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Abstract. This study addresses the optimization of regional budget allocation
by applying a hybrid approach that combines a baseline genetic algorithm (GA) with
Bayesian hyperparameter optimization. The motivation for this research lies in the in-
creasing complexity of public financial management, where allocation decisions must
simultaneously account for the preferences of citizens, the strategic goals of local
authorities (maslikhats), and the economic efficiency for businesses. The developed
methodology incorporates three distinct utility functions: citizens’ votes normalized
across seven areas of activity (education, healthcare, transport, infrastructure, digi-
talization, culture, and ecology); strategic priorities of maslikhats expressed as pre-
defined budget shares; and return on investment (ROI) indicators reflecting business
efficiency. The baseline GA model was implemented with fixed parameters (popu-
lation size 100, crossover probability 0.5, mutation probability 0.2, 50 generations).
It achieved a maximum fitness of approximately 5000 in 40-50 generations, with a
runtime of 0.16 seconds, but the allocation was unbalanced, favoring infrastructure
while underfunding culture and ecology. In contrast, the optimized GA with Bayes-
ian tuning (population size 150, 60 generations, crossover probability 0.6, mutation
probability 0.3) demonstrated superior results. It reached a maximum fitness of 5200—
7779 (depending on scaling), converged faster (30—40 generations), and produced a
more balanced allocation, particularly increasing funding for healthcare (80 million
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vs. 77.7 million) and transportation. Despite a longer total runtime (56 seconds in-
cluding optimization), the final run required only 0.32 seconds, comparable to the
baseline. The comparative analysis shows that Bayesian optimization significantly
improves GA performance, yielding higher-quality, more homogeneous populations
(average fitness 6.5—7 vs. 5.5-6 for baseline) and reducing the gap between maximum
and average fitness. These improvements enhance transparency, fairness, and repro-
ducibility, making the method suitable for real-world regional financial management.
The results confirm the effectiveness of combining evolutionary algorithms with ma-
chine learning techniques for solving complex multi-criteria allocation problems.

Keywords: genetic algorithm, budget allocation, Bayesian optimization, hy-
perparameters, machine learning
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AnHoTamusi. byn 3eprrey aWMakTHIK OODKETTI Oemyai KeTumipy
MaKCaThIHJIa TeHeTUKAIBIK anroput™ (I'A) meH baliecusuiblk runeprapameTpiaepal
OHTAMIAHIBIPYIBI OIPIKTIPETIH THOPUATI TOCUIAI YChIHAABL 3EPTTEYIiH ©3eKTUIIri
MEMJICKETTIK  KapKbl 0acKapybIHBIH KYpJeJICHYIMEH OaiJaHbICThI, MYHJIA
ImemiM KaOblIay a3aMaTTapblH KajayJjapbl, MacauXaTTapJblH CTPATETHSIIBIK
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MakcaTTapbl KoHE OW3HEC YIIH dKOHOMHUKAJBIK THIMIUIIKTI Oip Me3Tuiae eckepyi
THiC. ¥ CBHIHBUIFAH OJIICTEME YII TYPJl YTHIMTAPIBIK (QYHKIHMSHBI KaMTHIBI: JKETi
KBI3MET cajlachl OoiibIHINA (Oi1iM Oepy, AeHCAYJIBIK CaKTay, KoK, HHOPaKYPBLIbIM,
nupIaHablpy, MOJAEHHUET, DKOJOTHS) HOpMaJaHFaH a3aMaTTapiblH JaybICTaphl;
MacIMXaTTapJblH aJJbIH ajla aHbIKTaJFaH OMOKET yJecTepl apKbpUIbl OepiireH
CTPAaTEeTUSIIBIK ~ OAaCBIMJIBIKTAPBI, COHAAH-aK OW3HEC THIMIUITIH KOpCeTeTiH
WHBECTHIUSHBIH KalTapbIMAbLIBIFI (ROI). bazansik I'A moaeni (momyisius kejaemi
— 100, xkpoccoBep BIKTUMAIABIFEI — 0.5, MyTanus BIKTUMAIABIFEI — 0.2, 50 yprak)
mamamMeH 5000 makcumanael putHecke 40—50 yprakTaH KeHiH KETTi, OpPBIHIATY
yakpITl — 0.16 cexyna. [lereamen, OemiHiC TeHrepiMci3 OOJIbl: HHPPAKYPHLIBIM
apThIK Kap>KbUIAHIBIPBUIBIN, MOJIEHUET IMEH DKOJOTHS JKETKUIIKCI3 KapakaT aJifbl.
Baitecusnplk  oHTalmanapipymer ketumipinred ['A (momymsums kenemi — 150,
60 ypmak, KpoccoBep BIKTUMAIABIFBI — 0.6, MyTarus bBIKTUMAIABIFEI — 0.3) KaKCh
HoTkenep kepcerti. On 5200—7779 apanbiFbIHAAFBI MAKCUMAaIIBI (PUTHECKE JKETTi,
Te3ipek kuHakTaael (30—40 yprak), coHmal-ak HEFYpJIBIM TEHrepimzi OelliHic
’KacaJibl, ocipece AeHcaynbIK cakray (80 MitH Kapebl 77.7 MITH) MEH KoJTiK callalapblHa
KeOIpeK Kapskbl OeiHi. JKanmbl opbIHAATY yaKbIThl Y3aK OOJiFaHbIHA KapaMacTaH
(56 cexynm), coHrbl icke Kocy HeOopi 0.32 cexyHaThl Kypaabl. CaabICThIpMaIbl
Ttangay baliecusnblk OHTAMaHABIPYALIH ['A THIMAUIITIH €10yip apTThIPATHIHBIH
KOPCETTi: MOMYJANMUIHBIH opTama (GuTHeci xorapsl 0onael (6.5—7 Kapcel 5.5-6),
aJl MaKCUMaJJIbl )KOHE opTalla (UTHEC apachIHIAFbl albIpMaIIbUIBIK a3aibpl. by
KaKcapTyap 9/1icTi HAKThI KAPKbUIBIK OacKapy/ia KOJIAaHyFa KOsl eTei. 3epTTey
HOTHIKENEPl IBOJIOIUSIIBIK aJTOPUTMICP MEH MAIIMHAIBIK OKBITYABI OIpIKTIPYIiH
KOIKPUTEPUIATI pecypcTapabl 061y MiHACTTEPIH MISIIy/Ie THIMII €KeHIH TOJIeIIe/I.

Tyiiin ce3aep: TEHETHKAIBIK aJIrOpUT™M, OrOUKETTI Oemy, baliecTtik
OHTaWIaH/BIPY, TUTIEpIIapaMeTpIiep, MAIIMHAIBIK OKBITY
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AHHoTanusi. B nmaHHO#il paboTe paccmaTpuBaeTcs 3ajadya ONTUMHU3AIMU
pacnpezieieHus PeTHOHATBLHOTO OI0/KeTa ¢ MPUMEHEHHEM THOPHIHOTO MOIXO0/a,
couetatoniero reHeruyeckuid anroput™ ([CA) u OGailecOBCKyI0 ONTHUMM3AINIO
rurneprnapaMmeTpoB. AKTyaJbHOCTh MCCIIEIOBAaHHUS CBs3aHA C BO3PACTAIOLIEH CIOXK-
HOCTBIO YIPaBIEHUS rOCyAapCTBEHHBIMU (PUHAHCAMM, TJI€ TIPU MPUHSATUU PEIICHUN
HEOOXOAMMO YYUTHIBATh OTHOBPEMEHHO MHTEPECHI TPa)/IaH, CTpaTernyeckue Ieiu
MacJIUXaToB M YKOHOMUYECKYI0 3QPeKTUBHOCTh OuzHeca. [IpeanoxkeHHas MeTonu-
Ka BKJIIOYAeT TPU yTUIUTApHble (YHKIMHU: HOPMATU30BaHHBIE TOJIOCA TPaXKAaH 10
ceMHu 00nacTsIM JesTeNbHOCTH (0Opa3oBaHME, 3/paBOOXpaHEHHE, TPAHCIIOPT, UH-
(bpacTpykTypa, HUPPOBU3ALINS, KYJIETYpa, IKOJIOTHS); CTpAaTeTHYeCKUEe PUOPUTETHI
MAacJIUXaToB, BEIPAYKEHHBIE B BUJIE 11€TIEBBIX OIOPKETHBIX JIOJNIEH; a TaKkKe MmoKa3aTeln
okynaemocTtu naBectuiuii (ROI), orpaxkaromme > dekTuBHOCTS OM3HEca. ba3oBas
moaenb ['A (pazmep nomyssiiuu — 100, BepossiTHOCTH KpoccoBepa — 0.5, BEpOSITHOCTH
myTaruu — 0.2, 50 TOKOJIEHWH) MOCTUTIIa MaKCHUMAJIbHOW TMPHUCIIOCOOJICHHOCTH
okoJ10 5000 3a 40—-50 nokosienuit mpu Bpemenu BoinojiHeHus 0.16 cexyHnabl. OHako
pacrpesieieHue OKa3aJloch HecOallaHCUPOBAHHBIM: HH(QPACTpyKTypa MOIy4HIia
NpUOPUTETHOE (PUHAHCUPOBAHHE, B TO BpeMs KaK KyJIbTypa W HKOJOTHUS ObLIN
Hepo(huHaHCUpOoBaHbl. ONTUMHU3UPOBAHHAS MOJIENb C MPUMEHEHHEM OaiiecOBCKOM
HacTpouku (pa3zmep momyssiiuu — 150, 60 mokoneHui, BEpOATHOCTh KpOCCOBEpA —
0.6, BepositHOCTH MyTanuu — 0.3) mokasana Jydlne pe3ysbTaThl: MaKCHUMalbHas
npucnoco0eHHocTh cocTaBuiaa 52007779, cKOpPOCTh CXOAMMOCTH YBEIHYMIIACH
(3040 mokoneHnuit), pacupeneneHre craio 0oyiee cOaTaHCUPOBAHHBIM, B YaCTHOCTH,
(uHaHCUpOBaHUE 3/paBOOXpaHEHUs BbIpociao a0 80 MJIH TeHre (10 CpaBHEHHUIO
¢ 77.7 mnH). Hecmotpss Ha Oonee mmuTeabHOE OOIee BpeMs BBIMOIHEHUs (56
CEeKyHJ ¢ YY4ETOM ONTHUMH3aIMH), GUHAIBHBIN 3amyck 3aHsul Bcero 0.32 ceKyHIbI.
CpaBHUTENBHBIN aHaIW3 MOKa3all, 4To OaliecOBCKas ONTHUMH3AIUS CYIIECTBEHHO
noBbIiaeT 3PpGeKTuBHOCTh ['A: MOMysilMM CTaHOBATCSA OoJiee KaUeCTBEHHBIMH U
OJTHOPOJIHBIMU (cpenHuii puTHeC 6.5—7 npoTHB 5.5—6 y 6a30BOil MOJIeNHN), a pa3phIB
MEXIy MaKCUMaJIbHBIM M CpPEJHUM (PUTHECOM COKpallaeTcs. DTH YIy4IIeHUs
MOBBIIIAIOT MPO3PAYHOCTh, CHPABEIMBOCTG U BOCIPOU3BOJUMOCTD PEIICHHIA,
YTO JeNaeT MEeTOJ OCOOEHHO MEepPCHEKTUBHBIM MJI MPAKTUYECKOTO YIPaBJICHUS
peruoHanbHbIME  (uHAHCaMU. PesynbraThl  MOATBEPXAAIOT  A(HPEKTUBHOCTD
COUYETaHMs JBOJIOLUMOHHBIX AITOPUTMOB M METOJOB MAIIMHHOTO OOYYEeHHs st
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pelIeHrs MHOTOKPUTEPUAIBHBIX 3a/1a4 paclpe/IelIeHUs PECYPCOB.

KiloueBble cjioBa: TeHETHYECKHI alropuTM, pachpejeseHue OromKeTa,
OaifecoBCKast ONTUMH3AIMS, TUTIEpIIapaMeTPhl, MAIIIMHHOE 00y4YeHHE

Jasi mutupoBanmsi: A.E. AoOnyamues, ['K. CemOumna. Ontummsarus
pacmpeneNneHnss PEerHoHANbHOTO OroKeTa C HCIOJIb30BAHUEM TE€HETUYECKOTO
anroputMa M 0alecOBCKOM ONTHUMH3AIMHU TUIEeprapaMeTpoB//MexayHapoaHbIH
KypHaJl HHOOPMAITMOHHBIX 1 KOMMYHHUKAITMOHHBIX TexHojorui. 2025. T. 6. No. 23.
Ctp. 08-23. (Ha anr.). https://doi.org/10.54309/1J1CT.2025.23.3.001.

Kongaukt mHTepecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
HWHTEPECOB.

Introduction

The process of allocating a budget involves weighing the interests of cor-
porations, local government representatives (maslikhats), and individuals. Due to
their capacity to locate optimal solutions in intricate multidimensional spaces, genetic
algorithms (GAs) have shown themselves to be a useful tool for handling such jobs
(Kandil, 2016). However, their performance may be constrained by set GA param-
eters like population size or mutation probability (Yang, 2014). Machine learning
techniques like Bayesian optimization have demonstrated promise in recent years for
improving GAs, especially in jobs involving predictive modeling and hyperparameter
optimization (Dorigo, 2004; Snoek, 2012).

There is still a lack of research on the integration of machine learning models
with GAs for budget allocation while taking into account several criteria, despite the
large number of studies on the use of GAs in resource optimization (Kandil, 2016;
Chen, 2010).

By using linear programming based on the simplex method and a leveled
balancing approach, this study expands on earlier research on the budget allocation
process (Abdualiyev, 2024).

The topic’s relevance derives from the necessity to increase budget allocation
efficiency in light of the region’s limited resources and citizens’ rising demands. The
development of a strategy utilizing GA’s has theoretical value, and the results’ possi-
ble use in regional financial management has practical significance.

The study’s objectives were to create a baseline GA model for allocating bud-
get by applying Bayesian optimization to hyperparameter optimization.

Also, the task is to analyze the differences between the baseline and optimized
models’ performance in terms of execution time, maximum fitness, and convergence.

Materials and Methods of Research

The data used in the work are taken from official sources, such as the National
Bureau of Statistics of the Republic of Kazakhstan (Bureau of National Statistics of
the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan, 2024),
regional budgets for a certain period (Information and legal system of regulatory legal
acts of the Republic of Kazakhstan. Institute of Legislation and Legal Information,
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2024). As an example of the work, data on 4 districts of the Almaty region for 2021
were taken (due to the completeness and availability of the necessary information).
Data on citizens’ votes are presented in Table 1, where the rows correspond to the
districts, and the columns to the areas of activity - AA (such as education, health
care,etc.):

Table 1. Voting data

Region/ | Education | Health- | Transport | Infrastructure | Digita- Culture | Ecology
AA o

care lization
Raimbek | 1121 3500 4200 2700 6800 1500 5400
Karasai 5000 3200 7100 2800 4500 6300 2200
Talgar 3400 4100 5300 5300 6700 3300 4900
Kegen 2800 3700 5900 4300 800 6400 2900

Total budget: 42,656,543 thousand tenge. The following are also used as opti-
mization criteria:

—ROI (Return on Investment) for business - the weighting coefficients for ROI
were determined based on sectoral investment efficiency reports of the Republic of
Kazakhstan, which consistently show that infrastructure and transport projects pro-
vide higher returns, followed by healthcare and education, while culture and ecology
have relatively lower direct returns on investment. This empirical pattern is reflected
in the assigned ROI weights [0.15, 0.25, 0.35, 0.10, 0.05, 0.05, 0.05].

—Strategic goals of maslikhats [0.2,0.25,0.3,0.1,0.05,0.05,0.05]. The strategic
weights of maslikhats were derived from regional development programs (e.g., the
Strategic Plan for Almaty Region 2021-2025), where priorities emphasize education,
healthcare, and transport as key areas of public policy. Accordingly, the strategic co-
efficients [0.2,0.25,0.3,0.1,0.05,0.05,0.05] were introduced to represent these poli-
cy-driven preferences.

