solve
those problems. The Il-strategy for a simple motion differential game of pursuit with
geometric constraints on controls served as the initial point for the growth of the pursuit
approach in games with many pursuers.

Differential games for the case where linear, linear-geometric, integro-geometric,
and their mixed constraints are imposed on controls were considered in detail in the
works [7-12], and the Il-strategy for all the cases was constructed. In [13], the term of
Gronwall type constraint on controls was first brought in, and the pursuit-evasion and
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“lifeline” games were comprehensively studied by the parallel pursuit strategy,
which was formulated for the Pursuer.

In the present paper, we have considered the pursuit problem in a linear
differential game for the case where Pursuer’s control is subjected to a geometric
constraint and Evader’s control is subjected to Gronwall type constraint. In order to
solve the pursuit problem, the parallel convergence strategy (shortly, the Il-strategy)
for the Pursuer is constructed, and sufficient conditions of pursuit have been found.

Research Methodology
Statement of the problems. Suppose that in R™a controlled object P called the
Pursuer, chases another controlled object E called the Evader. Denote by x the position
of the Pursuer and denote by y the position of the Evader in R™. In the present work,
we consider the pursuit-evasion problems when the objects move in accordance with
the equations:
P: X = bx + u, x(0) = x,, (1)
E: y=by+v, y(0)=y, (2)
respectively, where b > 0,and x, y,u,v € R",n = 2; x,and y, are the initial position
of the objects accordingly, and it is assumed that x, # y,; u and v are the control
parameters of the objects correspondingly, and they denote the velocity vectors which
depend on the time t = 0 .
On the control u of the Pursuer, we impose the G —constraint described in the
form
|lu(t)| < a for almost every t = 0, 3)
where a 1s given positive number which expresses the maximal speed of the Pursuer.
Defenition 1. The function u(:) = (ul(-), u, (), ..., un(-)) is called control of the
Pursuer respectively if the condition (3) is valid for these functions correspondingly.
We denote a set of all the admissible control functions u(-) by Ug.
To the control of the Evader we propose the Gr-constraint

v(t)|? < 0? + 2k fot |v(s)|2ds for almost every t = 0 (4)
where o and k are given positive numbers.
Definition 2. The function v(:) = (vl(-), v(*), s vn(-)) is called control of the
Evader respectively if the condition (4) 1s valid for these functions correspondingly.

We denote a set of all the admissible control functions v(+) by V..
Definition 3. For (x,, u(+)), u(-) € U, the following solution of equation (1)

t
x(t) = el? <x0 + f e~bs u(s)ds>
0

is called a trajectory of the Pursuer on the interval t > 0.
Definition 4. For (y,, v(-)), v(:) € Vg, the following solution of equation (2)

y(t) = e?t (yo + fte_bs v(s)ds)
0

is called a trajectory of the Evader on the interval t = 0.
The chief target of the object P (Pursuer) is to capture the object E (Evader), i.e.,
to achieve the equality x(T) = y(T) at some finite moment T > 0 (Pursuit Game).
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While the object E struggles not to be captured (Evasion Game), i.e., to keep the
condition x(t) # y(t) for every t, t = 0, or to lengthen the encounter time T.
Definition 5. A function v(t): R, — R" is called a strategy of the Evader if
1) v(t) is a Lebesgue measurable function with respect to t;
2) v(*) € Vg,

Definition 6. We say that a control function v(t) € V,. guarantees that the evader
wins in time interval [0, o0) in the linear differential game (1)—(4) if for any u(-) € Ug,
a solution z(t) of the Cauchy problem

Zz=bz+ u(t) —v(), z(0)=z,
is not equal to zero, i.e., z(t) # 0 forall t > 0.

Analysis and Results
Solution of the GGr-Game of Evasion.
Definition 7. In the GGr —Game of Evasion, we call the control function [13,
14]
Vger(t) = —0e&,, t 20, 5)
a strategy of the Evader, where &, = %
0

According to the equations (1), (2), for any v.;,-(+) € V- and u(-) € U, the
pairs (xo,u(+)) and (yo, V¢ (+)) generate the trajectories

x(t) = el (xo + fte‘b u(s)ds) (6)
0
y(t) = e (J’o ‘|‘f e~ vGGr(S)dS> (7)

of the Pursuer and Evader, respectively.
Lemma 1. If the condition a < o is satisfied, then the following equation

Ae™t + BeP* + =0 8
b|z| ®)
has no solution on the time interval [0, o), where
o o
A=——— B=1- — .
(k = b)|z,| blzo| (k —b)|zl
Proof. Let’s rewrite the equation (8) in the following form:
F(t) = Aekt 4+ BePt + blj 1 (9)
0
Now, we consider the behavior of the function F(t) in this consequence:
a) F(0)=1> 0
b) F'(t) = e?*G(t), where
ok a ob
G(t) =————ekDt 4 p— — :
(k = b)|z 1zol (k= D)z
Now, we consider the behavior of the function G(t) in this consequence:
G0)=——0 ' 4p-Z b S pso
(k — b)|z| |zol (k= Db)lzo|l

ok
G'(t) = me(k_b)t >0
0
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Thus, G (t) is an increasing function. Then F'(t) > 0 holds.
Theorem 1. If a < o, then the strategy (5) guarantees evasion in the time interval
[0, ).
Proof. Let’s assume that the Evader implements the strategy (5) for any control
function u(-) € U, of the Pursuer. Taking account of z(t) = x(t) — y(t) and from the
trajectories (6), (7) we obtain the function

t t
z(t) = ebt| z, +fe‘bsu(s)ds—fe‘b Veer(s)ds . (10)
0 0
t t
lz(t)| = [e?t] z, +fe‘b5u(s)ds+je‘bsaeksfods >
0 0
t t
> et zo+afoje("‘b)5ds — ebt je‘bsu(s)ds >
0 0
t t
> ePt| |z,] + af ek—Db)sds | — aebtje‘bsds =
0 0
o o a a
— kt _ — —) pbt 4 _
= (Il -5 -5) " +3

|z(t)| = |z0|F(t)
According Lemmal, we can assert that the inequality |z(t)| > 0 is satisfied in the time
interval [0, o). This confirms that z(t) = 0, i.e., x(t) # y(t) holds for all t € [0, o).
This finishes the proof.
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Annotatsiya. Ushbu maqolada o‘zaro bog‘langan dinamika sharoitidagi
nochiziqli diffuziya sistemalarining avtomodel tuzilishi o‘rganiladi. Bunda
komponentlar o‘rtasidagi o‘zaro ta’sir uzoq muddatli evolyutsiya jarayoniga
hamda singulyar rejimlarning shakllanishiga sezilarli ta’sir ko‘rsatadi.
Tadqiqotda boshlang‘ich parabolik sistema maxsus masshtablash
o‘zgarishlari yordamida avtomodel masalaga keltirilib, yechim profillarining
sifat va miqdoriy tavsifi beriladi. Yechimlarni tagqoslash prinsipi hamda
nochiziqli ajratish usullari asosida kuchsiz yechimlar uchun konstruktiv
yuqori va quyi baholar olindi hamda chekli vaqt ichida blow-up yuzaga
kelishi bilan global vaqt davomida mavjud bo‘ladigan yechimlarni
ajratuvchi parametrik sohalar aniglandi.

Asimptotik tahlil natijasida kompakt tayanchli avtomodel profillar
shakllanishi, nochiziqli diffuziya bilan bog‘liq lokalizatsiya mexanizmi
hamda bog‘langan manba hadlarining erkin chegaraning tarqalishidagi roli
ochib berildi. Bundan tashqari, interfeys yaqinidagi asimptotik yoyilmalar
qurildi hamda yechim dinamikasini boshqaruvchi chegaraviy avtomodel
attraktorlar tavsiflandi. Olingan natijalar nochiziqlik, o‘zaro bog‘lanish va
masshtablash o‘rtasidagi murakkab o‘zaro ta’sirni tahlil qgilish uchun yagona
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nazarly asos Yyaratadi hamda chekli ayirmali sxemalar va iteratsion
algoritmlar yordamida ishonchli sonli verifikatsiyani ta’minlaydi.

Kalit so‘zlar: Avtomodel yechimlar, nochizigli diffuziya sistemalari,
o zaro bog ‘langan dinamika, asimptotik xulg-atvor, yuqori va quyi baholar,
blow-up, global kuchsiz yechimlar, kompakt tayanch, lokalizatsiya, erkin
chegara, taqqoslash prinsipi.

AnHoTaums. B nanHoit pabore ucciemyeTcsi aBTOMOJENbHAsA CTPYKTypa
KJIaCCa HEJIMHEHHBIX TU(PPY3UOHHBIX CUCTEM C CONPSIKEHHON TUHAMUKOM,
B KOTOPBIX MEKKOMITOHEHTHBIE B3aUMOJICUCTBUS CYIIECTBEHHO BIUAIOT HA
JIOJITOBPEMEHHYIO SBOJIIOIUIO pelieHud U (HOPMUPOBAHUE CUHTYJISPHBIX
pexuMoB.  OCHOBHOE  BHHMMAaHUE  YJEJIE€HO  KAYECTBEHHOMY U
KOJIMYECTBEHHOMY  OIMCaHUI0O MpopuiIe  pemieHuil  MoCpeICcTBOM
MacIITa0HbIX MpeoOpa3oBaHUM, CBOASIIMX HCXOJHYIO MapabOIM4ecKylo
CHUCTEMY K COOTBETCTBYIOIIEH aBTOMOAENbHOM 3a1aue. C UCIOIb30BAHUEM
NPUHIIMIA CPaBHEHUS PEIICHUH M METOJOB HEIMHEHMHOro paclierieHUs
MOJIy4€Hbl KOHCTPYKTUBHBIE BEPXHHUE U HIDKHHUE OLIEHKU CIA0BIX PEIICHUH,
a Tak)Ke BBbIJCJICHbl MapaMeTpuyeckue oOJaCTH, pa3rpaHUUYUBAIOLINE
pPEXHUMBI, KOHEYHO, BPEMEHHOr0 blow-up U rio0anbHOro CylecTBOBaHUS
peeHui.

ACUMIITOTUYECKUI aHaNIU3 BBIIBUI (DOPMHPOBAHUE ABTOMOJIECIIBHBIX
npoduiaeii ¢ KOMIIAKTHBIM HOCHUTEJIEM, MEXaHHU3M MPOCTPAHCTBEHHOU
JIOKaNu3auuu, 00yCIOBICHHBIA HEIUHENHON qu(py3ueii, a TakKe BIUSHUE
CONPSIKEHHBIX MCTOYHMKOBBIX UJIEHOB Ha PACHpPOCTPaHEHHE CBOOOIHOM
rpanuibl. Kpome TOoro, mocTpoeHsl aCUMITOTHYECKUE PA3JIOKEHUS BOIU3U
uHTepdeiica M omMcaHbl MpeiesibHbIE aBTOMOJIEIbHBIE AaTTPAKTOPHI,
ompelensdonre  AMHAMUKY — pemieHuil.  [loiydeHHblE  pe3ysbTaThl
GOpMUPYIOT €MHYIO TEOPETUYECKYIO OCHOBY JJISI aHATIU3a B3aUMO/ICCTBUS
HEJIMHEWMHOCTH, CONPSDKEHHMs] W MAacIITa0HBIX CBOWMCTB, a TakKke
o0ecreynBaoT HaIEKHYIO YUCICHHYIO BepU(PHUKAILIMIO HA OCHOBE KOHEYHO-
PA3HOCTHBIX CXEM U UTEPAIIMOHHBIX METOOB.

Kniouesvie cnosa: aemomoodenvHvle — pewleHus,  HeTUHElHble
oug@y3uonuvle cucmemvl, CONPIANCEHHAS OUHAMUKA, ACUMNMOMUYECKOE
nogeoewnue, Gepxuue U HudCHUe oyenku, blow-up, erobanvuvie crabvie
peuienusl, KOMNAKMHbIL HOCUmenb, JOKAIU3ayus, c80000HAs 2paHuyd,
NPUHYUN CPABHEHUS.

Abstract. This paper investigates the self-similar structure of a class of
nonlinear diffusion systems with coupled dynamics, where cross-
interactions between components substantially affect the long-time evolution
and the formation of singular regimes. We focus on the qualitative and
quantitative description of solution profiles through scaling transformations
that reduce the original parabolic system to an associated self-similar
problem. By combining comparison principles with nonlinear splitting
techniques, we derive constructive upper and lower estimates for weak
solutions and identify parameter regimes that distinguish finite-time blow-
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up from global-in-time behavior. The asymptotic analysis reveals the
emergence of compactly supported self-similar profiles, the localization
mechanism driven by nonlinear diffusion, and the role of coupled source
terms in shaping the free-boundary propagation. In addition, we establish
asymptotic expansions near the interface and describe the limiting self-
similar attractors governing the solution dynamics. The obtained results
provide a unified framework for assessing the interplay between
nonlinearity, coupling, and scaling, and they support reliable numerical
verification through finite-difference discretizations and iterative solvers.

Keywords: Self-similar solutions, nonlinear diffusion systems, coupled
dynamics, asymptotic behavior, upper and lower estimates, blow-up, global
weak solutions, compact support, localization, free boundary, comparison
principle.

Introduction

This paper investigates the qualitative behavior of solutions to a doubly nonlinear
diffusion system with coupled dynamics, where cross-interactions between
components significantly influence long-time evolution and singularity formation.
Using scaling transformations, the original parabolic system 1s reduced to an associated
self-similar problem. By combining comparison principles with nonlinear splitting
techniques, we derive constructive upper and lower estimates for weak solutions and
identify parameter regimes distinguishing finite-time blow-up from global-in-time
behavior. The asymptotic analysis reveals compactly supported self-similar profiles,
localization mechanisms driven by nonlinear diffusion, and the role of coupled source
terms in free-boundary propagation. The results provide a unified framework for
assessing the interplay between nonlinearity, coupling, and scaling.