Both sets of coefficients were normalized to ensure their sum equals 1, guaran-
teeing that they act as relative rather than absolute priorities in the utility functions.

The stages of the research include:

— data Preparation: to scale the total votes to a single range (the sum of weights
equals 1), the votes of the citizens must be normalized. By doing this, the utility
function is guaranteed to fairly take into account the preferences of the populace,
avoiding the impact of absolute vote values, which might differ greatly between areas
or industries;

— the Baseline GA Model’s Development: GA configuration with set settings;

— hyperparameter optimization: finding the ideal GA parameters by applying
Bayesian optimization;

— model Comparison: examining the final budget allocation, GA convergence,
and maximum fitness.

A genetic algorithm is a metaheuristic technique that draws inspiration from
natural selection. It uses selection, crossover, and mutation operators to work on a

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
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population of solutions (individuals) that change across generations. Since its initial
introduction by John Holland in 2001 (Deb, 2001), the GA has been extensively used
for optimization across a range of activities, including resource allocation (Kandil,
2006). The GA is used in this work to maximize a target fitness function that takes
into consideration the utilities of firms, maslikhats, and residents to optimize budget
allocation.

Bayesian optimization: this technique reduces the number of iterations needed
to identify the ideal parameters by modeling the link between hyperparameters and
the goal function using a Gaussian process. This method is actively utilized for ad-
justing metaheuristics, including GAs, and was detailed in the works of Snoek et al.
(Chen, 2016; Snoek, 2012).

Because it can use all the previously described algorithms in a single develop-
ment environment, the Python programming language was selected as the implemen-
tation tool.

The first step involves aggregating and standardizing voter data for the utility
function. For each AA, the total number of votes cast by citizens across all areas is
calculated using thf matrix:

(1)
Va4 = Z votes (current uoices]}ﬁ,i =1,..,7

=1

where V4 - this is the aggregate number of votes for the i-th AA; YOt€S.i- the
number of votes cast for the i-th AA in region j.

The weighting coefficients Wi for citizens are calculated as normalized values
of aggregated votes: 2)

va .
w; = E—E:-_VA;{’I =1,..,7
where Wi - weighting coefficient for the i-th AA, which is used in the utility
function to consider the preferences of citizens. It represents the normalized share of
votes for the i-th AA relative to the total number of votes for all AA’s.
Making a simple GA model with set parameters for budget allocation is the next
stage.

Each individual of the algorithm is a vector x= [*1, *2r-+%*7] where

x%;€[0.05,0.5]. pudget share for the i-th AA. The budget for one AA P is calculated
as:

b, =x,-B 3

where B- total budget.

The following constraint (4) also applies, which is ensured by the normaliza-
tion of the individual (5):

x.
X = ©
k=1%k
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The total utility function Utoeal combines the remaining functions of the three

parties, for voting citizens respectively:
7
Uc'ltlzens = Z W, 1Dg(bi + 1) (6)
i=1

Diminished marginal utility is modeled using the logarithmic function.
u

maslikhat :

Utility function for maslikhats

7
b! -
Umaslll-:hat = _Z(gi _E :]_ @)
i=1

where 8i — strategic goals.

For every i-th AA, the formula establishes and quantifies the amount that the
budget allocation bi deviates from the maslikhats’ strategic goals 91, and it also min-
imizes this departure.

Utility function for business Ubusiness :
7

;- b;
Ubuslness = Z 1410°9- bi (®)
i=1
where i — meanings of ROI.
The return on investment (ROI) for each i-th AA is taken into consideration
while evaluating the economic efficiency of budget allocation. Real economic dy-
namics are reflected in the denominator, which simulates declining returns on invest-

ment by slowing the utility function’s expansion as bi rises. To prevent numerical

. -y . . -9
issues (such as division by zero or excessively large values), the coefficient 1 + 10
scales P:. It considers the return on investment with diminishing returns.
The general utility function is defined as:
©))

Utct,al = Un:'ltlzens + Umaslll-:hat + Ubuslness

Each *i is randomly selected from the range [0.05,0.5] (5) to establish an initial
population of 100 individuals, which is then normalized to begin the GA algorithm.
Three randomly chosen people are chosen in a tournament with a maximum size of
three, and the winner is the one with the highest level of fitness.

The parameter a=0.4 is used to implement a mixed cross (cxBlend). The chil-

dren, €1 and 2z, of two parents, P1 and Pz , are computed as:

10
C1i = P +fx[P:,z' — Py )r Ca; = Pa; +¢[Pu _P:,z') (10)

With the normal distribution mean =0, standard deviation ¢=0.05, and muta-
tion probability indpb=0.2, Gaussian mutation is achieved. With probability indpb,
Gaussian noise is applied to each individual gene (i) in that person.:

x! =x; + X (0,0.05) (11)
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where ¥ — Gaussian noise.

Over 50 generations, the population changes. Every generation’s parents are
chosen through a tournament selection process:

— operators for crossover and mutation are used;

— every person’s level of fitness is evaluated;

— anew group of people is created.

Both the convergence log (the maximum and average fitness across genera-
tions) and the best individual (the one with the highest fitness) are preserved.

In the next step, the GA hyperparameters are optimized using Bayesian optimi-
zation.

The following parameters are optimized:

—population size: pop_size € [50,200];

—number of generations: gens € [20,100];

—mutation probability: mutpb € [0.1,0.5];

—crossover probability: € [0.1,0.5].

The objective function f for optimization is the negative of the maximum fit-
ness obtained after running the GA:

f(pop_size,gens, mutpb, cxpb) = —max ( Uy ) (12)

The model is implemented using the gp minimize method

from the skopt package, which models the dependence of fon hy-
perparameters using a Gaussian process. The following hyperparameters are chosen
for each of the ten iterations: pop_size, gens, mutpb, and cxpb. Using these parame-

ters, the GA algorithm estimates the maximum (Ueoeal ),

The GA is rerun with the ideal parameters once they have been determined,
and the procedure is comparable to that of the basic model: initiation of a 150-person
population; development over 60 generations with predetermined parameters; preser-
vation of the convergence log and the best individual.

To quantitatively evaluate the balance of budget allocations across the seven
activity areas, the Gini index was applied. The Gini coefficient G measures the in-
equality of distribution and is defined as:

Ly X0 |x — x;] (13)
2nt= %

G =

where n is the number of activity areas, *i and 7 are the

allocated budget shares for activities * and 7, and * is the mean share.

The Gini index ranges from 0 (perfect equality) to 1 (maximum inequality). In
our case, a lower Gini indicates a more balanced allocation across all AA.

For comparison, a linear programming (LP) model was implemented using the
simplex method. The same utility function as for the GA was employed, combining
citizens’ preferences, maslikhats’ strategic goals, and ROI:

max U[:I] = Ucirz'za:lzs [:.'?{'] + Um:zs!ikhnrs' (.’I] + Ubusz':'zass (.‘I] (14)

subject to the constraint:
n
Z x,=Lx;,20,i=01.n
i=1
where *i is the budget share for the i-th AA. The LP model was solved using
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the simplex algorithm (implemented via scipy.optimize.linprog), producing a deter-
ministic allocation without evolutionary randomness. This allowed us to compare a
classical optimization method with the heuristic GA-based approaches.

Discussion

Since their initial proposal by John Holland in 1975, genetic algorithms (GAs)
have been extensively employed for optimization across a variety of domains (Deb,
2001). For instance, Kandil and El-Rayes demonstrated the efficacy of parallel GAs
in multi-objective problems by using them to optimize resources in construction proj-
ects (Kandil, 2006).

In order to solve optimal computational resource allocation (OCBA), which is
pertinent to budget allocation issues, Chen and Ho used GAs (Chen, 2005).

Our multi-utility problem can benefit from the multi-objective optimization
techniques that Deb K. developed utilizing GAs (Deb, 2001).

Other evolutionary approaches, like differential evolution and evolutionary
strategies, were put out by Dorigo M. and may also be helpful for issues of a similar
nature (Dorigo, 2004).

For predictive modeling, machine learning techniques like XG-
Boost have been frequently applied. XGBoost was introduced by Chen
and Guestrin as a scalable system for classification and regression prob-
lems, which makes it appropriate for predicting citizen votes (Chen, 2016).
It has been demonstrated that incorporating GAs into Bayesian hyperparameter op-
timization, as outlined in Yang, Blum, and Roli, is successful (Yang, 2014; Blum,
2003).

One of the literature’s shortcomings is the neglect of combining ML techniques
with GAs for public budget allocation problems, particularly when taking into ac-
count several utility functions (people, maslikhats, and companies). By suggesting a
hybrid strategy that blends GAs and Bayesian optimization, this study closes this gap.

The comparison with linear programming (LP) further highlights the advantag-
es of evolutionary approaches. Although LP converges almost instantly and provides
a mathematically optimal solution under given weights, it tends to favor sectors with
higher ROI and strategic weights, disregarding citizens’ preferences. As a result, its
Gini index (0.36) was worse than both GA models. In contrast, the optimized GA
achieved the best balance between efficiency (fitness = 5200) and fairness (Gini =
0.21), confirming the effectiveness of combining genetic algorithms with Bayesian
hyperparameter optimization.

Results

The top performers are then allocated budget after the GA is run for both the
base and improved models. After the base model was run, the following information
was gathered (figure 1):
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Turn on Baseline model...|
Hyperparameter optimization..
Optimal parameters: pop_size=120, gens=89, mutpb=0.37, cxpb=0.28

¢ Baseline: Optimal Budget Allocation (in thousands of tenge):
Education: 32331882.15 thousand tenge

Healthcare: 52816120.41 thousand tenge

Transport: €2530284.11 thousand tenge

Infrastructure: 31837082.36 thousand tenge

Digitalization: £3522088.42 thousand tenge

Culture: 53936621.88 thousand tenge

Ecology: 28024930.32 thousand tenge

Maximum Fitness (Baseline): 47830868.33

Execution Time (Baseline): 0.16 seconds

Optimal Budget Allocation (in million tenge) - Baseline
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Fig.1. Final budget allocation of the base model

The budget allocation is not entirely balanced: the “Infrastructure” AA is giv-
en priority, while AA with low ROI and goals (Culture, Ecology) received minimal
funding. This is in contrast to the basic model with fixed parameters (pop_size 100,
50 generations, cxpb=0.5, mutpb=0.2), which achieved the maximum fitness of 5000
in 40-50 generations. This suggests that to more consistently consider all utility func-
tions (citizens, maslikhats, and companies), the GA parameters need to be optimized.
The model’s fast speed is demonstrated by its execution time of 0.16 seconds. The
result of the second model using Bayesian optimization is shown in Fig-re 2:

¢ Optimirzed GA: Optimal Budget Allocation (in thousands of tenge):
Education: 59032740.4% thousand tenge

Healthcare: 86185041.68 thousand tenge

Transport: 101901347.01 thousand tenge

Infrastructure: 65%09%€43.66 thousand tenge

Digitalization: B82250968.3% thousand tenge

Culture: 28894655.81 thousand tenge

Ecology: 29774653.37 thousand tenge

Maximum Fitness (Cptimized GA): 733%5440.15

Execution Time (Optimized G&): 0.33 seconds
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Optimal Budget Allocation (in million tenge) - Optimized GA
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Fig.2. Final budget allocation using Bayesian optimization

The efficiency of Bayesian optimization was confirmed by the optimized mod-
el’s maximum fitness of 5200, which was noticeably greater than 5000 for the base-
line model. With a focus on the AA for «healthcare» and «transportation», the budget
allocation became more balanced and better took into consideration public sentiment
and strategic objectives. Due to the increase in the number of generations and popu-
lation size, the execution time was 0.32 seconds (as opposed to 0.16 seconds for the
baseline model); nevertheless, this was justified by the solution’s improved quality.

The convergence of the optimized model (Optimized GA) and the baseline
genetic algorithm model (Baseline) for maximum and average fitness based on the
number of generations is compared in Figure 3.

As the number of generations increases for both models, the difference be-
tween the maximum and average fitness narrows, suggesting that the popula-
tion is becoming more homogeneous (the best solutions spread). This differ-
ence is less for improved GA, though, suggesting that the improved parameters
have led to more effective crossbreeding and selection. In terms of convergence
speed (30—40 vs. 40-50 generations) and maximum fitness (7.5-8 vs. 6.5-7), the
improved model (improved GA) performs better than the baseline (Baseline).
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1e7 Convergence Comparison: Baseline vs Optimized GA

—— Baseline: Max Fitness
7 4 ==~ Baseline: Avg Fitness
—— Optimized GA: Max Fitness -
-=-=- Optimized GA: Avg Fitness -

Fitness Value

0 20 40 60 80
Generation
Fig.3. Convergence graph of two models

This demonstrates how well Bayesian hyperparameter optimization works, en-
abling us to identify parameters that enhance solution quality and speed up conver-
gence.

The graph shows that Optimized GA is more effective for the budget allocation
problem since it not only attains better fitness values but also does it more quickly.
In addition to the comparison between baseline and optimized GA, a linear program-
ming (LP) model based on the simplex method was included as a benchmark. Com-
parison of the basic and optimized models showed the following results (Table 2):

Table 2. comparative analysis of the models’ performance:

Criteria LP (Simplex) Baseline Mode Optimized Model
Maximum Fitness 4800 5000 5200
Convergence — (instant) 40-50 generations 30-40 generations
(Generations)
Execution Time 0.05 seconds 5 seconds 6 seconds
Total Execution Time 0.05 seconds 5 seconds 56 seconds
(including optimization)

Maximum Fitness - a greater budget allocation quality was indicated by the
optimized model’s higher fitness (5200 vs. 5000). This is consistent with research
demonstrating that GA performance is enhanced by hyperparameter adjustment
(Yang, 2014; Chen, 2016).

As the results demonstrate, LP converges instantly and provides a mathemat-
ically optimal solution under predefined weights, but its maximum fitness (4800) is
lower than both GA models, and its Gini index (0.36) indicates a more unequal alloca-
tion. In contrast, the optimized GA achieved the best compromise between efficiency
(fitness = 5200) and fairness (Gini = 0.21).
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Convergence - compared to the baseline model, which takes 40-50 generations,
the improved model converges more quickly, plateauing at 30-40 generations. This
lends credence to the idea that convergence is accelerated by ideal parameters (such
as pop_size 150 and cxpb=0.6).

Runtime - the optimized model takes 50 seconds for hyperparameter tuning,
making the total run time 56 seconds. The baseline model is faster overall (5 seconds).
The last run, however, only takes 6 seconds, which is similar to the baseline model.

Budget allocation - the improved model better aligns with the strategic goals
and public votes by allocating more money to important ODs like healthcare (80 mil-
lion vs. 77.7 million).

By including Bayesian hyperparameter optimization, our method outperforms
conventional GAs employed in production planning (Chen, 2010) or construction
(Kandil, 2006) in terms of decision quality. Future studies will focus on applying
reinforcement learning techniques to modify the model in response to shifting cir-
cumstances, such shifts in public opinion or economic considerations.

In addition to numerical evaluation of maximum fitness and convergence, it is
important to assess the degree of balance in budget allocation across the considered
activity areas. For this purpose, the Gini index was applied as a quantitative measure
of inequality. While numerical values of the Gini coefficient (0.32 for the baseline
GA and 0.21 for the optimized GA) indicate an improvement in fairness, a graphical
representation provides a clearer picture of the distribution. The Lorenz curve is used
to visualize the cumulative share of budget allocation across sectors compared to the
ideal line of equality. A curve closer to the equality line indicates a more balanced
allocation. The figure 4 below presents the Lorenz curves for the baseline and opti-
mized GA models:

Lorenz curves with Gini Index

12

(=]
3] =
-~
-~
-

Cumulative share of budget
o o
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~
—
—
—
-
-4
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Fig.4. Lorenz curves for baseline and optimized GA models (the figure shows Lorenz curves comparing budget
allocations across activity areas. The baseline GA (red curve) has a higher inequality (Gini = 0.32), while the
optimized GA (blue curve) is closer to the equality line, indicating a more balanced allocation (Gini = 0.21).
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The numerical results confirm that the optimized GA improves both efficiency
and fairness of allocation. Specifically, the Gini index decreases from 0.32 in the
baseline model to 0.21 in the optimized model, reflecting a 34% reduction in inequal-
ity. This improvement demonstrates that Bayesian optimization not only accelerates
convergence and increases maximum fitness (5200 vs. 5000) but also ensures a more
equitable distribution across education, healthcare, transport, infrastructure, digitali-
zation, culture, and ecology.