Literature Review

Numerous investigations have been conducted under different parameter
configurations of nonlinear diffusion systems [1-4], establishing various qualitative
properties of solutions. Studies on alternative equations (p=2 or m=1) have
demonstrated the phenomenon of finite perturbation propagation velocity [2,4,6]. It has
been shown that solutions exhibit finite propagation speed, with free boundaries

defined by surfaces [x|=hi(t) and |x|=h2(t) [1,3,7,9]. When h1(t),h2(t)<co for all t>0, the
solution is termed spatially localized [2,4,7,8,14]. Previous work has also addressed
blow-up cases for nonlinear differential inequalities [10] and asymptotic constructions
for self-similar systems [11,13,14]. However, developing an extended mathematical

model for problem (1)—(2) remains an important theoretical challenge, motivating the
present self-similar approach.

Research Methodology

We examine, within the domain Q; = {(t,x): t > 0, x € R} he qualitative
properties of solutions to the Cauchy problem associated with a doubly nonlinear
diffusion system
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p1(Xu, = div (p2 (x)uml‘1||7u"1|p_2 Vull) + p3(x) g v

(1)
p1 (X, = div (pz (x)v™m2~t| Tk |p_2|7vlz) + ps(x)e,ukz
u(0,x) =uy(x) =0
2)
v(0,x) = vy(x) > 0,x € R2
where ki ,k, >1,k>0, m;m,=1, p=2px)=]|x|}p(x) =
lx|™, ps(x) = |x|%, &, =1, 13,1, = 1 are given parameters, V(.) — grad(.).

X

For the problem (1)—(2), numerous investigations have been carried out under
different configurations of the governing parameters (see [1-4]), leading to the
derivation of various qualitative properties of solutions. Nevertheless, in view of the
contemporary demands arising in the theory of nonlinear filtration processes, the
development of an extended mathematical model for problem (1)—(2) remains an
akryal theoretical challenge.

In order to construct such a model, the solutions of system (1) are sought within
the framework of self-similar transformations. A self-similar solution is understood as
a special class of invariant solutions that enables the reduction of the original partial
differential system to a lower-order problem through an appropriate scaling
transformation. This approach, originally proposed by A.S. Samarskii in the study of
nonlinear heat conduction, serves as an effective tool for analyzing complex nonlinear
transport phenomena.

The implementation of this method proceeds in two stages. At the first stage, the
homogeneous component of the system is reduced by introducing similarity variables.
At the second stage, the inhomogeneous part is treated via a nonlinear separation
procedure, which further simplifies the governing structure of the problem.

Below, we summarize several results established in earlier studies concerning
system (1).

The analysis of solutions to problem (1)-(2) in the context of alternative equations
(such as p=2 or m=1) has been extensively studied by numerous researchers (see [2, 4,
6]). Furthermore, it has been demonstrated in [1, 3, 4, 6] that the phenomenon of finite
perturbation propagation velocity arises in these cases. When analyzing system (1), we
assert that if there exist continuous functionsh, (t), h,(t), Then the solution of system
(1) exhibits the behavior of a finite propagation velocity, such that u(t,x) = 0 and
v(t,x) = 0 for |[x| = A,(t) and |x| = h,(t). The surfaces |x| = h,(t) and |x| = h,(t)
are referred to as the free boundary or the interface in the context of mathematical
modeling [1, 3, 7, 9]. In the case when A4 (t), h,(t) < oo for Vt > 0, In this case, the
solution is referred to as spatially localized [2, 4, 7, 8, 14].

To achieve this, we seek the solutions of system (1) in the form of
u(t,x) = (T + t) "% w(z(t), x), 3
{v(t, x) = (T +t)"%z(z(t),x), (3)
where a4, a, represents the coefficients to be determined, and the unknown function
7(t), upon substituting (3) into (1) and performing straightforward calculations, is
defined as follows:
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(t) = f(T + t)(mz_l)a’1+k1kzl1lz(l9—2)0—’2dt

= j(T + t)(m1—1)0—’2+k1kzl1lz(p—z)a1 dt.

For1—(my — Da, + kik, 111, (p — 2)a; > 0, the evaluation of the integral for t(t)
yields the following result

() = (T + OP/py,pr =1—(my — Day + ki ko il (p — 2) .
As a result, a new system will be obtained

aw _ p—2 a
= \7( mi—1pyks lel) + L w,
ot | | (1—az(m—1)+k1kylil a1 (p—2))7(t) (4)
9z _ my—1|p. ks |P 2.1 ) az
ot — V (W i |VZ 2| VZ : + (1—(m2—1)a1+k1k2l1l2(p—Z)az)T(t) Z,

Observe that, when calculating the integral at (m, — 1)a; + kik,LLiL(p —2)a, # 1
the following expression is obtained for 7(t)

() =T+t (5)
In the case where (m, — D) a; + k1k,l L, (p — 2)a, > 1, considering the expression
forz(t), is rewritten according to equation (5), it becomes as follows:

v _ div (zm1‘1|l7wk1|p_2|7wll) + (b1 /D)W,

ng ; my=1|p . kz |P 72,1 (©)
> = div (W 2 ||72 2| Vz 2) + (by/7)z,
where
by = o
1= (my — Dag + kikoliL(p — 2)ay
a;
b2 -

1—(my — Dayg + kiko il (p — 2)ay
for the functionf (¢), (&) the following new self-similar system of equations is
derived

d . lafk P2 a d
(1N ((Nll/)m11|f{| d};)+£—f‘|‘b1f

1-N 4 [ 7N-1 £m,-1 aykP~% ay § dy @
g (gt [UET A Sy g = o,
were
by = e
Y1 (-1+m)a, —klay (-2 +p)’
b, = 2
21— (-1+my)e; —klay(-2+p)’
satisfy in region || < a®~D/P the self-similar system:
1-N N-1,;,m;—1 dfk1|P dfl) §df | N
d (E v | dé dé Pd5+ f= 8)
-2
1-N 4 [ gN-1my-1 dy*z|P d1/112> fay N _
d (E ! |df d§ +pd€+plp 0

Note that the functions u, (t, x), v, (t, x) have the property:
uL(t,x) = 0,v,(t,x) = 0at |x| = 1(t), v, (¢, x) = I(t) = a®~D/P[r()]'/P,
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Analysis and Results