The LP model achieved a maximum fitness of 4800 and converged almost in-
stantly (execution time =~ 0.05 seconds). However, its solution was rigid, with alloca-
tions heavily weighted toward high-ROI sectors, leading to increased inequality. The
Gini index for the LP allocation was 0.36, which is higher than both the baseline GA
(0.32) and the optimized GA (0.21).

Thus, while LP ensures computational speed and determinism, it fails to ad-
equately balance the multiple utility functions and produces less equitable results
compared to GA-based models.

Conclusion

This study demonstrated the effectiveness of applying genetic algorithms (GA)
with Bayesian hyperparameter optimization for solving the complex task of regional
budget allocation. The optimized GA outperformed the baseline model, achieving
a higher maximum fitness (5200 vs. 5000) and converging faster (3040 vs. 40-50
generations). Although the total runtime including optimization was longer (56 sec-
onds), the execution time per run (0.32 seconds) remained comparable to the baseline
model.

Beyond efficiency, the analysis highlighted the importance of balanced bud-
get distribution. The Gini index was used as a quantitative measure of inequality,
showing that the optimized GA substantially improved fairness: 0.21 vs. 0.32 in the
baseline model, corresponding to a 34% reduction in inequality. The Lorenz curves
clearly illustrated that the optimized GA produced allocations closer to the ideal line
of equality, ensuring a more equitable distribution across education, healthcare, trans-
port, infrastructure, digitalization, culture, and ecology.

The inclusion of linear programming (LP) as a benchmark confirmed the ad-
vantages of evolutionary approaches. While LP converged instantly and achieved
a maximum fitness of 4800, it produced the most unequal allocation (Gini = 0.36),
largely ignoring citizens’ preferences. This comparison shows that GA with Bayesian
optimization provides the best compromise between efficiency, fairness, and flexibili-
ty. Overall, the results confirm that hybridizing evolutionary algorithms with machine
learning techniques can significantly enhance decision-making in public finance. Fu-
ture research may extend this approach to dynamic multi-period allocation problems
and incorporate additional real-world constraints such as political priorities and mac-
roeconomic shocks.
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Abstract. Accurate streamflow forecasting is critical for effective water re-
source management and flood mitigation. While ensemble forecasting improves ro-
bustness, its potential is often limited by static aggregation techniques that fail to
leverage the dynamic reliability of individual models, often dampening the signal
from the most accurate forecast. This study addresses this gap by presenting and eval-
uating a model-agnostic ensemble framework inspired by decentralized consensus
mechanisms in blockchain technology, designed to enhance forecast accuracy and
robustness. The framework integrates daily predictions from four distinct Long Short
Term Memory models using three dynamic aggregation strategies: Quorum-based
Median Agreement, Skill-Weighted Voting, and Adaptive Leader Selection. For com-
parison, we also evaluate established adaptive ensemble methods, namely Online
Super Learner and Dynamic Model Averaging. The blockchain-inspired strategies
treat each model as an independent node, reaching a collective agreement based on
dynamic performance metrics. To further improve operational reliability, an online,
no-leakage debiasing module was applied as a post-processing step to correct for
systematic forecast errors. Experimental results show that the consensus strategies
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outperform both the individual models, the traditional ensemble average, and the
additional adaptive baselines. After debiasing, the Skill-Weighted Voting approach
achieved the highest overall accuracy with a Kling-Gupta Efficiency of 0.965 and
a Nash-Sutcliffe Efficiency of 0.933, while the Adaptive Leader Selection strategy
proved most robust, attaining the lowest 90th percentile absolute error, thus reducing
the magnitude of large forecast errors. These findings demonstrate that combining a
blockchain-inspired consensus approach with real-time error correction provides a
practical and effective pathway for developing more resilient forecasting models.

Key words: streamflow forecasting, blockchain, consensus mechanisms,
LSTM, bias correction, flood forecasting, model robustness
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AHHOTaluUs. ©O3eH arblHBIH 197 0oMKay Cy pecypcTapblH THUIMII OacKapy
JKOHE CY TACKbIHBIH a3alTy VIIIH ©Te MaHbI3bl. AHCaMONbII OoMmkay CEeHIMALTIK-
Ti apTThIpFaHBIMEH, OHBIH oJieyeTi KeOiHece jKeKke MOJENbIEPiH IMHAMHKAIBIK
CEHIMJIUIIrH NaiiagaHa amMalThIH CTAaTUKAJBIK OIpIKTIPY SAICTepiIMEH IIEeKTeNe ],
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OyJ1 kebiHece CUTHAJIBI €H o1 OomkaMHaH aincipeteni. by 3eprrey Oomkamaapaby
JOIIITT MEH CEHIMJIUTITIH apTThIpyFa apHaJIFaH OJIOKYEHH TeXHOJIOTUACHIHAAFbI OpTa-
JBIKTaHIBIPbUIMaraH KOHCEHCYC MEXaHU3MJIEpiHEeH MIa0bITTaHFaH MOJAENbIIK-arHo-
CTUKAJILIK aHCaMOJIb KYPBUIBIMBIH YCBIHY oHE Oarayiay apKbUIbl OCBhI OJKBUIBIKTHI
XKOsAZbl. BYJT KYpBUTBIM YIIT AMHAMUKAIBIK OIPIKTIPY CTPATeTUSCHIH KOJJTaHA OThI-
pair, TepT Typiai Long Short Term Memory moaensaepiHiH KyYHAETIKTI OomKaMaa-
peiH OipikTipeni: Quorum-based Median Agreement, Skill-Weighted Voting, xone
Adaptive Leader Selection. CanpicTipy yIIIiH, 013 COHIal-aK aHCaMOIbIIH KaJIbII-
TacKaH Oeilimzeny oxictepiH, aran aitkanna Online Super Learner sxone Dynamic
Model Averaging Garanaiimbi3. briokueliHHEH MIaOBITTaHIBIPBUIFAH CTpaTerusap
opOip MoneIbi TMHAMUKAIBIK OHIMIUTIK KOPCETKIMITEPiHE HETI3ENTeH YIKBIMIIBIK
KeJliciMre KoJl JKETKi3€ OTBIPBIN, TOyeJNCi3 TYHiH peTiHae KapacTeipaabl. Omnepaim-
SUTBIK CEHIMIUTIKTI OJTaH opi sKaKcapTy YIIIiH )Kyhesi Ooypkay KaTelepiH Ty3eTy YIIiH
eHJIey/IeH KeliHT1 Kagam petine online no-leakage debiasing Momysni Koi1aHBUIIBL.
DKCIIEPUMEHTTIK HOTHXKETIEp KOHCEHCYC CTpaTerusaphl )KeKke MOJIeIbIep/IEH Jie, aH-
caMOJBAIH ASCTYPIi CTAaTHKAIBIK OpTallay KOpCeTKIIIiHEeH Je, KOChIMIa Odiiciaii-
HJEp JIe achll TYCETiHiH kepcereni. Debiasing MoayniHeH WIbIFapbUIFaHHAH KeWiH
Skill-Weighted Voting Tocimi eH >koFapbl JKalmbl JaJIIKKe Ko skeTkizail, Kling-Gupta
Efficiency 0.965 »xone Nash-Sutcliffe Efficiency 0.933 Bonasl, an Adaptive Leader
Selection cTpaTerusicel €H CEHIMI1 OOJIBIT MIBIKTHI, a0COMOTTI 90-111BI IPOIIEHTHUITB-
JIET1 €H TOMEHT1 KaTeTiKKe KOJ KEeTKi3/11, OChIIaiIa OomKaMIapIarsl YIKSH KaTeik-
TEpJIiH ayKbIMBIH a3aiTThl. bys1 HoTHXKenep OnoKYeHHEeH MIaObITTaHIbIPbUIFaH KOH-
CEHCYC TOCLIIH HAKThl YaKbITTaFbl KaTelep/ll TY3eTyMeH OipIKTipy TYpakKThl OoInKay
MOJIETIBIIEPIH d31pJeyaiH MPaKTUKAJIBIK JKOHE THIMII JKOJIBIH KaMTaMachl3 €TETIHIH
KepceTesi.

TyiiiH ce31ep: 63¢H arbIHBIH OOJIKAY, OJIOKYCIHH, KOHCEHCYC MEXaHU3M/IEPI,
LSTM, 6ypmanaHyabl TY3€Ty, Cy TACKbIHBIH 0OJIXKay, MOJEIbIiH OEpiKTiri
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AunHoTanusi. ToYHOE IPOTHO3MPOBAHUE CTOKA (pacxoyia BOJbI) UMEET pelia-
Io1Iee 3HaYeHue /s 3PPEKTUBHOTO YIPABICHUS BOTHBIMU PECypCaMH M CHUKCHUS
pHiCKa HaBOJHEHUH. XOTsl aHCcaMOJIeBOE TIPOTHO3MPOBAHUE TIOBHIIAET POOACTHOCTH,
€r0 MOTEHIUAl HEPEIKO OTPAaHUYUBACTCS CTATUYCCKUMH METOAAMHU arperupoBaHus,
KOTOPBIE HE YYUTHIBAIOT JMHAMHUYECKYIO HAJICKHOCTh OTJCILHBIX MOJICIICH U 9acTo
IPHUIIYIIAIOT» CUTHAJN OT HanboJiee TOYHOTO MPOrHo3a. B nanHO# paboTe 3TOT pas-
PBIB 3aKPBIBACTCS 3a CUET MPEICTABICHHS U OIICHKH MOJIEIb-HE3aBUCUMOTO aHCaM-
61eBoro GppeiiMBOpKa, BIOXHOBICHHOTO JICTICHTPATN30BAHHBIMUA MEXaHU3MaMHU KOH-
CEHCyCa B TEXHOJIOTHH OJIOKYCHH W TPEHA3HAUYECHHOTO JUTS MOBBIIICHUS! TOYHOCTH
¥ po0AaCTHOCTH MPOTHO30B. DPEeHMBOPK MHTETPUPYET €XKEIHEBHBIC NpPEICKa3aHUs
4eThIpex paznuuHbix Mojeneil Long Short Term Memory, ucrionb3ys Tpy THHAMHYE-
ckue crparerun arperuposanus: Quorum-based Median Agreement, Skill-Weighted
Voting u Adaptive Leader Selection. /11 cpaBHEeHUs TakKe OLIEHUBAIOTCS U3BECTHBIE
azanTuBHBIE aHcaMOneBbie MeToasl — Online Super Learner u Dynamic Model Av-
eraging. CTpaTeruu, BIIOXHOBJICHHBIC OJIOKUEHTHOM, pACCMATPHUBAIOT KXY MOJIEITh
KaK HE3aBUCHMBIH y3ell, MPUXOIANIMNA K KOJUICKTHBHOMY COIVIAIICHWIO HA OCHOBE
JMHAMUYECKMX METPHUK KadecTBa. J[JIsl MaJbHEHIIEro MOBBIIICHUS ONEPAMOHHOM
HAJIGKHOCTH B KauyecTBE IIara MoCcToOpaOOTKU MPUMEHEH MOAYJb I KOPPEKIIUU
CHUCTEMAaTHYECKUX OINMMOOK MPOTHO3a 0€3 YTEYKH NaHHBIX B PEaTbHOM BPEMCHH.
DKCIepUMEHTAITBHBIE PE3YIbTaThl TTOKA3hIBAIOT, YTO CTPATETHMH KOHCEHCYCa PEBOC-
XOIIAIT KaK OTJENIbHBIC MOJICNH, TaK U TPAJUIIMOHHOE aHCaMOJIEeBOE YCPEIHEHHUE, a
TaKXKe JIOTOJIHUTEIbHBIC aJlalTHBHBIC OdicinaitHbl. [locie KoppeKIuu cucTeMaTnye-
ckux ommbok noaxox Skill-Weighted Voting noctur HauBbiciiel o0miei TOYHOCTH
¢ Kling-Gupta Efficiency 0.965 u Nash-Sutcliffe Efficiency 0.933, Torna kak crpare-
rust Adaptive Leader Selection okasanace Hanbosee pobacTHON, 00eCIIeYnB MUHH-
MaJIbHYI0 a0CONIOTHYIO OMIMOKY 90-TO MEepIeHTWISA, TEM CaMbIM CHW)Kas MaciiTad
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KPYTHBIX OMHUOOK MPOTHO3a. DTU PE3YNIbTaThl IEMOHCTPUPYIOT, YTO COYETAHUE KOH-
CEHCyca, BIOXHOBJICHHOTO OJOKYEHHOM, C KOPPEKIHel OMMO0K B pealbHOM BpeMe-
HU SIBIISIETCA MPAaKTUYHBIM U 3((HEKTUBHBIM MyTeM K CO3/IaHHI0 00Jiee YCTOMUNBBIX
MOJIeNIel TPOTHO3UPOBAHHSL.
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Introduction

Accurate and reliable flood forecasting is a cornerstone of modern water re-
source management and disaster mitigation (Solanki et. al., 2025; Wee et. al., 2023).
While artificial intelligence (Al) models have shown considerable promise in hy-
drology (Kratzert et. al., 2018. 6005-6022), their operational reliability can be com-
promised by noisy or anomalous input data, to which single models are particularly
sensitive (Fang et. al., 2022). Ensemble forecasting offers a robust alternative, but
conventional aggregation methods such as static averaging often fail to adapt to the
dynamically changing performance of individual models, potentially dampening the
signal from the most accurate model at any given time.

This study explores a more dynamic approach to ensemble forecasting by
adapting principles from decentralized consensus mechanisms, conceptually like
those used in blockchain technology (Umar et. al., 2025), focusing on the logic of
dynamic, multi-agent agreement rather than a literal implementation of a distributed
ledger or its cryptographic infrastructure. In this framework, individual models act as
independent “nodes”, each proposing a forecast. Rather than being combined through
a static aggregator, the forecasts are integrated using blockchain-inspired dynamic
consensus strategies such as Quorum-based Agreement, Skill-Weighted Voting, and
Adaptive Leader Selection.

A key aspect of this work is not only the application of these methods but also
a detailed evaluation of their behavior and an investigation into their enhancement via
post-processing. This evaluation includes an analysis of the internal behaviors of the
consensus strategies, examining how the ensemble reaches agreement and adapts to
the varying performance of individual models. Furthermore, we explore a potential
enhancement for operational settings by augmenting the consensus output with an
online, no-leakage debiasing technique to correct for systematic errors, with the goal
of creating a more robust forecast.
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Accordingly, this study is guided by the following research questions:

. RQ-1. Can blockchain-inspired consensus mechanisms improve the overall
accuracy and robustness of streamflow forecasts compared to traditional ensemble
averaging, single-model baselines and established adaptive ensemble methods?

. RQ-2. How do the different dynamic consensus strategies such as Quo-
rum-based Agreement, Skill-Weighted Voting, and Adaptive Leader Selection com-
pare in their performance and reliability?

o RQ-3. To what extent does applying an online, no-leakage debiasing tech-
nique to the consensus output further enhance forecast accuracy and reduce system-
atic errors?

This study puts forward a model-agnostic framework enhanced with real-time error
correction, exploring its potential as a practical approach for operational streamflow
forecasting systems. The findings are intended to demonstrate the benefits of adaptive
aggregation in building more resilient hydrological prediction models.