Qualitative properties and main results.
ms_;j+ki+li+p—-1

Theorem 1. Let m +k +1+p-1>0, B; > =12,
mi+k;+li+p—-1
%al >N/ p, ﬁf;:il a, = N/p and
uy (0,x) = up(x)
{ ,X € R2.
v4(0,x) = vy(x)
Then for sufficiently small uy(x), vo(x) the following estimates hold in Q,
u(t,x) = Aju,(t, x),
{ )
v(t,x) = A,v, (t,x)

to solve problem (1), (2), where u, (t,x),v,(t,x) are the functions defined above,
A; > 0,4, > 0 are constants.
m,_, +k +1+p-1

Theorem 2. Let m,+k +1 +p-1>0, S > ,i=1,2,
m,+k +1,+p—1

al (ﬂ _l_ anﬁl_ql) < ﬂ, a2 M_ﬁ_aqlﬂz—‘h <E,a2 (M + aﬂhﬁz—CIl) < E
B1B2—1 p BB, -1 p B1B2—1 p

and

u4(0,x) = ug(x),

{V+ (0,x) = vy (x),

Then, for sufficiently small initial data uy(x), vy (x), the following estimates are valid
for the weak solution at Q,

x € R2.

u(t,x) < Aju, (t,x)
{ (10)
v(t,x) < Ayv (t,x)

where u, (t, x), v, (t, x)- functions defined above, A; > 0,4, > 0- constants.

From Theorem 2, we obtain the following value for the Fujita-type critical exponent:
ﬁi +1 S

= ,i=1,2
BiB3-i—1 p+{@+m—3)s
for system (1).
Theorem 3. Let & >0,&,>01—(my — Da, + kik,L11L,(p —2)a; =0,
o a,

< N/p. Then the

<N/
P 1-(Mmy—1)ag+kikalil;(p—2)a; —

1—(m, Ve, +kklL(p—2)e,
solution of problem (1) has the property of finite velocity diffusion if
Uo(x) < us(0,x),v0(x) < v,(0,%),x €RZ,

where u, (t,x), v, (t,x) and £ (&), (&) are the functions defined above.

It follows from the proven theorem that the free boundary satisfies the given
estimate

x| < I(t) = a®-V/P [T(t)]l/p = qP=D/P(T + t)P1/P Jp,,
o Mm =DM +1-p)+(—2)(m; +1-p)IN
BT T i A 1+ (0 — DN + (my — D(my + 1 - p)N)
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Now, let us proceed to the study of the asymptotics of solutions to the self-
similar system (8) under the following boundary conditions for
f'(0) = 0,f(e0) = 0,%"(0) = 0,%() = 0,
f(0)=a,>0,f(d)=0,9(0)=a, >0,y(d) =0,d < oo, (11)
f(0) =a; >0,f() =0,9(0) =a; >0,i(x) = 0.
Among the results obtained, we present one theorem dedicated to the asymptotic

analysis of the model.
Theorem 4. Let y; > 0,y, > 0. Then the solution of problem (8)-(12) for n —

OO(n = —In(a— &P/ (p_l)) has the asymptotic representation
{f(f) =A1f ()1 +0(1))
(&) = A(§)(1 +0(1))
where the coefficients A; > 0,i = 1,2 are the solution to the system of algebraic
equations [5-6, 8, 10, 15].
The theorem demonstrates that asymptotic analysis serves to simplify the
treatment of the self-similar system, while in other cases analogous asymptotic

constructions may likewise be developed [11, 13, 14].
3D Heat Transfer Process

,_.
A=
Heat Transfer

Xag 2 ; -4

Figure 1. Three-dimensional visualization of the diffusion process for the parameter values m; =
2,p=25p,=05¢=-1Lk=111=12.

To validate the obtained theoretical results and to analyze the spatiotemporal
behavior of the solutions, numerical simulations were carried out for selected
parameter values. The evolution dynamics of the constructed self-similar solutions are
illustrated through three-dimensional graphical representations. The 3D visualization
clearly demonstrates the localization of the diffusion process, the formation of solution
profiles, and their convergence toward the asymptotic regime given as Figure 1.

Conclusion
In this study, the qualitative behavior of solutions to the Cauchy problem for a

doubly nonlinear diffusion system was investigated within the framework of self-
similar transformations. By applying a two-stage reduction procedure, the original
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system was transformed into a self-similar form, enabling the analysis of its
structural properties.

It was shown that the system admits solutions exhibiting finite propagation speed
and spatial localization under appropriate parameter conditions. The existence of a free
boundary was established, and estimates for weak solutions were obtained.
Furthermore, a Fujita-type critical exponent was derived for the considered system.

Finally, the asymptotic structure of the self-similar solutions was examined,
providing an effective description of their behavior and simplifying the analysis of the
underlying nonlinear diffusion processes.
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Annotatsiya. Ushbu maqolada raqamli jamiyat sharoitida talabalarning
jtimoiy tafakkurining kognitiv mexanizmlari nazariy jihatdan tahlil gilinadi.
Axborot-kommunikatsiya  texnologiyalarining  rivojlanishi  ijtimoiy
persepsiya, atributsiya, empatiya va kognitiv sxemalarning shakllanishiga
sezilarli ta’sir ko‘rsatadi. Tadqiqotda klassik va zamonaviy yondashuvlar
asosida ijtimoiy tafakkurning tuzilmasi va asosiy komponentlari yoritiladi.
Shuningdek, ijtimoiy axborotni qabul qilish va interpretatsiya qilish
jarayonlarini tushuntiruvchi integrativ nazariy model taklif etiladi. Natijalar
talabalarning ijtimoily kompetensiyalarini rivojlantirish va psixologik
intervensiyalarni takomillashtirishda muhim ahamiyatga ega.

Kalit so ‘zlar: ijtimoiy tafakkur, kognitiv mexanizmlar, ragamli jamiyat,
ijtimoiy persepsiya, atributsiya, empatiya, kognitiv sxemalar.

AHHOTanusA. B crathe TEOpPETHUUECKHM aHAIU3UPYIOTCS KOTHUTHBHBIE
MEXaHU3MbI COIMAJILHOTO MBIIUICHHS! CTYJEHTOB B YCIOBUSIX IU(PPOBOro
oOmrectBa. Pa3zBute MHPOPMAIMOHHO-KOMMYHHUKAIIMOHHBIX TEXHOJIOTUN
OKa3bIBa€T 3HAYUTENIbHOE BIIMSHUE HA (QOPMUPOBAHHE COLMAIBHON
nepueniuu, aTpulOyluu, SMIATUM M KOTHUTUBHBIX cxeM. Ha ocHoBe
KJIACCUYECKUX U COBPEMEHHBIX TMOJAXOAOB PACKPBIBAECTCS CTPYKTypa
COLMAIBHOTO MBIIUICHUS U €ro OCHOBHBIE KOMIIOHEHTHI. lIpennaraercs
WHTErpAaTUBHAs  TEOPETUYECKas MOJENb, OOBSACHAIONIAS  IPOIECChI
BOCIPUSTHS M HMHTEpIIPETAllMM COUMaibHOM HHPOpMainuu. Pe3ynbrarsl
MMEIOT BA)KHOE 3HAYCHHE JUIsl Pa3BUTUS COLUAIBHBIX KOMIICTEHUIUN
CTYAEHTOB U COBEPUICHCTBOBAHUS IICUXOJOTMYECKUX UHTEPBEHIUMN.