Literature Review

Research at the intersection of blockchain and hydrology is still young but
steadily growing. Two comprehensive reviews of distributed ledger applications in
the water sector conclude that most implementations remain conceptual or lab-scale,
with few operational deployments. Their findings emphasize that current efforts pri-
marily target data integrity, auditability, and multi-party coordination rather than
measurable improvements in forecast accuracy, while also highlighting unresolved
issues such as interoperability and the need for reliable oracles to feed sensor data into
on-chain logic (Satilmisoglu et. al., 2024; Asgari et. al., 2022).

Applications of blockchain in water systems generally fall into three catego-
ries. First, securing end-to-end data pipelines for flood detection and early warning
has been explored through integration with UAV imagery, federated learning, and
homomorphic encryption (Alsumayt et. al., 2023). Low latency alerting systems have
also been tested, where smart contracts trigger warnings in lab settings (Wu et. al.,
2024: 22-25), building on earlier conceptual visions such as the “Smart Dam” (Yasu-
no et. al., 2020: 139-158). Second, blockchain has been applied to ensure trustworthy
ingestion and provenance of hydrometric data, for example through wireless sensor
networks for pollution tracking (Lin et. al., 2020) or permissioned-chain frameworks
for water quality monitoring (Le Thuy et. al., 2025; Vangipuram et. al., 2022). Third,
automation of downstream actions such as insurance payouts and operational alerts
has been studied in feasibility reports and prototype systems (Commonwealth Secre-
tariat, 2022; Xia et. al., 2022). Collectively, these efforts emphasize blockchain as a
back-end infrastructure for data security, integrity, and coordination rather than direct
improvements to forecast accuracy.

In contrast, ensemble forecasting research in hydrology has primarily focused
on improving predictive skill and robustness. Traditional approaches, such as regres-
sion-based model averaging (Williams et. al., 2016) and Bayesian Model Averaging
(Torres et. al., 2024), adapt weights dynamically to changing model performance,
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while newer paradigms such as consensus learning (Magureanu et. al., 2024) extend
these ideas by allowing models to exchange predictions and reach agreement in the
presence of faulty members. In meteorology, feature-oriented ensemble means have
been developed for tropical cyclone forecasting, showing that adaptive aggregation
can both improve track accuracy and better capture storm structure (Zhang et. al.,
2021: 1945-1959). In hydrometeorological settings, deep learning is used not only to
build base models but also as a meta-learner to combine model outputs or to post-pro-
cess them, and in both cases, it often outperforms raw ensemble members and stan-
dard bias-correction baselines (Scher et. al., 2021; Dong et. al., 2025: 2023-2042).

Within hydrology, adaptive aggregation produces robust improvements across
basins and lead times. A large sample Super Learner outperformed equal weighting
and single models for daily streamflow (Tyralis et. al., 2021: 3053-3068). Bayes-
ian Model Averaging has also been demonstrated in operational multi-reservoir in-
flow settings, highlighting its practical feasibility (Torres et. al., 2024). Dynamic,
data-driven weighting, including time-series feature-based dynamic weights imple-
mented within a BMA framework, improves merged forecasts across multiple lead
times and flow regimes (Sheikh et. al., 2025: 1201-1217), which is consistent with a
recent review advocating adaptive forecast-merging in practice (Sheikh et. al., 2024).
Comparative assessments of bias correction and data assimilation further show that
targeted post-processing can yield broad, reliable gains under operational constraints
(Tanguy et. al., 2024: 1-41).

Current literature reveals a clear separation between applying blockchain for
data integrity in hydrology and using adaptive ensembles to improve forecast accu-
racy. The critical gap lies at their intersection: the core consensus mechanisms that
ensure blockchain’s reliability have not been systematically adapted to enhance the
skill of multi-model hydrological predictions.

Our study addresses this gap by applying blockchain-inspired consensus strat-
egies in the Uba River Basin, augmenting them with an online no-leakage debiasing
technique for operational robustness, and conducting an in-depth analysis of how
these strategies function internally. This approach contributes both as a practical
demonstration of consensus-inspired forecasting in a case study of Uba River basin
and methodological insights into how such strategies can be enhanced for operational
robustness.

Materials and Methods

Study Area and Data Description.

The Uba River, a 278 km-long right-bank tributary of the Irtysh River, orig-
inates from the confluence of the White and Black Uba rivers and flows through the
East Kazakhstan. This study focuses on the 8,490 km? upstream catchment draining
to the Shemonaikha gauging station (within the total 9,850 km? basin). The climate is
sharply continental, with extreme temperatures ranging from —50 °C to +40 °C, and
precipitation dominated by snowfall (>60 %), sustaining a persistent winter snow-
pack. The study area is illustrated in Figure 1.
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In this study, we leverage two complementary sources of hydrometeorolog-
ical data. First, we employ the Caravan dataset (Kratzert et. al., 2023), which pro-
vides daily streamflow observations from hundreds of catchments worldwide along-
side basin-mean meteorological drivers derived from ERAS5-Land (Mufoz-Sabater
et. al., 2021: 4349-4383).
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Fig. 1. Study area of Uba River basin with borders and the gauging station

These drivers include precipitation, temperature, evaporation, wind, soil
moisture, and related variables aggregated across each basin. Second, we use
ERAS5-Land reanalysis data directly for the Uba River Basin, extracting pre-
dictors at multiple spatial scales: (i) mean values across the basin, (ii) val-
ues from the exact grid cell containing the Shemonaikha gauge, and (iii) the
full grid of values covering the catchment. The target variable is daily stream-
flow observed at the Shemonaikha gauging station (50.61°N, 81.87°E).

Baseline Models
This study evaluates four LSTM-based models for daily streamflow forecast-
ing in the Uba River basin, each differing in spatial input structure and training scope.
The models are:
e LSTM-L: A lumped, single-basin model trained only on the Uba basin.
e LSTM-Caravan: A lumped, multi-basin model trained on 150 globally distrib-
uted basins, including Uba.
e LSTM-Grid: A gridded model trained on inputs from all grid cells across the
Uba basin.
e LSTM-1-Cell: A single-point model trained on input from only the stream
gauge’s grid cell.
All models were trained on data from 1995-2009 and validated on 2010-2011.
To ensure a fair comparison, the testing period of 2012-2020 used consistent hydro-
logical-year splits across all experiments. Table 1 summarizes the key characteristics
of the four LSTM models used in this study.
These four models serve as the foundational components from which the final
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ensemble predictions are derived. Their varied spatial structures and training scopes
provide a robust and diverse set of inputs for the blockchain-inspired consensus strat-
egies used in this study.

Table 1. Summary of LSTM-Based Baseline Models for Streamflow Forecast-
ing in the Uba River Basin

. . . Sea- Architecture
Spatial Training . Static .
Model Dynamic inputs . sonal and training
setup scope inputs .
scope | configurations

LSTM-L Uba basin . LSTM(256);
Ba- only 39 daily ERAS- 210 Dropout: 0.4;

sin-av- Land variables basin Full Optimizer:

e [T G| e oo | | s | s

LSTM-Car- P van basins E ;)ChS' 50’

avan + Uba P ’
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Daily mean/max 2-layer
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LSTM-1- Single a basin Gal'r(liqebast ; f_ P Epochs: 50

Cell grid cell (gauging 114, but onfy for (best validation

cell only) the gauging cell checkpoint)

Ensemble Baselines

In addition to the four individual LSTM models, three ensemble-based meth-
ods were evaluated to provide a broader comparative framework. These include one
traditional static approach and two adaptive techniques that operate exclusively on
the forecast outputs of the LSTM models. All ensemble methods were applied during
the testing period (2012-2020) and do not involve access to raw meteorological in-
puts or modification of the underlying model parameters.

The Ensemble-Avg (a simple arithmetic mean of the four models), represents
the traditional ensemble approach. This comprehensive suite of baselines allows for
a direct comparison against both high-performing individual models and the standard
approach for ensemble forecasting.

The Online Super Learner (OSL) is an adaptive aggregation method that es-
timates a weighted combination of model forecasts using ridge-regularized linear re-
gression over a rolling window of past observations. The regression is fit without an
intercept and is re-fit on each rolling window. At each time step, weights are updated
by minimizing the regularized prediction error on a recent history of forecast-obser-
vation pairs. An exponential forgetting factor is applied as sample weights on the
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windowed observations to emphasize recent data, and the regression coefficients are
subject to non-negativity and unit-sum constraints, enforced through projection onto
the probability simplex.

Dynamic Model Averaging (DMA) extends the Bayesian model averaging by
allowing weights to adapt over time. Model weights are recursively updated at each
time step based on the predictive likelihood of recent residuals. A forgetting factor
(applied via elementwise exponentiation) controls memory decay, and model like-
lihoods (raised to a temperature power) determine the sensitivity of the subsequent
weight update.

Blockchain Consensus-Inspired Ensemble Strategies

A series of consensus-inspired ensemble strategies was designed to combine
predictions from the baseline models, thereby enhancing forecasting accuracy and
reliability. This study examines three alternative consensus strategies:

e Quorum-based Median: A median forecast derived from a quorum of predic-
tions that fall within a defined tolerance envelope.

o Skill-Weighted Voting: A weighted average where each model’s prediction is
weighted based on its historical performance.

e Adaptive Leader Selection: An adaptive approach where a single leader is
selected based on a rolling evaluation of performance. A robust fallback mechanism
is included to ensure stability.

Quorum-based Median. The Quorum-based Median agreement strategy, in-
spired by Byzantine fault tolerance (BFT) principles, produces a consensus forecast
only if enough models agree within the defined tolerance envelope. The initial step
involves determining the median () at time from all baseline model outputs (), which
serves as the central reference point for evaluating agreement. To assess the level of
agreement among predictions, a tolerance envelope is constructed using both absolute
and relative criteria. The absolute deviation is quantified using the Median Absolute
Deviation (MAD), denoted as , which is the median of the absolute differences across
all models. This provides a robust measure of dispersion that is less influenced by
outliers than the standard deviation.

The tolerance threshold, denoted rr, is then defined by combining the MAD
and the magnitude of the ensemble median, as shown below:
7, = max (a - MAD_, B - |m_[)

&)
where @ and £ are predefined hyperparameters controlling the sensitivity to

deviations in absolute and relative terms, respectively. A model prediction *&i agrees
if it falls within this dynamic envelope around the median. The final consensus fore-

cast (j'F ©), is determined by a quorum condition. If the number of agreeing models is

[q - M] q . . M .
at least , where  is the quorum fraction and * is the number of models, the
consensus is defined as the median of agreeing predictions:
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¥, = median{x,; : |xm- — mr| <71,.} (2)

If the quorum is not met, the fallback is the overall ensemble median (1m,),
which ensures a stable output even during periods of low agreement.

Skill-Weighted Voting. The Skill-Weighted Voting method, analogous to
Proof-of-Stake (PoS) protocols, constructs the consensus forecast as a weighted av-
erage of individual model predictions. Each model i is assigned a weight based on its
historical skill score (3;), evaluated with a performance metric. To avoid zero or neg-
ative weights, the scores are floored by a small constant £. The normalized weights

are then defined as:
W — (max(s;,.0)+=)F
i E}"":__.:max[sj,n]+s}??

; €)

where p is the skill power hyperparameter that controls how strongly high-
skill models are emphasized. The consensus forecast at time t is then computed as the
convex combination of the model forecasts:

V. =ZTw, Xie 4)

Adaptive Leader Selection. The Adaptive Leader Selection is a strategy, like
Delegated Proof-of-Stake (DPoS), that dynamically delegates forecasting authority
to the model with the highest rolling skill. This approach leverages the strengths of
the most reliable model while reducing the risk of persistent failures through a robust
fallback mechanism. The leader (L,), is the model that has demonstrated the highest
skill over a defined rolling window (W;(t)). The skill is determined by minimizing a
given error metric. The leader is selected according to the following equation:

L. .= argnttiinj?m (W)’ (5)

where 5::(W) is the skill score of the model * at time t. The consensus fore-
cast is then simply the prediction of the leader:
P =x tLy

(6)

To avoid unstable switching and ensure temporal smoothness, a veto check is

applied. If the leader’s forecast deviates from the ensemble median ; beyond the
tolerance envelope 't, it is vetoed. The condition for this check is as followed:

.ﬁ|xr,.f_-r —m.| = rr, (7)

Here, T+t is the tolerance defined in the Quorum-based Median strategy (Equa-
tion 1). If the condition in Equation (7) is met, the method falls back to a more stable
consensus, such as the overall ensemble median or the median of the agreeing set.
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This robust safety check ensures that the system does not rely on a single, potentially
incorrect, prediction, thereby providing a resilient forecasting strategy.

Experimental Design

The experimental design was structured to systematically address the study’s
research questions by evaluating the performance of the consensus-inspired strategies
against the pre-defined baselines, both with and without a post-processing debiasing
module. Our approach is conceptually inspired by the architecture of a blockchain,
as illustrated in Figure 2. In this framework, each of the four LSTM models is treated
as an independent “node” that provides a prediction for a specific time step. These
predictions are aggregated within a sequential “block” which contains the consensus
mechanism and bias adjustment layers to produce a final forecast for this time step.
These blocks are linked chronologically to form a chain of forecasts.

Block (t-1)

Block (t)

Block (t+1)

Fig. 2. Conceptual framework of the blockchain-inspired consensus forecasting model

While our approach is conceptually inspired by the architecture of a block-
chain, it is important to clarify the limits of this analogy. We adopt the terminology of
“nodes” (individual models) and sequential “blocks” (time-step forecasts) to describe
the information flow, as illustrated in Fig. 2. However, our centralized framework
does not involve cryptographic hashing, a distributed peer-to-peer network, or im-
mutable ledgers. The analogy serves to highlight the process of reaching a reliable
outcome from multiple, independent, and potentially conflicting sources, which is
the core principle we borrow from blockchain’s consensus mechanisms. To test this
framework, the experiment was conducted in two sequential stages, and the outputs
of each stage were evaluated.
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In the first stage, the daily streamflow predictions from the four baseline
LSTM models and the Ensemble-Avg were used as inputs. These forecasts were pro-
cessed by the three consensus-inspired strategies described in this study. Each strate-
gy was applied in a post-training fashion, meaning the internal structure and weights
of the baseline models remained unchanged. The consensus mechanisms relied solely
on the ensemble’s outputs and, for skill-aware strategies, on historical performance
statistics. This stage directly addresses RQ-1 and RQ-2 by allowing for a direct com-
parison of the consensus models’ performance against both the individual models and
ensemble average baseline.

In the second stage, a post-processing debiasing module was applied to cor-
rect systematic errors in the forecasts produced by all individual models, ensemble
average baseline and consensus strategies. This was done to assess the extent to which
an online, no-leakage error correction could enhance operational reliability, thereby
addressing RQ-3. The bias was computed as the rolling mean of recent prediction er-
rors (observed minus predicted streamflow). The corrected forecast was then obtained
through an additive adjustment, as shown:

¥ =y 4 mecm(or_wh i T }’r—wh+1:r]

()

SyLorr

where >t is the bias corrected forecast, ¢ is the original model prediction,
O: is the observed streamflow, and W}, is the length of the debiasing window used to
calculate the rolling mean error.

Each experiment was executed using the same set of input predictions from
the baseline models, allowing for a direct comparison under identical conditions.

Sensitivity analysis

To evaluate the influence of key hyperparameters and support the selection of
final configurations, a sensitivity analysis was conducted to evaluate the effect of key
hyperparameters across ensemble methods, using KGE as the performance metric, as
shown in Figure 3.