Knioueenie cnosa: coyuanvnoe mviuiierue, KOCHUMUBHbLE MEXAHUZMDBI,
yugposoe o0bwecmeo, coyuarvbHas nepyenyus, ampubyyus, SMNAmus,
KO2HUMUBHbBIE CXEMDL.

Abstract. This article provides a theoretical analysis of the cognitive
mechanisms of students’ social thinking in the digital society. The
development of information and communication technologies significantly
influences the formation of social perception, attribution, empathy, and
cognitive schemas. Based on classical and contemporary approaches, the
structure of social thinking and its key components are examined. An
integrative theoretical model is proposed to explain the processes of
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perceiving and interpreting social information. The findings are important
for enhancing students’ social competencies and improving psychological
interventions.

Keywords: social thinking, cognitive mechanisms, digital society,
social perception, attribution, empathy, cognitive schemas.

Introduction

The rapid development of the digital society has transformed how individuals
perceive, process, and interpret social information. The widespread use of information
and communication technologies not only expands access to information but also
reshapes cognitive processes involved in social thinking. In this context, understanding
the cognitive mechanisms underlying students’ social thinking is a key scientific issue.

Social thinking is a complex phenomenon shaped by cognitive, social, and
cultural factors. According to Lev Vygotsky, higher mental functions develop through
social interaction and are mediated by cultural tools [1]. Similarly, Jean Piaget
emphasized that cognitive development occurs through active interaction with the
environment, leading to the construction of mental structures [2].

Albert Bandura’s social learning theory explains that individuals acquire
cognitive patterns through observation and interaction [3], a process that becomes more
complex in digital environments. Attribution processes, defined by Fritz Heider,
further explain how individuals interpret others’ behavior [4].

Research in social cognition shows that individuals rely on cognitive schemas and
heuristics when processing information [5]. While efficient, these mechanisms may
lead to biases, especially in digital contexts characterized by rapid information flow
and limited face-to-face interaction, as noted by Daniel Kahneman [6].

Manuel Castells’ concept of the network society highlights how digital
communication reshapes social interaction and cognition [7]. Sherry Turkle and
Nicholas Carr also emphasize its impact on empathy, attention, and interpersonal depth
[9, 10].

Despite extensive research, there is still a lack of integrative frameworks
explaining how cognitive mechanisms of social thinking operate in digital contexts, as
most studies examine these components separately.

Therefore, this study aims to analyze the cognitive mechanisms of students’ social
thinking in the digital society and to develop an integrative model explaining the
interaction between social perception, attribution, empathy, and cognitive schemas.

Literature Review

The concept of social thinking has been widely studied within the framework of
social cognition, which examines how individuals perceive, interpret, and respond to
social information. Its foundations lie in the cultural-historical approach of Lev
Vygotsky, who emphasized that cognitive development is socially mediated and
shaped by cultural tools [1], highlighting the role of socio-cultural interaction.

In contrast, Jean Piaget’s cognitive-developmental theory focuses on the internal
construction of cognitive structures through developmental stages [2]. While Piaget
emphasizes individual cognition, Vygotsky highlights social interaction; together, they
provide a comprehensive understanding of social thinking as both internally
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constructed and socially mediated. Albert Bandura’s social learning theory expands
this perspective by identifying observational learning as a key mechanism [3],
particularly relevant in digital environments where interaction is technology-mediated
and shapes social cognition. Attribution, a core component of social thinking, was
conceptualized by Fritz Heider as the process of explaining behavior through internal
and external causes [4]. In digital contexts, limited cues increase the likelihood of
attribution errors.

Research by Susan T. Fiske and Shelley E. Taylor shows that individuals rely on
cognitive schemas to process social information efficiently [5]. While schemas
facilitate understanding, they may also reinforce biases under conditions of information
overload. Daniel Kahneman’s work on heuristics demonstrates that intuitive thinking
often dominates in complex environments, leading to systematic errors [6]. In the
digital society, such cognitive shortcuts become more pronounced.

The transformation of social interaction in the digital age is reflected in Manuel
Castells” concept of the network society, emphasizing the impact of digital
communication on cognition [7]. Similarly, Sherry Turkle and Nicholas Carr highlight
its influence on empathy, attention, and interpersonal depth [9, 10]. Despite extensive
research on perception, attribution, and empathy, there remains a lack of integrative
approaches explaining their interaction in digital contexts. Most studies address these
mechanisms separately without offering a unified framework.

Therefore, there is a need for a comprehensive theoretical model that integrates
key cognitive mechanisms of social thinking and explains their transformation in the
digital society. This gap underpins the present study.

Research Methodology

The cognitive mechanisms underlying students’ social thinking in the digital
society can be conceptualized as a dynamic system in which multiple psychological
processes interact within technology-mediated environments. Based on the analysis of
classical and contemporary theories, this study proposes an integrative model
combining key components of social cognition, including social perception,
attribution, empathy, and cognitive schemas.

At the first stage, digital environments act as primary sources of social
information. Unlike face-to-face communication, digital interaction is characterized by
limited non-verbal cues and greater reliance on symbolic content. From a cultural-
historical perspective, cognitive processes are shaped by mediating tools and signs [1],
indicating that digital technologies transform how social information is encoded and
transmitted.

The second stage involves social perception and initial information processing.
Individuals construct their understanding based on prior knowledge and expectations
[2]. However, in digital contexts, reduced feedback may lead to incomplete or distorted
perception.

At the third stage, attribution mechanisms are activated to interpret social
behavior. Individuals assign internal or external causes to others’ actions [4], but in
online environments, limited contextual information increases the likelihood of
attribution errors.
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The fourth stage includes the activation of cognitive schemas, which organize
and interpret social information. While schemas enhance processing efficiency, they
may also reinforce cognitive biases, especially under conditions of information
overload.

Empathy represents another essential component, integrating cognitive and
affective processes. Although digital platforms expand opportunities for
communication, the absence of direct interaction may reduce emotional engagement
and weaken empathic responses [10, 11].

In addition, decision-making in social contexts is influenced by heuristic
processing. According to dual-process theory, individuals often rely on intuitive
thinking in complex situations. In digital environments, this tendency becomes more
pronounced due to the rapid flow of information.

The broader context of the digital society, conceptualized as a network system,
also shapes cognitive processes. Digital communication transforms interaction patterns
and influences attention, memory, and critical thinking.

Based on this analysis, the proposed model can be represented as an interactive
system:

Digital Environment — Social Information Flow — Social Perception —

Attribution — Cognitive Schemas — Empathy — Social Thinking

Importantly, this process is not linear; feedback loops exist between components.
For instance, schemas influence perception, while empathy affects attribution. This
interaction reflects the complexity of social thinking in digital contexts.