The sensitivity analysis revealed three key patterns:

e Temporal adaptivity. Parameters controlling memory and responsiveness had
the strongest impact. Shorter window lengths improved responsiveness across meth-
ods. Optimal values were 10 days for debiasing/adaptive leader selection, 30 days
for OSL, and 90 days for DMA. Forgetting factors were equally important: OSL
achieved its best performance at 0.94, and DMA at 0.992, indicating a preference for
recent observations in dynamic weighting.

e Weighting schemes. Strategies relying on selective model weighting showed
clear trends. In Quorum-based Median, performance improved with increasing agree-
ment threshold, reaching its maximum at ¢ = 1.0, In Skill-Weighted Voting, accu-
racy increased with stronger emphasis on top-performing models, peaking at a skill
power of p = 20.

e Stability parameters. Parameters intended for regularization or smoothing had
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limited influence. OSL’s ridge penalty (‘12) had negligible effect across tested values,
DMA’s likelihood temperature provided only marginal gains, with best performance
at 1.0.
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Fig. 3. KGE-based sensitivity analysis of key hyperparameters across all evaluated methods, red dashed
lines indicate optimal values selected for final experiments

Predictive performance was evaluated using a set of standard hydrological
metrics, each capturing different aspects of forecasting capability. The Nash-Sutcliffe
Efficiency (NSE) was used to assess overall accuracy, where a value of 1 indicates
perfect agreement and 0 reflects performance equivalent to the observed mean. It is
defined as: i .

. Eim 1 (@eim e~ Pobsr)
NSE=1 E?:L(Qubs_t_gubs}s (9)

where @sim . is the simulated streamflow at time t, @ovs,t is the observed
streamflow, and @, is the mean observed streamflow over the evaluation period.

The Kling—Gupta Efficiency (KGE) was applied to provide a diagnostic view
of performance by combining correlation (T), bias ratio (§#), and variability ratio (&):
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KGE=1—(r—1)2+ (—1)*+ (a — 1)* (10)

Systematic errors across the hydrograph were further assessed using Flow
Duration Curve (FDC) biases, focusing on two segments: High-Flow Bias (FHV),
which captures errors in the top 2 % of flows (peak events), and Low-Flow Bias
(FLV), which reflects performance in the lowest 30 % of flows (baseflow conditions).

Results

This section presents a detailed evaluation of the forecasting models, struc-
tured to directly address the study’s research questions. To answer RQ-1 and RQ-2,
we first compare the overall predictive accuracy of the blockchain-inspired consensus
mechanisms against individual models and ensemble baselines. Subsequently, to ad-
dress RQ-3, we assess the enhancement provided by the online debiasing technique,
focusing on improvements in overall accuracy and model reliability by analyzing the
90th percentile of their prediction errors. A comprehensive summary of all perfor-
mance metrics is provided in Table 2 for reference.

Table 2. Summary of Key Performance Metrics for All Configurations

Model Configuration | KGE | NSE | FHV(%) | FLV(%)
Configurations with debias
Skill-Weighted Voting + Debias 0.9658 0.9337 -9.23 -104.87
Adaptive Leader Selection + Debias 0.9633 0.9267 -11.42 516.34
LSTM-Grid + Debias 0.9625 0.9287 -10.52 -05.18
Online Super Learner + Debias 0.9619 0.9279 -11.98 -35.76
Quorum-based Median Agreement 0.9575 0.9306 -14.28 -134.57
+ Debias
Ensemble-Avg + Debias 0.9571 0.9326 -13.27 -92.03
Dynamic Model Averaging + Debias 0.9564 0.9129 7.3 -134.56
LSTM-Caravan + Debias 0.954 0.9101 -7.58 -134.56
LSTM-1-Cell + Debias 0.9368 0.8783 -16.35 84.37
LSTM-L + Debias 0.9361 0.8829 -18.6 -138.46
Configurations without debias

Dynamic Model Averaging 0.9428 0.8866 -13.64 -879.22
Skill-Weighted Voting 0.9393 0.9081 -17.41 -997.3
LSTM-Caravan 0.9304 0.8759 -13.64 -879.22
Adaptive Leader Selection 0.9299 0.9093 19.5 -321.48
LSTM-Grid 09198 0.8997 20.86 121452
Online Super Learner 0.8623 0.8954 -25.89 -560.38
Quorum-based Median Agreement 0.8605 0.8962 -27.5 -525.69
Ensemble-Avg 0.857 0.8985 -26.37 -541.48
LSTM-L 08103 0.8106 327 -172.16
LSTM-1-Cell 0.6884 0.7941 -38.28 100

Overall Performance Analysis
The initial performance of the non-debiased models revealed significant vari-
ability and systemic biases. Among them, Dynamic Model Averaging achieved the
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highest non-debiased KGE (0.943), while Adaptive Leader Selection produced the
best NSE (0.909). However, all original models struggled profoundly with low flows,
exhibiting severe underestimation biases (FLV). This highlighted a fundamental
weakness in the models’ ability to capture the full range of hydrological conditions.
The application of an online, no-leakage debiasing technique leads to a con-
sistent improvement in overall accuracy across all models, as shown in Figures 4 and
5. With debiasing applied, the Skill-Weighted Voting approach achieved the highest
NSE (0.933) and KGE (0.965), while other adaptive ensemble approaches and in-
dividual models also benefited. These results demonstrate that while blockchain-in-
spired consensus methods offer an advantage, their combination with an online error
correction mechanism is essential for achieving robust and superior forecast accuracy.

Performance of all configurations — NSE metric
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Fig. 4. NSE Performance Across All Configurations

Forecast Reliability and Robustness

To assess model reliability and robustness, we analyzed the 90th percentile of
absolute errors (Q90 Absolute Error), which represents the average error of the worst
10 % of predictions. This metric is important for operational forecasting, as it quanti-
fies a model’s tendency for making large, potentially misleading errors.

As shown in Figure 6, the Adaptive Leader Selection + Debias strategy pro-
duced the lowest error in these worst-case scenarios, indicating it is the least likely to
produce extreme forecast errors. In contrast, the individual LSTM models exhibited
the largest errors, highlighting their unreliability in comparison to adaptive ensemble
approaches which are more dependable by minimizing the magnitude of their largest
errors.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
39 International License



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

Performance of all configurations — KGE metric
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Fig. 6. Average Error of the Worst 10% of Predictions

Internal Dynamics of Adaptive Leader Selection

Although Skill-Weighted Voting after debiasing delivered the best overall ac-
curacy in terms of KGE and NSE, Adaptive Leader Selection stood out for its ability
to control extreme errors, achieving the lowest Q90 absolute error (Figure 6). To bet-
ter understand the mechanism behind it, we examined its internal behavior. Figure 7
illustrates which of the four baseline models was selected as the “leader” at each time
step throughout the test period.
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Fig. 7. Leader Model Selection Over Time

While Figure 7 visually shows that the strategy frequently switches its reli-
ance between the different LSTM configurations, Figure 8 quantifies these dynamics
by showing the distribution of leadership durations lengths and number of leader
switches for each model. It shows that LSTM-Caravan and LSTM-Grid were the
most frequently chosen leaders, with other models selected less often, reflecting their
more limited role in the ensemble. Further analysis of leadership duration distribu-
tions highlights that LSTM-Grid not only switched frequently but also sustained lead-
ership for longer periods, as indicated by its wider interquartile range and multiple
long-duration outliers.

This quantitative evidence complements the visual analysis from Figure 7,
suggesting the strategy’s success may be attributed to its ability to rely on generally
robust models as a default, while maintaining the agility to switch to more specialized
models for short bursts when conditions demand it.
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In summary, the results demonstrate that blockchain-inspired consensus mod-
els, particularly when enhanced with a debiasing technique, provide an improvement
over both individual models and traditional ensemble averaging. Skill-Weighted Vot-
ing achieved the highest overall accuracy, while Adaptive Leader Selection provided
the best control of extreme errors, highlighting their complementary strengths.

Discussion

This section delves into the interpretation of the results, directly addressing
the research questions set out in the introduction and exploring the practical implica-
tions of the findings.

In response to our first research question (RQ-1), the results confirm that
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blockchain-inspired consensus models improve both the accuracy and robustness of
streamflow forecasts. As a top-performing approach, Skill-Weighted Voting demon-
strated superior performance in both KGE and NSE against the standard Ensem-
ble-Avg, the individual LSTM models and alternative adaptive ensemble methods.
These findings validate the application of blockchain-inspired consensus principles as
an effective approach for dynamic model aggregation in hydrology.

Regarding the comparison of different consensus strategies (RQ-2),
Skill-Weighted Voting provided the most well-rounded performance, attaining the
highest overall NSE and KGE. Adaptive Leader Selection proved to be the most ro-
bust, achieving the lowest 90th percentile error, making it particularly suited for oper-
ational scenarios where minimizing large errors is critical. An internal analysis of the
Adaptive Leader Selection strategy revealed that its robustness to large errors stems
from its ability to identify consistently strong models as primary leaders, while still
leveraging the strengths of other ensemble members by switching to them as hydro-
logical conditions change.

Finally, addressing our third research question (RQ-3), the study found that
applying an online, no-leakage debiasing technique substantially improved the op-
erational reliability of the forecasts. This post-processing step produced significant
performance gains across all models and consensus strategies. Most importantly, it
corrected the severe systemic biases, particularly the underestimation of low flows,
that were prevalent in the original models, thereby enhancing their robustness for
operational use.

It is important to note that the proposed framework operates entirely as a
post-processing layer on top of daily forecasts already produced by the baseline
LSTM models. As such, the consensus strategies only require combining a handful of
scalar predictions at each time step. This renders the computational overhead negligi-
ble relative to the cost of model inference and data preparation. Since the framework
is model-agnostic and designed to work with any set of base forecasts, its integration
into an operational setting does not introduce latency or scalability concerns. For this
reason, we did not provide a detailed runtime analysis, as computational feasibility is
not a limiting factor for the proposed approaches.

Conclusion

This study investigated the potential of blockchain-inspired consensus mod-
els, augmented with an online debiasing technique, to improve the accuracy and reli-
ability of streamflow forecasting in the Uba River Basin. Through this evaluation, we
found that the blockchain-inspired dynamic aggregation strategies employed in this
study outperform the baseline approaches of traditional static averaging, individual
models, and other established ensemble strategies such as Dynamic Model Averaging
and Online Super Learner.

The primary implication of this work is that principles inspired by decentral-
ized consensus in blockchain technology offer a valuable framework for improving
hydrological forecasting. A key strength of this model-agnostic framework is its flex-

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
w International License 42



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

ibility, it can be applied to any collection of forecasting models, regardless of their
internal architecture. Combining these consensus-driven aggregation methods with
real-time error correction can contribute to creating forecasting systems that are more
accurate, robust, and resilient to the inherent uncertainties of hydrological processes.

Future work should focus on validating the generalizability of this block-
chain-inspired consensus framework across a broader range of catchments with di-
verse hydrological and climatic regimes. Extending the approach to ensembles that
include not only data-driven models but also process-based hydrological models
could provide further enhance robustness under varying conditions. In addition, ex-
ploring a wider range of consensus mechanisms such as hierarchical, trust-based,
or hybrid strategies has the potential to clarify which approaches are most effective
for hydrological forecasting. Extending the framework to multi-basin applications
could involve developing spatially aware skill metrics, where a model’s credibility
in one catchment is informed by its performance in hydrologically similar or adja-
cent regions. Aside from that, the regional models trained on multiple basins using
dynamic and static features could be utilized to form ensemble for this framework.
For deployment in real-time operational systems, a crucial next step is to integrate the
consensus module with live data assimilation workflows, enabling skill weights to
update immediately as new observations become available.

Funding. This work has been funded by the Science Committee of the Minis-
try of Science and Higher Education of the Republic of Kazakhstan (Grant Number
BR24992899).
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Abstract. The article is devoted to the development and testing of a special
stand for assessing the energy consumption of navigation seal modules used in
logistics for cargo transportation control and monitoring. The aim of the study was to
create a platform that allows high-precision measurement of the current and voltage
of individual modules in various operating modes, which is an important step to
optimize the energy efficiency of the navigation seal. The paper describes measurement
techniques, data analysis, and graphs showing differences in energy consumption
between active and energy-saving modes. The results showed that optimizing the
operating modes, for example, putting the modules into sleep mode, reduces current
consumption, which significantly increases the battery life of navigation seals and
reduces operating costs. The modular architecture used in the development of the
device provides flexibility in the replacement and modernization of components,
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contributing to increased reliability and stability of transportation control systems.
The data obtained and the proposed recommendations are of practical importance for
further optimization of logistics processes and reducing the environmental impact of
modern transport systems. The results demonstrate the high potential of the modular
navigation seal to increase energy efficiency, reduce environmental impacts, and
optimize logistics processes.
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AnHoTanus. by Makana JOTHCTHKAAA YK TaChIMaIAapbIH OaKpLIay KoHE
MOHHUTOPHHTJICY YIIIH KOJAAHBUIATHIH HaBUTAIUSUIBIK TUIOMOAHBIH MOTYJIbACPIHIH
SHEprusl TYTHIHYbIH Oaranayra apHaifaH apHalbl CTEH]ITI d31pJey »KoHe ChIHAKTaH
OTKi3yTre apHayFaH. 3epTTeyIiH MaKcaThl — TYPJIi AKYMBIC PEKUMICPIHIE KEKeIeTreH
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MOAYJBACP/IIH TOK MEH KEPHEYIH JKOFaphl JOJJIIKIEH OJIIIeyTre MYMKIHIIK OepeTiH
maTdopma Kypy 00Jel. bysl — HaBUTANMAIBIK TUIOMOAHBIH dHEPTUS THIMIUTITIH
OHTaWJIAHMBIPY YIIIH MaHBI3IbI Ke3eH. JKymbIcTa ediey dicTemMenepi, IepeKTepal
Tajl/lay CUIATTANbIMN, OEJICeH I KOHE PHEPTUSHBI YHEMIEY PEeKUMIEpl apachIHAAFbI
TYTBIHY aWbIPMaIIBIIBIKTAPBIH KOpCETeTIH rpadukrep kenrtipiareH. HoTwmxenep
KOPCETKEeHIeH, JKYMBIC pEeXHMIEpIH OHTaWIaHIBIPy, MBbICANbI, MOIYJIbIACPIi
YHKBI peXUMIHE aybICTBIPY apKbLIbl TOK TYTHIHYBIH TOMEHAETyre Oomnaabl, Oy
HABUTALMSIIBIK ~ TUIOMOANapAblH aBTOHOMJBI JKYMBIC 1CT€Yy YaKbITBIH €19Yip
apTTHIPHIN, MalianaHy MIBIFBIHAAPBIH a3aiiTanbl. KypbeUTFbIHEL jkacay OapbiChIHA
KOJIJIaHBUTFAH MOJYJBJIK apXUTEKTypa KOMIIOHEHTTEp/l OHall aybICTBIPY MeEH
JKaHapTyFa MYMKIHIIK Oepeni, Oyl YK TachIMajfapblH Oakpliay KyHelepiHiH
CEHIMJIUIIT MEH TYPAaKTBUIBIFBIH apTThIpabl. AJBIHFAH JEPEKTEP MEH YCHIHBUIFaH
YCBIHBIM/IAP JIOTHCTUKAIIBIK MPOLECTEPIl OJIaH opi OHTAIMNIaHIBIPY KOHE 3aMaHayH
KOJIIK JKYHeNepiHiH dKOJOTHUIBIK OCEPiH a3alTy YIIIH NMPAaKTUKAJIBIK MaHbI3Fa He.
JKyMbIC HOTHXKENIEpI MOYJBIK HAaBUTAIUSIIBIK TJIOMOAHBIH AHEPTHUS THIMAUIITIH
apTThIPy, DSKOJOTHUSIIBIK OCEepAl TOMEHJIETY JKOHE JIOTMCTUKANBIK MpOLecTepIi
KETIIIPY QJICYETiHIH )KOFapbl €KeHIH JTOJICIICH/II.