Overall, the proposed model integrates classical psychological theories with
contemporary perspectives, providing a comprehensive framework for understanding
cognitive mechanisms of social thinking in the digital society.

Analysis and Results

The analysis of theoretical sources shows that cognitive mechanisms of social
thinking in the digital society are significantly transformed by changes in social
interaction and information processing. Digital environments—characterized by high
information density, mediated communication, and reduced non-verbal cues—directly
influence cognitive functioning. The study identifies four core mechanisms underlying
social thinking: social perception, attribution, cognitive schemas, and empathy, which
operate as an interconnected system.

In digital contexts, social perception becomes more selective and dependent on
limited cues, increasing the risk of distortions. Attribution processes are influenced by
uncertainty, often leading to biased interpretations due to incomplete information.
Cognitive schemas organize information efficiently, under overload, and reinforce
stereotypes and heuristic thinking. Empathy shows a dual transformation: while digital
platforms expand communication, reduced direct interaction weakens emotional depth
and accuracy.

These findings support the development of an integrative theoretical model in
which cognitive processes function within a dynamic system shaped by digital
environments. The main results are as follows: the digital environment restructures
cognitive mechanisms of social thinking; social perception becomes more schema-
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dependent; attribution processes are more error-prone; empathy shows both
enhancement and reduction; cognitive mechanisms function as an integrated system.
Thus, social thinking in the digital society requires an integrative approach that
accounts for the interaction between cognitive mechanisms and the digital context.

Conclusions

This study presents a theoretical analysis of the cognitive mechanisms underlying
students’ social thinking in the digital society, demonstrating that it is a complex
system shaped by internal cognitive processes and socio-digital factors. The findings
show that key mechanisms—social perception, attribution, cognitive schemas, and
empathy—function in a dynamic and interdependent way. The digital environment
transforms these processes, increasing cognitive distortions and influencing empathic
responses. A key contribution of the study is the development of an integrative
theoretical model explaining the interaction of these mechanisms in digital contexts.
Unlike fragmented approaches, the model highlights their interconnected and
feedback-based nature. The study also expands the theoretical framework of social
cognition by integrating digital influences and linking classical theories with modern
realities. Practically, the findings can support the development of students’ social
competencies and targeted psychological and educational interventions.

In conclusion, the transformation of social thinking in the digital society requires
integrative approaches and further empirical validation of the proposed model.
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Annotatsiya. Mazkur maqolada jadidchilik  harakatining  yirik
namoyandalaridan birt Mahmudxo‘ja Behbudiyning hayoti, ijtimoiy-siyosiy
faoliyati va ma’rifatparvarlik g‘oyalari tahlil qilingan. Mahmudxo‘ja
Behbudiy milliy uyg‘onish jarayonlarida asosiy tutgan o‘rn egallagan.
Mahmudxo‘ja Behbudiyning yangi usul maktablarini tashkil etishdagi
xizmatlari, darsliklar yaratish va matbuot orqali jamiyatni isloh qilish
borasidagi faoliyati digqatga sazovvor.

Kalit so‘zlar: jadidchilik, Mahmudxo ‘ja Behbudiy, ma rifatparvarlik,
vangi usul maktabi, milliy uyg ‘onish, matbuot, islohot.

AHHoOTamms. B JaHHOU cTaTbe aHANM3UPYETCS JKU3Hb, COIMAJIBHO-
MOJIUTUYECKAsT JCATEIBHOCTh M TPOCBETUTEIBCKUE HAeH MaxmyIXOKu
bexOyau, oqHON U3 TIaBHBIX QUTYDP ABWOXKCHUS JDKAAUI0B. MaxMyaxoka
bexOyau chIrpan  KIIOYEBYID pOJb B  IMpolleccax HAIMOHAIBHOTO
BO3pokaeHUs. ClIeayeT OTMETUTD €r0 3aCIyTH B OPTaHU3AIMHA HOBBIX IIIKOJT
yCyJI, CO3IaHUN Y4eOHHUKOB U peOpMHUPOBAHUHU OOIIECTBA TOCPEICTBOM
TIPECCHI.

Knrwouesvte  cnosa:  Oocaouousm,  Maxmyoxooxca  Bexbyou,
npoceeujenue, Ho8Aasl WKOIA Memoo, HAYUOHATIbHOE 803DOdCOeHUe, npeccd,

peghopma.

Abstract. This article analyzes the life, socio-political activities, and ideas
of enlightenment of Mahmudkhodja Behbudi, one of the major figures of the
Jadid movement. Mahmudkhodja Behbudi played a key role in the processes
of national revival. Mahmudkhodja Behbudi's services in organizing new
usul schools, creating textbooks and reforming society through the press are
noteworthy.

Keywords: Jadidism, Mahmudkhodja Behbudi, enlightenment, new
method school, national revival, press, reform.

Introduction

The social, political, and cultural changes that took place in Turkestan at the end
of the 19" and the beginning of the 20" century laid the groundwork for the formation
of the Jadidism movement. This movement was linked to the activities of intellectuals
who promoted ideas of national awakening, enlightenment, and reform, among whom
Mahmudkhodja Behbudi held a special place. As a playwright, publicist, educator, and
public figure, Mahmudkhodja Behbudi strove to lead society toward progress [1].
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Mahmudkhodja Behbudi’s activities were associated with reforming the national
education system, developing the press, and renewing social thought.

Literature Review

Mahmudkhodja Behbudi was born in 1875 in the village of Baxshitepa near
Samarkand into a family of muftis. On his father’s side, he was descended from Khwaja
Ahmad Yasawi, and on his mother’s side, his family also belonged to an intellectual
milieu. These factors played an important role in his spiritual and intellectual
development [2]. At the age of six or seven, Mahmudkhodja Behbudi learned to read
and write in Samarkand with the help of his uncles, and later studied the Holy Qur'an
under his father's guidance. At the age of fifteen, he began his clerical service under
Qazi Muhammad Siddiq, becoming acquainted with legal and administrative affairs.
Later, serving as mufti, he acquired deep knowledge of figh, inheritance, and judicial
matters. Some studies regard Behbudiy’s views in the field of judicial law as one of the
earliest theoretical foundations of modern reforms. He promoted the idea of prioritizing
social justice, humanity, and the public interest in criminal and penal matters.
According to sources, he analyzed the social consequences of punishments and
emphasized the need to widely apply the concept of "amnesty" in legal practice [3].

Mahmudkhodja Behbudi’s interest in enlightenment was linked to his family
environment. Mahmudkhodja Behbudi’s father was a prominent specialist in Islamic
jurisprudence who wrote commentaries on the work “Hidoya.” This work played an
important role in Behbudiy’s intellectual development [4]. In 1899, Mahmudkhodja
Behbudi went on the hajj pilgrimage, visiting cities in Arabia, Egypt, and Turkey.
During the eight-month journey, he became acquainted with the education system,
cultural environment, and reforms in those places. He visited the Al-Azhar Mosque in
Cairo and brought back new books. This journey marked a significant turning point in
his political and social views. He came to realize that the key to progress was
enlightenment and reform.

In 1903-1904, he traveled to the cities of Kazan and Ufa, where he became
acquainted with the activities of the New Method schools. He established close ties
with Tatar intellectuals, especially Ismail Gaspirinsky. Gaspirinsky’s newspaper,
“Tarjumon,” became an important spiritual and intellectual platform for Behbudi.

Mahmudkhodja Behbudi established new method schools with the aim of
reforming national education. In 1903, in cooperation with Siddiqiy Ajziy and
Abduqodir Shakuriy, Mahmudkhodja Behbudi opened new method schools in villages
around Samarkand. In 1908, the school was moved to the city of Samarkand and
operated in its courtyard.

Analysis and Results

During the research process, the factors that influenced the formation of
Mahmudkhodja Behbudi’s enlightenment views were analyzed comprehensively, and
the following scientific findings were identified. It was determined that the formation
of Mahmudkhodja Behbudi’s enlightenment views was directly linked to the complex
historical and socio-political processes in the Turkestan region. In the late 19" and early
20™ centuries, the region's incorporation into a colonial system following the Russian
Empire’s conquest of Turkestan prompted local intellectuals to seek new paths for
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national development. In this context, enlightenment and education began to be
regarded as the primary means of societal renewal. Under the influence of this process,
Behbudi also advanced the idea of reforming the education system [5].

Research findings have shown that the Eastern scientific and philosophical
heritage played an important role in the formation of Mahmudkhodja Behbudi’s
worldview. In particular, the ideas of thinkers such as Abu Nasr al-Farabi, Abu Rayhan
al-Biruni, and Abu Ali ibn Sina on science, knowledge, and human perfection served
as a methodological foundation for the formation of Behbudi’s pedagogical views.
Mahmudkhodja Behbudi continued this tradition, interpreting knowledge as the main
factor in society's development.

Analysis of the research results shows that Mahmudkhodja Behbudi
enlightenment views were formed in organic connection with the historical
development of Turkistan society. The studied sources and scientific research indicate
that Behbudi’s activities cannot be limited to pedagogical or literary work alone, but
must be assessed within the broader socio-educational movement of Jadidism. In this
regard, Behbudi’s views manifest as an important component of the intellectual
landscape of the national awakening period.

In the current era, the issues of modernizing the education system, introducing
innovative pedagogical technologies, and developing a person-centered education
concept are of great importance. The ideas proposed by Mahmudkhodja Behbudi for
modernizing education, acquiring modern knowledge, and developing national
consciousness also have methodological significance for today's education system.
Overall, the results of the discussion show that, Mahmudkhodja Behbudi’s
enlightenment views are closely linked with the general ideological foundations of the
Jadidism movement, and historical conditions, cultural heritage, and modern scientific
ideas played an important role in their formation. Therefore, Behbudi’s pedagogical
and educational legacy is not only of historical importance but also serves as a
significant scientific and methodological resource for the development of the modern
education system.

Conclusion

Mahmudkhodja Behbudi was a great enlightener and one of the leading
representatives of the Jadidism movement, who promoted the ideas of national
awakening and progress. Mahmudkhodja Behbudi believed that a free and progressive
society could be built through the reform of society, the modernization of the education
system, and the widespread promotion of modern knowledge. His activities and works
play an important role in the development of Uzbek national thought and the education
system.
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Annotatsiya. Ushbu maqolada jamiyatning raqamli transformatsiyasi
sharoitida talabalarning kognitiv kompetensiyalarini rivojlantirishning
asosty omili sifatida raqamli ta’limning roli o‘rganiladi. DigComp raqamli
kompetensiyalar tizimi kabi xalqaro yondashuvlarning tahlili amalga
oshiriladi. Ragqamli ta'lim muhiti tanqidiy fikrlash, analitik qobiliyatlar va
o‘quvchining mustagqilligini rivojlantirishga yordam berishi asoslangan.

Kalit so ‘zlar: ragamli ta’lim, kognitiv kompetensiyalar, ragamli muhit,
DigComp, neyrokognitiv yondashuv, ta’lim texnologiyalari.

AnHoTamus. B cratee paccMatpuBaeTcs poiib H(pPoBOro 00pa3oBaHus Kak
KJTI0YEeBOTO (haKTopa Pa3BUTHUS KOTHUTHBHBIX KOMIIETCHIIMA CTYJECHTOB B
yCcIoBUsSIX IMQpoBoil  TpaHchopMaiuu obmectBa. [IpoBenen ananms
MEXKIYHAPOIHBIX TIOIXOJIOB, BKJIOYAsh paMKH IH(PPOBHIX KOMIETEHIUN
DigComp. VYcranoBieHo, uyto uudpoBas oOpa3zoBarelibHas cpefa
CIOCOOCTBYET PAa3BUTHIO KPUTHUYECKOTO MBIILICHHS, aHATUTHYECKUX
CIIOCOOHOCTEN U CAMOCTOATEIBHOCTH 00YYaroIUXCsl.

Knwueevie cnosa: yugposoe  obpazosanue,  KOSHUMUBHbBIE
Komnemenyuu, yugposas cpeoa, DigComp, HelpoKOSHUMUBHDBII NOOXO0O,
0bpazosamenbHvle MEXHOIO2UU.

Abstract. This article examines the role of digital education as a key factor
in the development of students’ cognitive competencies in the context of the
digital transformation of society. An analysis of international approaches,
including the DigComp digital competence framework, is conducted. It 1s
established that the digital educational environment contributes to the
development of critical thinking, analytical skills, and learner autonomy.

Keywords: digital education, cognitive competencies, digital
environment,  DigComp,  neurocognitive  approach,  educational
technologies.

Introduction

The specificity of modern education is determined by the requirement to
implement a competency-based approach, the realization of which nmpeanonaraer
transforming educational programs based on key competencies, including cognitive
competencies that form an integral cognitive competence. Future educators, prepared
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to work in modern schools, colleges, and universities, must not only possess certain
knowledge but also be able to apply this knowledge in their professional activities,
demonstrating creativity, mobility and flexibility of thinking, as well as the ability to
learn and to teach—in other words, a whole kommekc of cognitive competencies.
Cognitive competence, as a system of such individual competencies (creative
interpretation of the world, critical or reflective understanding of oneself and the world,
flexibility and mobility in understanding oneself and the world, the ability to learn and
the ability to teach, etc.), is formed in the context of university education through two
main pathways: spontaneous and purposeful. The integration of digital technologies
into the education of youth and adults makes it possible to significantly intensify this
process, making it more conscious, structured, and effective.