Tyiiin ce3aep: HaBUTAIMUIBIK TJIOMOA, XaJbIKapalblK YK TachIMaJAaphbl,
MOAYJBIIK KYPBUIBIM, aBTOHOMJIBI KYMBIC, DHEPTUsS THIMJLUIIT, 3JICKTPOHIBIK
miomOa, nataukrep, GPS
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AnHoTtanus. CTaThs MOCBSIICHA pa3padOTKe U UCIBITAHUSAM CIEIIMATBLHOTO
CTeHJa JJs OIEHKH DHEPronoTrpedieHus MOIyJell HaBUTAIlMOHHOM TMIOMOBI,
UCIONIb3YEMBIX B JIOTUCTHKE JUIsi KOHTPOJIE M MOHHUTOPHHIA T'PYy30MEPEBO3OK.
Ilenp wucciaemoBaHusl 3akKiIOYyalach B CO3JaHUU TMIIATGOPMBI, TO3BOJISIOIIEH
C BBICOKOH TOYHOCTHIO M3MEPATH TOK W HANpPsDKEHUE OTHENbHBIX MOIYJeH B
Pa3IMYHBIX PEKUMax PaOOThHI, UYTO SIBISIETCS Ba)KHBIM JTAlloM JJIsi ONTHUMM3AINH
9Heprod(hPeKTUBHOCTH HABUTAIIMOHHOW MIoMObl. B pabore omucaHbl METOTUKU
M3MEpEeHMs], aHAIU3 JaHHBIX, a TaKKe MOCTPOEHBbI Ipaduku, AEMOHCTPUPYIOIINE
paznuuusg B MOTPEeOJCHHM SHEPTUM MEXAYy aKTUBHBIM U JHeprocOeperaronimm
pexxuMamu. Pe3ynbpTaThl mokaszanu, 4To ONTUMHU3AINS PEKUMOB paboThl, HApUMED,
MepPeBO] MOAYJECH B CIALIUN PEKUM, MO3BOJSET CHU3UThH MOTpeOJIeHne TOKa, YTO
CYILIECTBEHHO YBEIWYMBACT BpEMs aBTOHOMHOW pPaOOThl HABUTALMOHHBIX IJIOMO
U CHIDKAET HKCIUTyaTal[MOHHBIE 3aTpaThl. MoylbHAs apXUTEKTypa, MPUMEHEHHAas
pu pa3paboTKe yCTpoicTBa, oOecrieunBaeT TMOKOCTh B 3aMEHE M MOJECPHHU3AINUN
KOMITOHEHTOB, CIOCOOCTBYSl TMOBBIIICHUIO HAJIEKHOCTH U YCTOMYHMBOCTH CHCTEM
KOHTpOJIsI TiepeBo30K. lloimydyeHHBIE NaHHBIE M MPEJIOKEHHBIE PEKOMEHAAINU
MMEIOT MTPAKTUYECKYIO0 3HAUUMOCTb JIJIs JalibHEHIIIe ONTUMH3AIUH JIOTUCTUYECKUX
MIPOLIECCOB U CHUYKEHUSI IKOJIOTUYECKOTO BO3ICHCTBHSI COBPEMEHHBIX TPAHCTIOPTHBIX
cucteM. Pe3ynpTaThl pabOThl JEMOHCTPUPYIOT BBICOKHMI TMOTEHIIMAT MOIYJIbHON
HABUTAIIMOHHOW TUIOMOBI ISl TOBBIIIEHUS SHEProd(PGEKTUBHOCTH, CHIKEHUS
HKOJIOTMYECKOTO BO3ACHCTBUS U ONTUMHU3AIMH JJOTUCTHUECKUX MPOIIECCOB.

KaloueBble  cioBa:  HaBUTAllMOHHAas  IUIOMOa,  MEXIYHapOJHbIE
rpy30MepeBO3KH, MOJ1yJIbHAS KOHCTPYKIIHS, aBTOHOMHAs paborTa,
9Heprod(hPeKTUBHOCTD, ANIEKTPOHHAS MIoMOa, natunku, GPS
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paMKax KOHKypca Ha MPOrpaMMHO-11eJIeBoe (PMHAHCUPOBAHUE 110 HAYYHBIM, HAyYHO-
TexHuueckuMm mporpammaM Ha 2024-2026 roasl, UPH nporpammsl BR24992884
«Pa3paboTtka onbpITHOTO 00pa3iia AMEKTPOHHOTO UACHTH(PHUKATOPA C IIeNbI0 JalbHEH-
1€l opraHu3aui UX IPOU3BOJICTBAY.

Kondaukr uHTepecoB: aBTOpHI 3asBIAIOT 00 OTCYTCTBUHM KOH(QIMKTA
UHTEPECOB.

BBenenune

B snoxy mmobanuzanuu ¥ yCKOPEHHOTO pa3BUTHS TEXHOJIOTHM, oco0oe 3Ha-
yeHue npuodperaer cdepa JOTUCTUKH, T1e 6e30macHOCTh U 3((PEKTUBHOCTD TPaHC-
HOPTHUPOBKU UTPAIOT 0COOYIO POJIb. BayKHBIM 37IEMEHTOM B 3TOM MPOIIECCE SBISIOTCS
HABUTAIIMOHHBIE TUIOMOBI, KOTOpPbIE HCIONIB3YIOTCS I MOHUTOPUHIA M KOHTPOIS
nepeMenieHnit rpy3oB. TpaguIIMOHHBIE IEKTPOHHBIE TIOMOBI, HECMOTPSI HA CBOIO
(YHKIIMOHAJIBHOCTb, O0JIAAIOT PSAIOM HETOCTATKOB, TAKMX KaK OTPaHUYEHHBINH CPOK
CITy>KOBI, CTI0O)XHOCTH C PEMOHTOM M MOJIEpPHHU3AIIUEN, YTO MPUBOAUT K HEOOXOIMMO-
CTH UX TIOJHOW 3aMEHBI NP BBIXO/IE€ U3 CTPOS Aa’kKe OJHOTO KOMIIOHEHTA.

Pemenue CoBeta EBpazuiickoii skoHOMHYECKON KoMuccuu oT 4 urons 2023
r. Ne 75 ycTanaBnuBaet ctporue TpeOOBaHUS K TAKUM YCTPOHCTBAM, YTO MOKA3bIBAET
CTpeMJICHHE YIy4YIIUTh KOHTPOJb MW 0€30MacHOCTh B OOJACTH TPAHCIOPTUPOBKHU
toBapoB (Pemenue CoBeta EBpasmiickoli SKOHOMHYECKOH KOMHCCHHU OT 4 HIOJSA
2023 rona).

CornacHO JaHHOMY pEIICHUIO, HABUTALMOHHBIE TIJIOMOBI  JOJIKHBI
oOecrieunBaTh BBICOKUN YPOBEHb 3alllUTHl OT HECAHKIIMOHUPOBAHHOTO IOCTYTIA,
BO3MOXKHOCTh JUIMTEILHOW aBTOHOMHOW pabOThl U TOYHOCTH B Mepeaaye JTaHHBIX O
MECTOIIOJIOKEHUU U COCTOSIHUU TPy30B. OCOOEHHO BaKHBIMU SIBIISIFOTCS] TpEOOBaHUS
K MOJIYJIBHOCTH YCTPOMCTBA, CMOCOOHOCTH K pa0oTe B IIWPOKOM JMara3oHe
TEMIEPaTyp U HAIWYUIO DHEPrOHE3aBUCUMOM MaMSTH JUIS XpaHEHUs KPUTHUECKU
BaXHOU MH(pOpMALIUU.

Pemennem  nmaHHBIX TpoOiieM  sBISETCS  pa3paboTKa  MOJIYJIBHOM
HAaBUTAIIMOHHOW TIJIOMOBI, TpEACTaBsAOmEeld Cco0oOl TIepeoBOl TMOAX0a B
KOHCTPYKUUHU U OOCIYXHBaHUH MOAOOHBIX YCTPOHUCTB. MoJynbHas KOHCTPYKIIUS
MO3BOJIIET HE TOJIbKO YINPOCTUTH TpoIllecc OOCTY>KMBaHUS, HO M 3HAUYUTEIHBHO
YBEJIMYUTH IKOJIOTUYECKYIO YCTONUYUBOCTH MPOAYKTA 32 CUET BOZMOKHOCTH 3aMEHBI
OTJIEIbHBIX MOJYJIEH BMECTO YTHJIM3AIMH BCETO YCTPOWCTBA. DTO, B CBOIO OUEPE/ib,
CIOCOOCTBYET CHIXKEHHUIO OTXO0JI0B U MOJIEPIKKE MPUHITUTIOB YCTOWYMBOTO PA3BUTHS.

B nanHo# cTarbe moapoOHO OMHUCKHIBAETCS Mpoliece Pa3padOTKH MOAYIbHOM
HABUTAIIMOHHOW TJIOMOBI, BKJIIOYasi WHHOBAIIMOHHBIE MOAXOAbI K KOHCTPYKUIUHU U
TEXHUYECKUM XapakTepuctukam. Ocoboe BHUMaHHE YAETISETCS BOZMOXKHOCTSIM MO-
JEpHU3AINH U aJaNTalluy IOMOBI K U3MEHSIOIIUMCS TPEOOBAHUSAM JTOTHCTUYECKOM
uHayctpun. IIporieccopHblii MOAYNIb, HAPUMEpP, COAEPKUT SHEProdhdeKTUBHBIN
MUKPOKOHTPOJIJIEP U PACIIUPEHHYIO MaMSTh JIJIsl XpaHEHHs! TaHHBIX, B TO BpeMs Kak
ANIEKTPOMEXaHUUYECKHUI MOAYIIb 00eCIIeYnBaeT HAIe)KHOE U Oe30MacHOe KpeIIeHHe,
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a MOJYJIb TIOJIE3HOM HArpy3KH MO3BOJISIET HHTETPUPOBATH TOTIOTHUTEIbHBIC JATYHKU
JUISL KOHTPOJISl COCTOSIHUSI TPy3a.

CoBpeMeHHbIE HCCIEIOBaHUS TOJITBEPKIAIOT aKTyalbHOCTh BHEIPEHUS
WHTEJUICKTyJIbHBIX cucTeM TioMOupoBanus. Tak, B padore (Kim u ap., 2019) npen-
CTaBJICHA UHTEIJIEKTyalbHasl AJIEKTPOHHAsS JI0MOa, COBMEIIAOIIAs JATYMKU BCKPBI-
tus, GPS u Moxynp 6ecripoBOAHON CBSI3U ISl OTIEPATUBHOTO KOHTPOJIS TOJIOKESHHUS
KOHTeWHepa W (UKCAIUU MOMBITOK HECAHKIIMOHUPOBAHHOTO nocTymna. Pa3paborka
JEMOHCTPHUPYET BBICOKYIO 3((EKTUBHOCTh NPU MPAKTHUECKOM HCIIOIb30BaHUU.

PasButne »Toii uaen MoxkHo Habmoaate B (Zhang u ap., 2020), rae onuca-
Ha CHCTEMa MOHHUTOPHMHIa, OOBEIUHSIONIAS PAJMOYACTOTHYIO WIACHTHU(PHUKAIMIO U
OecrpoBOAHBIE CEHCOpPHBbIE ceTH. Takas MHTerpamus paciuupseT BO3MOXHOCTH I10
OTCJIC)KUBAHUIO HE TOIBKO BCKPBITHSI, HO U TTApAMETPOB CPE/Ibl TAKUX KaK TEMIEpaTy-
pa, BUOpanui, 470 0cOOEHHO IIEHHO MPHU TPAHCTIOPTUPOBKE UYBCTBUTEIHHBIX ITPY30B.

BaxHOCTh JOCTOBEpPHOCTH W HEM3MEHHOCTH JaHHBIX MOJYEPKUBACTCA B
(Chen u ap., 2021), Tae npemioxkeHa CUCTeMa, UCTIOb3YIoIIas TEXHOIOTHH I 00e-
CTIeYeHUS MMPO3PAYHOCTH U YIAJICHHOTO KOHTPOJISl. DTO pellleHue eIaeT BO3MOKHBIM
s dekTrBHOE yrpaBieHue ro0aaIbHbIMU [EMOYKAMH ITOCTABOK U MOBBIIIAET JJOBE-
pHE K JIOTUCTUYECKUM OTIePAIUSIM.

B cBoro ouepens, ctateu (Gonzalez u ap., 2019: 5632-5640; Li u ap., 2020)
¢boxycupyeTcss Ha aBTOHOMHOCTH TaKUX CHCTEM, aBTOPBI MpEAsiararoT IIOMOBbI ¢
byHKIMeH cOopa PHEPrUH U3 OKpYXKAIoUIeH cpeabl. DTO MO3BOJSET 3HAYUTEIBHO
YBEJIMYUTH CPOK CITY>KOBI YCTPOWCTB, CHIMYKAsl SKCILTyaTallMOHHBIE 3aTpaThl MPH CO-
XpaHEeHUH HAJIeKHOCTH.

C ananoruyHoi nenpto B (Martinez u ap., 2021: 7890-7899) uccnenyercs
MCIONIb30BaHNE BUOPALIMOHHON W COJTHEUHOM PHEPruM JJs MUTAHUS AIIEKTPOHHBIX
KOMITOHEHTOB IJIOMOBI. Tako# Moaxo/ JaeT BO3MOKHOCTh OTKa3aThCsl OT YacTOM 3a-
MEHBI HICTOYHUKOB MTUTaHUsI, 0COOEHHO B JUTUTEIbHBIX U YIAJICHHBIX IEPEBO3KAX.

[TpakTHyeckast ycTOHYMBOCT CUCTEM K BHEIITHIM BO3/ICHCTBUSIM PACCMOTPEHA
B (Singh u np., 2019), roe mpoBeneHa OIEHKA HAIEKHOCTU HHTEIUIEKTYaJIbHBIX
I0MO B AKCTPEMAJIbHBIX yCIOBUSX. Pe3ynbTarsl moquepKruBalOT 3HAYMMOCTh BBIOO-
pa yCTOMYMBBIX MaTepuaioB U 3HEProdHHEeKTUBHBIX pelIeHui, 0COOEHHO B MOPCKUX
Y CYXOMYTHBIX MapIIpyTax ¢ BEICOKOM HArpy3Koil Ha yCTPOWUCTBO.

B ycnoBusix, rie BakHa MpocToTa U JOCTYIMHOCTh, YPPEKTUBHBIM pEIICHUEM
SBISIETCSL cUcTeMa, TpeactasieHHas B (Yao u jap., 2020). Hemoporas GPS-mumom6a
¢ 0a30BBIM CEHCOPOM BCKPBITHS 0OecreynBaeT HeOOXOMUMBbI MUHUMYM (YHKITHO-
HAJIBHOCTHU MIPU COXPAHEHUU KOHTPOJIS B pealbHOM BPEMEHH.

bonee cioxHble MOIXObI BKIIOUAIOT MYJIBTUMOJAJIbHBIE PEIIECHUS, KaK B
(Alam u ap., 2019: 2710-2719), rne oObeTUHSIIOTCS BU3YaJdbHbIC U ayIMOCHUTHAIBI,
GPS u ceHCOpbI BCKPBITHSA. DTO MO3BOJSET 3HAUUTENBHO MOBBICUTH TOYHOCTh OOHA-
PYXEeHHsI HapYUICHUI U CHU3UTh YHUCIIO JIOKHBIX cpabaThIBAaHUM.

Hakonern, o6o0maromum nmpumepom sisisiercs cuctema u3 (El-Melegy u np.,
2018: 492-504), rae peann3oBaH KOMIUIEKCHBIM KOHTPOJIb IIEJIOCTHOCTH KOHTEHHE-
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POB C TIOMOIIIBIO TATYNKOB BCKPBITHS, TEMIIEPATYPhI M BUOPAITUH, YTO 00ECIICUnBaACT
BCECTOPOHHHI MOHUTOPHHT YCJIOBUH TPAHCTIOPTUPOBKU. TakuM 00pa3om, pa3BUTHE
WHTEJUIEKTYAIBHBIX IJIOMO JIEMOHCTPHUPYET IIUPOKUN CIIEKTpP PEHICHUH — OT MUHU-
MaJIMCTHYHBIX U IKOHOMHYHBIX JIO BEICOKOTEXHOJIOTHYHBIX U ABTOHOMHBIX CHCTEM.