Literature Review

The theoretical and methodological foundations of the informatization of
education, as well as issues related to the formation of cognitive and digital
competencies, are reflected in the works of a number of scholars from the CIS
countries. In particular, the studies of Beshenkov S.A., Gein A.G., Gavrilov B.M.,
Kaymin V.A., Kushnirenko A.G., Lapchik M.P., Latyshev V.L., Makarova N.V.,
Selevko G.K., Semakin 1.G., Boronenko T.A., Davydov V.V., Sergeev A.N., and
Ugrinovich N.D. are devoted to issues of integrating ICT into the educational process,
developing information culture, and enhancing students’ intellectual abilities [1-5]. In
developed countries, research in the field of digital education and students’ cognitive
development is interdisciplinary in nature and encompasses the fields of pedagogy,
psychology, and neuroscience. Significant contributions to this area have been made
by such scholars as Kameas A., Radford A.W., Ryan S., Yuan L., Koole M., Monahan
T., Fallman D., and A. Sorgo [3-8].

Scholars of the Republic of Uzbekistan have conducted a substantial amount of
research aimed at improving the higher education system, implementing information
and communication technologies, and developing students’ cognitive competencies in
the context of educational digitalization. The theoretical, methodological, and practical
aspects of the informatization of education are reflected in the works of such national
scholars as Abduqodirov A.A., Olimov Q.T., Aripov M.M., Begalov B., Begimqulov
U.Sh., Zokirova F.M., Boqgiev R.R., Tayloqov N.I., Makhmudov A.Kh., Yuldashev
U.Y., Sattorov A., Mo‘minov B.B., Muradova F.R., Ashirova A., Isoqov I., Po‘lotov
A.M., Fayziev M.A., and A.G*. Hayitov [8-10].

Significant attention to the issues of digitalization in higher education is reflected
in the research of Uzbek scholars devoted to analyzing the integration of digital
technologies into the educational process. Thus, in the work of A.S. Kucharov, the
process of digital transformation of higher education institutions in Uzbekistan is
examined, emphasizing that the implementation of digital technologies contributes to
improving the quality of education and the development of students’ intellectual
abilities. A special place in national research is occupied by the problem of developing
students’ academic, research, and cognitive competencies within the framework of the
credit-modular system. In the works of U.l. Murtazaeva and co-authors, it is
demonstrated that the integration of digital technologies and interactive teaching
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methods contributes to the development of research skills, critical thinking, and
students’ cognitive activity.

Research Methodology

To improve the quality of digital learning, including the enhancement of students’
cognitive competencies in the process of digital education, it is necessary to identify
the components, levels, conditions, criteria, as well as the mechanisms for the
development of cognitive competencies in order to ensure their targeted formation and
development within e-learning environments.

Analysis and Results

The targeted formation of the substantive components (essence, structure, levels,
criteria, and indicators) of cognitive competence increases the effectiveness (success)
of digital learning. The process of teaching students based on an e-learning system will
be successful: within the e-learning process, the concept of “cognitive competence” is
clarified and operationalized, including the identification of its structural components,
levels, conditions, criteria, and mechanisms; a comprehensive structural and content-
based model for the formation and development of students’ cognitive competence
based on e-learning systems is theoretically substantiated, developed, and implemented
in practice; the processes of formation and development of cognitive competence in e-
learning are regulated and assessed through specially designed tools (based on the
structural and content model of cognitive competence development).

Cognitive competence is an integrative characteristic of knowledge, skills, abilities,
and personal experience in working with academic and professional information within
the context of e-learning systems and other formats of educational activity. Students’
cognitive competence includes, as one of its components, the ability to effectively use
digital devices, technologies, and software in both learning and self-learning processes.
It also encompasses the ability to learn and to teach, the capacity for critical and
reflective understanding of oneself and the world, as well as educational processes and
outcomes, the ability to creatively process information about oneself and the
surrounding world, and the skills required for research-oriented and flexible
understanding of academic and professional situations and their content. Among
international models of digital competencies in education, the following are
distinguished: the Technological Pedagogical Content Knowledge (TPACK) model;
the Substitution, Augmentation, Modification, Redefinition (SAMR) model; and the
European Digital Competence Framework for Educators (DigCompEdu).

Table 1. Twenty-two core competencies are
classified into six groups.
Name of the competence group

Professional engagement

Digital resources

Teaching and learning

Assessment

Empowering learners

Facilitating learners’ digital competence
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This article examines the Digital Competence Framework for Educators
(DigCompEdu) model [2]. The list of competence groups within the DigCompEdu
model is presented in Table 1.

Each area includes a set of competencies that educators should possess in order to
implement innovative educational strategies [4], create conditions for inclusive
education, and enhance the effectiveness of their professional activities through the use
of digital tools.

Let us briefly describe the content of each area.

1. Professional engagement involves the use of digital technologies and resources
for professional communication with learners, parents, colleagues, and other
stakeholders. This area also includes self-reflection, critical evaluation of
professional activity, and continuous professional development of educators.

2. Digital resources include the ability to work with digital content (using ready-
made materials, modifying them, and creating one’s own), selecting digital
resources according to educational goals, managing them, and ensuring their
safe use.

3. Teaching and learning consist of the use of digital technologies in pedagogical
practice, mentoring, organizing learner interaction, and supporting learners’
autonomy in the learning process.

4. Within the assessment area, digital technologies are used to implement
assessment strategies, analyze learning outcomes, plan instruction, and provide
feedback to learners.

5. Empowering learners through digital technologies involves creating an inclusive
and accessible learning environment, personalizing learning, and engaging
students in active participation.

6. Facilitating learners’ digital competence involves developing students’
information and media literacy, digital communication and collaboration skills,
digital content creation, problem-solving in digital environments, and the
responsible use of technologies.

Many studies in the field of education have been based on constructivist
approaches, as well as on disciplinary and professional didactics, various psychological
approaches—including those related to cognitive sciences—and sociological and
anthropological perspectives. The task of analyzing these different approaches is to
properly correlate individual processes (including cognitive functioning) with the
complexity of teaching and learning situations.

Thus, some digital competencies are in the focus of mass awareness, while others,
which require no less development, remain on their periphery. Among the most
important of these competencies in pedagogy are interaction competencies
(communication and collaboration in the sense of cooperation), as well as self-learning
competencies, including lifelong learning. Competencies that are rarely mentioned by
leaders of educational organizations are also insufficiently developed and require
special efforts for their mastery, not only by learners but also by teaching staff.

Conclusion
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The study of international experience, in particular various models, has made it
possible to establish that digital competencies are considered a key component of
modern education, closely linked to the cognitive development of the individual. These
models provide a systematic approach to the formation of skills related to information
processing, communication, and the use of digital technologies in learning activities. It
has been shown that the level of digital competencies is assessed based on the
characteristics of a teacher’s core professional activities within the context of modern
digital technologies.

The neurocognitive approach is essential for understanding the effectiveness of
digital learning. Taking into account the oco6ennocreii of brain functioning makes it
possible to design more effective educational environments, reduce cognitive load, and
improve the quality of knowledge acquisition.
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