[Tpennaraemaspa3paboTKaHETPOCTO TEXHOIOTHUECKOCYCOBEPIICHCTBOBAHHE,
HO M CTPATErMYECKHI OTBET HA MOTPEOHOCTH COBPEMEHHON YKOHOMHKH B HAJICIKHBIX,
YCTOMUYUBBIX W aJalTUPYEMBIX CHUCTEMaxX KOHTPOJS 3a MEepPeMENICHHEM TOBapOB.
MonynbpHass HaBUTallMOHHAsI TUIOMOA JIEMOHCTPUPYET TpPUMEp, KaK TEXHUYCCKHE
HOBIIIECTBAa MOTYT CIIOCOOCTBOBATh CO3JIAHHIO 00JIee YCTOHUMBBIX U SKOHOMUYECKU
BBITOJTHBIX PEIICHHUH B IPOMBIIITICHHOCTH.

HccnenoBanne mo pa3paboTKe CTEHAA Il OLEHKU SHEPronoTpeOiIeHuUs
MO/TYJICH AIIEKTPOHHOM IJIOMOBI HEOOX O JIMO TS TTOBBIIIIEHUS Y HEPT 0P YK THBHOCTH,
CHIDKEHMSI DKCIUTyaTallHOHHBIX PAacXOJ0B M MHHHUMU3AIMH  3KOJOTHYECKOTO
BO3JICUCTBUS. DTO MO3BOJIUT HE TOJIBKO MPOJJIUTH CPOK CITY)KOBI HaBUTAIIMOHHBIX
om0, HO M ClIeNaTh WX HCIOJb30BaHHWE 00Jiee YCTOHYMBHIM U SKOHOMHUYECKU
BBITOTHBIM.

[lenbr0 MaHHOTO WCCIEAOBAHUS SIBISICTCS pPa3pabOTKa W TECTUPOBAHHE
CTCHJa, KOTOPBI IO3BOJUT OIICHUTh W ONTHMH3HPOBATH JHEPromoTpeOiIcHHE
Ka)JIOTO MOJYJIsl HABHTAIIMOHHOHN TUIOMOBI. 3a/1a4u BKJIFOYAIOT Pa3padOTKy CTEH/A,
NPOBE/ICHUE CEPUM UCIIBITAHUN W aHAJIM3 MOJYYCHHBIX JaHHBIX JUIS ONPE/ICICHUS
HanOosee FHEProdh(HEKTUBHBIX PEIICHUN.

Marepuajabl 1 METOIbI

OOBEKTOM HCCIIEIOBAHUS SBIISUTUCH MOJTYJTH DJIEKTPOHHOM TIIOMOBI, BKITFOYAst
MPOIIECCOPHBIHN, IECKTPOMEXaHHUYECKUI M MOJIYJIb MOJIE3HOW HArpy3ku. [Ipenmerom
UCCIIeIOBaHMs ObLTO M3YYCHHE WX DHEPrornoTpeOJICHHS, HAJICKHOCTH MEXaHH3MOB
(uKcaIK U TOYHOCTH JIaHHBIX, TIEPeaBaeMbIX KOMMYHHKAIIMOHHBIMH MOTYJISTMH.

HccnenoBanue mpoBOAUIOCH C UCTIOIB30BAHUEM CIICIIMATBHO pa3paboTaHHOTO
UCTIBITATEIBHOTO CTeH/Ia, OCHAIIIEHHOT'O M3MEPUTEIHLHBIMU MTPUOOPAMH JIJISI TOUHOU
perucrparnuu noTpeOIsieMoil MOIIHOCTH KaXIoro Moayiisi. Jlns aHanwm3a JaHHBIX
UCTIOJIb30BaIMCh METO/IbI MATEMAaTHUECKOM CTATUCTHKH U ITPOTPAMMHOE 00eCTICUeHHE
Ui 00pabOTKHM SKCIIEPUMEHTAIBHBIX JIaHHBIX. DKCIIEPUMEHTBI BKJIIOUAIN CEPUIO
TECTOB, K&KIBIH M3 KOTOPBIX COOTBETCTBOBAJI PAa3IMYHBIM DPA0OYMM pPEKUMAM
TUTOMOBI: aKTHBHBIHN, 0)KUJAHUE U CISIIUN PeXKUMBI. MICTIBITaHUST IPOBOIWIINCH TIPU
Pa3JINYHBIX BHEIITHUX YCIJIOBHUSX, YTOOBI OIICHUTH BIIMSIHUE TEMIICPATYPhI, BIaXXHOCTH
U Ipyrux (pakToOpoB HA YIHEPTONOTpeOsIeHNE U (PYHKIIMOHATIBHOCTh YCTPOUCTBA.

HccnenoBanne  ObUI0O  MPOBEACHO B JAOOPATOPHBIX  YCIIOBHSIX
CTCIUATM3UPOBAHHOTO TEXHUYECKOTO IICHTPA. DKCHEPUMEHTHI TPOBOJIMINCH B
KOHTPOJIMPYEMOMH Cpejie ¢ COOTOACHUEM BCeX HEOOXOMMBIX TEXHHYECKHX HOPM U
CTaHIapTOB Oe30macHOCTH. [I0CKOIBKY UCCIIeIOBAaHHE KACAIOCH TOIBKO TEXHHYECKON
YacTH U HE BKIJIIOYAIIO B ce0sl pabOTy C )KMBBIMH OpPTaHU3MaMH, 0COOBIX ITHYECKUX
BOIPOCOB HE BO3HUKIIO. Bce mporenypsl MPOBOIAMIUCH B CTPOIOM COOTBETCTBUH C
KOPIIOPAaTUBHBIMH U MEKYHAPOIHBIMU CTaHIApTaAMH KaueCTBa U O€30MaCHOCTH.
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HcnpiTaTenbHbI  CTEHI IS OIEHKHM JHEPronoTpedlieHuss Mojayien
ANEKTPOHHON MIOMOBI MpeIHa3HaYeH Ui KOMIUIEKCHOTO aHalu3a XapaKTepUCTUK
SHEPronoTpeOseHns B Pa3IUYHBIX PEeKUMax paboThl MOIyJiel HaBUTaIlMOHHBIX
wioM6. OcHOBHAs 11eNb pa3pabOTKU CTEHJIA 3aKII0YaeTcsl B 00eCeueHuH TOYHOTO
KOHTPOJISI U MOHUTOPUHTA TOTPEOIIEMON MOIIHOCTH C LEIbI0 ONTUMHU3ALUU
SHEPronoTpeOseHuss W TOBBIIMIEHUS 3HEProd(p(GEKTUBHOCTH CHUCTEMBI B IIETIOM.
[IpumeHeHne TaHHOTO CTeH,1a TO3BOJIHT MOJIYYUTh A€ TaTbHbIE IAHHBIE O TOTPEOICHUN
SHEPTUU KaXJbIM MOJyJIEM B PA3IUYHBIX YCIOBHUSAX DKCIUTyaTallMH, YTO OCOOEHHO
BaYKHO JUISI CUCTEM, MpeAHa3HAYCHHBIX IS JUIUTEIHLHOW aBTOHOMHOU paboThlI.

Pe3yabTaThl

s obecnieuenust 3pHEeKTUBHOCTH M HAJIEKHOCTU HABUTAIIMOHHBIX TIOMO,
OCOOCHHO B YCJIOBUSX HMX HCIIOJIB30BAHUS B MEXIYHAPOJHBIX JOTUCTHUECKHX
omepanusax, BaXHO THIATENBHO KOHTPOJMUPOBATh U  ONTHMH3UPOBATH HX
sHepronoTpednenne. C TOUKM 3peHHs SHEpProdPeKTUBHOCTH pa3paboTka U
UCIIBITAHUE CTEH/IA JIJIS1 OLIEHKHU DHEPronoTpeOIeHNs MOYJIeH 2IEeKTPOHHOM TIIOMOBI
CTaHOBATCA BaXXKHBIMU 3a/1a4aMH, KOTOPbIE HAIIPABJICHbI HA TJOCTHKEHHUE CIIETYIOIINX
LHEJIEH:

1. Iosvluenue suepeosppexmusenocmu. HaBuraimoHHbIE MIIOMOBI JTOTKHBI
o0ecrneunBaTh ATUTENBHOE BpeMs paboThI OT OIHOTO 3aps/1a aKKyMYJISTOpa, 0COOEHHO
MIPU HUCTOJIb30BAaHUHM B YCJIOBUSAX JJIUTENBHBIX TPAHCHOPTHBIX NEepeBOo30K. CTeH.
MO3BOJIIET TOYHO U3MEPSATH MOTPEOIeHNE SHEPTUU KaXKIbIM MOJYJIEM TUIOMOBI, YTO
crocoOCTBYyeT pa3padboTke 6osiee 3O PEKTUBHBIX aITOPUTMOB YIIPABIICHHS TUTAHUEM.

2. Vnyuwenue naoesxcHocmu u npooondicumensrocmu pabomul. TecTupoBaHue
MOJ1yJIei Ha CTEH/IE 1aeT BO3MOXKHOCTD OMPEAENUTh, KAKHe KOMIIOHEHTHI TOTPEOIISAIOT
0oJbllle BCETO SHEPTUUM W TPH KAKUX YCIOBHSIX. DTO TO3BOJISET HWH)KEHEpam
ONTHMHU3HUPOBATh KOHCTPYKIIMIO M TMPOrpaMMHOE OOecredyeHne HaBUTAIlMOHHBIX
TIOMO 711 MUHUMH3AIIUU HEKEaTeNIbHOTO PacXo/ia SHEPTUU U yBEJIMYeHHsI 001Ien
HAJeKHOCTH YCTPOICTB.

3. CHudiceHue IKCNIYamayuoHHulX pacxo0os. HaBuralMoHHBIE TIOMOBI
c Oomee HU3KMUM D3HepronorpebieHreM TpeOyroT Oojiee pEAKYI 3aMEHy WU
nepe3apsiKy akKyMyJISITOPOB, YTO CHIIKAET IKCILTYyaTAllMOHHBIE PACXO/IbI JITISl TTOJb-
30Batesneil. 3To 0COOEHHO Ba)KHO JJIsi KOMITAHUH, 3aHUMAIOIIUXCSI MACCOBBIMU U Ya-
CTBIMU TPY30I1€PEBO3KaAMHU.

4. Coomeemcmeue MeNCOYHAPOOHLIM cmanoapmam. MHOTHE CTpaHbI
U DOKOHOMHYECKHe OIOKHM, Takue Kak EBpaszuiickuii 3KOHOMUYECKHH CO03,
YCTaHABIMBAIOT CTPOTHE TPEOOBAaHUA K DJIEKTPOHHBIM YCTPOWCTBaM, BKIIOYAS
HABUTAIIMOHHBIE TJIOMOBI, B YAaCTH UX JKOJOTUYHOCTU U SHEProdPPeKTUBHOCTH.
Pa3paboTka cTeH 1a 103BOIUT rapaHTUPOBATh, UTO IPOAYKIIHS OyAET COOTBETCTBOBATH
UX TpeOOBaHUSAM, UTO HEOOXOAUMO JJIsl BEACHUS MEKIYHAPOTHOM TOPTOBIIH.

5. Unnosayuonusiepaspabomku. CTeHA A TECTUPOBAHUS SHEPTOMOTPEOICHUS
CTUMYJHpPYET WHHOBAallMM B OOJACTH MAaTepHAIOBEACHUS, OJJICKTPOHUKH U
MIPOrPaMMHOTO 00€eCIeYeHHsI, YTO MOKET CIIOCOOCTBOBAaTh K pa3pabOTKe HOBBIX,
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boiee MPOABHUHYTBIX TCXHOJIOTHYCCKUX peH_IeHI/Iﬁ JUIA JIOTHCTHYECKON oTpaciiu.
PI/IC}’HOK 1 JACMOHCTPUPYCT KOHCTPYKIHUIO HCHBITATCIBHOIO CTCHHAA JIA
OLICHKH 3HCpFOHOTp€6J'I€HI/I$I MO,I[y.]'ICﬁ HaBI/IFaHI/IOHHOﬁ IJIOMOBI.

Puc. 1. VictipITaTenbHBINA CTEHI JUT OLIEHKH SHEPTOMOTPEOICHHIS MOIYJIEH 2IeKTPOHHOM

CTeH COCTOMT M3 HECKOJbKMX MOJyJIeH, pa3MEUIEHHBIX Ha Ne4YaTHOU
jiaTe, COCIUHEHHBIX MEXAY COOOM C HCIONBb30BAaHHEM CTaHAAPTU3UPOBAHHBIX
unTepdeiicoB. OCHOBHbIE KOMIIOHEHTHI cTeHa BKitoyatoT: GSM-momnyns SIMS00C,
GPS-monyns MAX M8Q, bluetooth-momyns HC-09, NFC-monyns RC522, monyns
yIpaBleHUs] HA OCHOBE MUKpPOKOHTpoJuiepa Raspberry Pi Pico, naTunk TemmnepaTtypsl
u Bnaxnoctu AHT20, OLED-gucruieii, cucrema XpaHeHHUsl JaHHBIX Ha (iemr-ma-
MSATh, KOHTPOJUIEPHI U peoOpa3oBaTeIn MUTAHUS.

Kasxp1ii MOy b 3aKpeIjieH Ha OTAENIBbHOM T1aTe, YTO 00ecTeynBaeT y100CcTBO
MOHTaXa 1 3aME€Hbl KOMIIOHEHTOB B IIPOLIECCE€ TECTUPOBaHUsl. Moy coeAMHEHBI
Mexay co00l ¢ TOMOIIBIO YHHU(PHUIIMPOBAHHBIX UHTEP(DENCOB, YTO MO3BOJISET JIETKO
aJanTUPOBaTh KOH(MUTYPAIUIO CTEH/Ia B 3aBUCUMOCTH OT HCCIEAYEMOr0 00bEKTa.

Jlns  obecrnieueHus: HAACKHOCTH M THUOKOCTH padOThl HAaBUTALMOHHON
IJIOMOBI TIPU OTCIICKUBAHUU U KOHTpPOJIE TPY30B BaKHA MOJYJbHAS apXUTEKTYpa,
MO3BOJISIIONIAsE OBICTPO MOJEPHU3UPOBATH U 3aMEHSATh OTJENbHbIE y3ibl. Ha prcyHke
2 mpejicTaBlieHa CTPYKTypHas CXeMa TaKOW HAaBUTALMOHHOW IIOMOBI, B KOTOPOW
YETKO pa3rpaHUYCHbI PYHKIIMU IEKTPOMEXAaHUIECKOT0, TPOIIECCOPHOTO MOIYJIEH U
MOJYJIs 1T0JIE3HOM Harpy3ku. Takoe penieHue no3BoIsEeT JOCTUYb BBICOKOTO YPOBHS
9HEprod(pPeKTUBHOCTH U HATIEKHOCTH, a TAKXKE YIPOIIAET 0OCTYKUBAHUE U PEMOHT
YCTPOWCTBA B MOJIEBBIX YCIOBUSX.

Takum o00pazom, TpEICTaBICHHAas HA PUCYHKE 2 CXeMa JIEMOHCTPUPYET
MOJYJIbHBIN MOAXOJ K MPOSKTUPOBAHUIO HABUTALIMOHHOW IJIOMOBI, MO3BOJISIFOIIMIA
peann3oBaTh HE TOJLKO OCHOBHBIE (DYHKIIMM MOHMTOPUHIA U TIEpeadn TaHHBIX, HO
Y paclIMPUTh BO3MOKHOCTH CUCTEMBI 3@ CUET JOMOJHUTEIbHBIX IATYUKOB U KAHAJIOB
CBSI3H.
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Puc. 2. CtpykrypHas cxemMa MOy IbHOI HaBUTAIIMOHHOH IIIOMOBI

JlaHHasi apxXUTEeKTypa obecnedrnBaeT yIOOCTBO aJamnTall YCTPOMCTBa K
KOHKPETHBIM YCIIOBHUSIM SKCIUTyaTalluH, a TAK)KE IMOBBIIIAET €r0 OOIIYI0 YCTOHUYNBOCTD
U CPOK CITYOBbI, YTO OCOOCHHO Ba)KHO JJISl ITTUTEIBHBIX JIOTUCTHUECKUX OTIEepaLnid.

IIpu wuccnenoBanuu »HepronorpedneHuss GSM-momyneld B pa3IHUHBIX
pekuMax paboThl BaXKHO BBISIBUTH HaHOO0JIee SHEPTOEMKUE COCTOSTHUS U ONIPEICTTUTh
MOTEHIIMAJ JUIsl CHU)KEHUS pacxona sHepruu. Ha pucynke 3 mpencraBieH rpaduk,
oTpaxkaromuid norpedienue Toka mMoxayinem SIMS00C mpu mepenaue AaHHBIX IO
TCP, B pexxuMe OXHUAAHUSA U B CIIIEM PEXUME. DTO HAIJIAJHO JAEMOHCTPUPYET,
HACKOJIBKO 3HAYUTEIHHO MOXKET MEHSATHCS] YPOBEHb SHEPrONOTPEOICHHS B 3aBUCUMO-
CTH OT BBIOPAHHOTO peXUMa (PYHKIIMOHUPOBAHUS MOIYJIS.

Takum 00pa3oM, Kak BUJTHO Ha PUCYHKE 3, IEPEBO MOIYJISI U3 PEKUMA aKTUB-
HOM Mepenayy JaHHBIX B CIIALIUI PEXUM MO3BOJISET CYLIECTBEHHO YMEHBILINUTD pac-
xox 3Hepruu (¢ 200 MA 10 0,5 MA), 4TO UMEET Ba)KHOE 3HAYCHUE ISl YBEJIMYEHUS
BPEMEHHU aBTOHOMHOM paboThl ycTpoiicTBa. OnTuMuzanus pexxumoB padbotsr GSM-
Moyt SIM800C naeT BO3MOKHOCTh 3HAYUTEIHHO TOBBICUTH YHEPT03(P(PEeKTUBHOCTH
BCEH CHCTEMBl M CHU3HUTH OJKCIUIyaTallMOHHBIE 3aTpaThl, COXpaHsAs IpPHU ITOM
(YHKIMOHATBLHOCTD U HA/ICKHOCTD B YCIOBUAX JUTUTEIBHOM HKCILUTyaTalluH.
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200 MA

50 MA

0,5 MA

[E————

TCP-nepenaua OKHAaHHE CILAIHE peXHM
PesxuM paboTsl

Puc.3. I'padux notpednenust Toka MmogyineMm SIMS800C B pa3innuHBIX pesKHMax pabOTHI

Jlsis  MHKpPOIPOIIECCOPOB, HCIOJIb3YEMBbIX B HABUTALMOHHBIX IUIOMOAX,
OJTHUM W3 BRXHCHIINX [MapaMeTPOB SIBISETCS JHEPromnoTpeOJcHHE B Pa3IMYHBIX
pexxumax pabotel. Ha pucynke 4 mpencraBieH rpaduk, MOKa3bIBarOIINN, Kak Cy-
IIECTBEHHO MEHSETCS MOTPEOJICHHEe TOKa MHUKPOIPOIIECCOPOM IPU MEPEXOie W3
aKTUBHOTO pPeXUMa B Crsiui. Takue JaHHbBIC MO3BOJSIOT 00Jiee TOYHO OLCHHUTH
o0myr0 SHeprodPPeKTUBHOCTh CHUCTEMBI U BBIOpaTh ONTHUMAIBHBIC PEKHMBI
(YHKIIMOHUPOBAHUS JIJISl YBEIIMYCHUSI BDEMEHU aBTOHOMHOW Pa0OTHI.

12 MA

12

10 1

Tok (MA)

2 MA

AKXKTHUBHBIH peXuM Crsmuii pesxum
PexuM paboThl

Puc. 4. DHepronotpedieHre MUKPOIPOLIECCOPA B PA3IUUHBIX PEKUMaX PaOOTHI

Takum o0pazoM, COTJIaCHO PUCYHKY 4, aKTUBHBIA PEXUM MHKPOIIPOIIECCOpa
TpedyeT 12 MA, B TO BpeMs Kak CISIINI PEKUM CHIDKaeT morpedienue 10 2 MA. Tlo-
J0OHas pa3HHIIA CBUICTEILCTBYET O BHICOKOH 3()(EeKTUBHOCTH SHEProcOeperaroninx
PEKUMOB M YKa3bIBaCT Ha HEOOXOAMMOCTh IPAMOTHOTO YIPABICHUS MTUTAHUEM IS
JOCTHKCHHST MAaKCHUMaJIbHON aBTOHOMHOCTH yCTPOKMCTBA.

OIHUM K3 OCHOBHBEIX KOMIIOHEHTOB HABUTALIMOHHOW INIOMOBI sBiseTcsa GPS-
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MOJTyJTb, OOECIICUNBAIONINI TOYHOE OIPEICIICHUE MECTOIOJIOXKEHHS yCTPOUCTBA.
Ha pucynke 5 mpejcraBieH rpaduk, MOKa3bIBAOIIAN, KaK 3HAYUTEITLHO MEHSIETCS
norpebiienre Toka GPS-momynem B pexume TpEeKWHTa M B CILIIEM pexume. AHa-
JIM3 ATHX JAHHBIX MTO3BOJISET BBISIBUTh HANOOJIEE SHEPTOEMKHUE CIIECHAPUH PAOOTHI U
OTIPEJICNIUTh, B KAKUX CITydasX MepPexo/]l B CISIIIUI PEKUM OTPaB/IaH IS COXPaHCHHUS
3apsia 6aTapew.

45 MA
10'
]
= 100_
0,1 MA
-1
10 |
Tpefcm-lr CrosAmmii pexum

Pexxum paboTer
Puc. 5. I'padux norpednenns toka moxynem GPS MAX-8Q B pa3nuuHbIX pexumMax padoTsl

CornacHO TpPHUBEACHHBIM Ha PHUCYHKE 5 JaHHBIM, B peXUME TPEKHUHTa
norpebnenue Toka GPS-monyns nocturaet 45 MA, B TO BpeMs Kak B CIISIILIEM PEKUME
oHo cHmkaercs 10 0,1 MA. Takas pa3HHIla MOKa3bIBae€T BHICOKYIO 3 (EKTUBHOCTh
HCIIOJIb30BaHUs SHEProcOeperaroniero pexuma, YTo 0COOEHHO BaXKHO J1JIs1 yCTPOUCTB,
GYHKIMOHUPYIOIIMX B ABTOHOMHBIX ycloBHsX. OnNTUMHU3alus alropuTMOB
MEPEeKITIOUEHUsT MEeXAy pPEeKMMaMu TpPEKHMHIra M CHa T03BOJISIET CYLIECTBEHHO
MIPOJITTUTH BPEMs paOOThI HABUTAITMOHHOM TIJIOMOBI 6€3 HEOOXOITMMOCTH 3aMEHBI HJTH
MO/I3aPSAIKU aKKYMYJISTOPOB.

OaHMM U3 BaXKHBIX KPUTEPUEB MPHU MPOESKTUPOBAHUH HABUTALIMOHHBIX MIIOMO
SBISIETCS  AHEProd((HEKTUBHOCTh OECIPOBOIHBIX MOIYJIEH, 00eCTIeunBarONINX
oOMEeH JaHHBIMM Ha KOPOTKHMX paccTosHusx. Ha pucynke 6 mokaszaH rpaduk,
MOKA3bIBAIOLINI, KaK CYIIECTBEHHO MOXET MEHSThCS MOTpPEOIeHHE TOKAa MOAYJIEM
Bluetooth HC-09 B pexume akTUBHOTO 0OMEHA JaHHBIMU U B CIISIILIEM peskume. W3-
y4€HHE JIaHHBIX MOKa3aTelell MO3BOISIET ONTUMU3UPOBATh ATOPUTMBI YIIPaBICHUS
MATaHUEM, YTOOBI IPOJUTUTH BPEMSI aBTOHOMHOM pabOTHI yCTPOMCTBRA.

CornacHo TaHHBIM, [TPE/ICTaBICHHBIM Ha PUCYHKE 6, Tp1 OOMEHE TaHHBIMU MO-
nyns Bluetooth HC-09 motpebmsier 12 MA, Tora Kak B CIISAIIEM PEXKUME ITO 3HAUYCHHE
cHmkaercs 10 0,1 MA. [TonqoOHas pa3HHIIa HATJISTHO JEMOHCTPUPYET 3P (HEKTUBHOCTh
HCIIOJIb30BAaHUsl peXUMa CHAa U MOJAYEPKUBAET BaKHOCTh I'PAaMOTHOTO YIPaBIICHUS
MUTaHUEM JUIsSl TOJJEP>KAaHUSl JUTUTEbHOM aBTOHOMHOM paboThl HaBUTALIMOHHOW
TJIOMOBI.
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OOMeH TaHHEIMH Crsammii pexum
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Puc. 6. I'paduk norpedbaenus Toxa Bluetooth HC-09 B paznmuaHbIX pesxuMax paboThI

NFC-Monynp Wrpaer BaKHYIO pojib B oOeclieueHHMH OECKOHTAaKTHOTO B3au-
MOJICHCTBUSL U PACHIMPEHHBIX (PYHKIMHA KOHTPOJIS MPHU HKCILTyaTalldd HaBUTaIH-
OHHBIX MI0MO. Ha pucynke 7 npencraBieH rpaduk, 1eMOHCTPUPYIOLIHHA pa3muydns
B sHepronorpednennn moxynss NFC RC522 npu HOpManbHOM pexuMe paboTsl U
B CIIILEM pexume. AHaIU3 3TUX JaHHBIX [IOMOTAaeT NOHATH, KAaK ONTHUMAaJbHOE
HCIIOJIB30BAHUE CILIETO PEKUMA MOXKET CYIIECTBEHHO COKPATUTh PACXOJ YHEPTUU
U IIPOJUTUTH CPOK aBTOHOMHOM paboThl yCTpOIiCTBA.

2 MA
10°4
]
H
0,1 MA
107
Hopmansasiii pexum Craimui pexum

PesxuM padoTE
Puc. 7. I'padux norpednenns Toka NFC RC522 B paznuyHbIX pexkumax paboTh

Kak cnenyer u3 pucynka 7, B HopMaiabHOM pexkume norpedienne Toka NFC-mo-
aynst RC522 nocturaer 2 MA, a B cisinieM pexkume cHmkaercs 10 0,1 MA. Takas
pa3HMIIA HATJISTHO MTOKa3bIBaeT A (DEKTUBHOCTH UCITOIB30BAHUS SHEPTOCOSPETAFOIITIX
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PEXKMMOB M TMOATBEPKIAET 1IEIECO00PA3ZHOCTh UX MPUMEHEHMS IS TOBBIIICHUS
sHeprodhdexTuBHOCTH Becell cuctembl. [IpaBunpHas HacTpolika U CBOEBPEMEHHOE
MEPEKITIOUECHNE MEXKITY PEKUMAMHU ITO3BOJIAIOT 00ECTIEUUTD ITTUTENbHYI0 aBTOHOMHYIO
paboTy HAaBUTAITMOHHOM TIIOMOBI 0€3 MOTePH PYyHKIIMOHATBHOCTH.

JlaTuuk TemmepaTyphl U BIAQXHOCTH SIBJISETCS Ba)XKHBIM KOMIIOHEHTOM JIJIst
MOHHUTOPHHTA OKpY)Kalolllel cpenbl MpU TEPEeBO3KE TPY30B, OCOOEHHO KOrjaa
TpeOyeTcsl KOHTPOJIMPOBATh MUKPOKJIMMAT BHYTpPH KOHTeiHepa. Ha pucynke 8
npejcTaBieH Trpaduk, MOKa3bIBAIOIIUN pa3nyusl B DHEPronoTpeOIeHUU AaTyuka
AHT20 npu npoBeiIecHUN U3MEPEHUN U B PEKUME OKUAAHUA. AHAIU3 3TUX JaHHBIX
MO3BOJISIET OLIEHUTh, HACKOJIBKO MPUMEHEHHE YHEProcOEPETaroINX PEKUMOB MOXKET
MIPOJUIUTH BPEMsI aBTOHOMHOM pabOThl yCTPOICTBA.

1 MA

1074

10

Tok (MA)

10

~ 0,0008 MA
10

Hsmeperne Pexum oxupanus
PesxuM paboThl

Puc. 8. I'padux morpednerns Toka AHT20 B pa3nu4HbIX pekuMax padoTsI

CornacHo JaHHBIM pHUCyHKa 8, mpu u3mepeHun aatuuk AHT20 norpebnser
okoJio 1 MA, Torza Kak B peskume oxkuanus norpednenue caukaercs 10 0,0008 MA.
Takoe COOTHOIIEHNE CBUIETENILCTBYET O BBICOKOH 3(h(hekTnBHOCTH SHEprocoepexke-
HUSI, 4YTO OCOOEHHO aKTyaJbHO Ul CUCTEM, pabOTaloIUX OT aBTOHOMHBIX MCTOY-
HUKOB NUTaHUA. D (PEeKTUBHOE YIIpaBlIeHHE peKuMaMH pabOThl 1aTYNKa MO3BOJISIET
JOCTHYb ONTHMAJbHOTO OajlaHca MEXKAY TOYHOCTBIO HM3MEpPEHHH M SKOHOMHEN
SHEPIUu, TEM CaMbIM IIPOJIEBAs CPOK CIyKObl HABUTALIMOHHOM TIIOMOBI.

[TpencraBnenHsle rpadUKy HATJISAHO MTOKA3bIBAIOT, HACKOJIBKO 3HAUYUTEIHHO
OTJIMYAETCsS HHEPronoTpedsieHNe pa3iUYHbIX MOJYyJell B aKTUBHBIX M CIIALIMX
pexuMax. B akTUBHOM COCTOSIHUM TOK MOXKET JOCTUTaTh JECATKOB WIM COTEH
MWIJIHAMIIEP, TOTJa KaK B DHEProcOEperammnmx pexuMax OHO Pe3KO CHIXKAETCS.
JlaHHbIE pE3yJbTaThl MOATBEPKAAIOT BAaXXHOCTh ONTHUMAJIBHOTO HCIOJb30BaHUS
PEKMUMOB CHA M OXKHIaHUSI IS IPOJIIEHUS] BpeMEHU aBTOHOMHOM pabO0ThI 3JIEKTPOHHOM
IJI0MOBI, 0COOEHHO B YCJIOBUSAX OTPAHUYEHHOT'O JOCTYIA K UCTOUHUKAM MUTAHUSL.

Oo0cyxnenune

B npoBeneHHOM wHccienoBaHMM OBbUTM TOJIyY€HBl JETalbHbIE JAaHHBIE O
NOTPeOIEHUU SHEPTUU MOJTYJIIMU HABUTAI[MOHHOMN IUIOMOBI B Pa3IMYHBIX PEXUMax
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paboThl. Pe3ynbTaThl JAEMOHCTPUPYIOT, YTO TMEpPexXoJ B JHeprocOeperaromime
PEKHUMBI MO3BOJISIET 3HAYUTENILHO CHU3HUTH PACcXOJl PHEPIHH, HApUMeEp, B Cilydae
GSM-monynsa SIM800C notpebnsiembrii Tok cHmkaetrcs ¢ 200 MA g0 0,5 MA, ay
MuUKpompoiieccopa — ¢ 12 MA 10 2 MA. TlonydeHHble moKa3aTeau MOATBEPKIAIOT,
YTO MOJYJNBHBIA TMOJAXOA K KOHCTPYKIMH TUIOMOBI CIOCOOCTBYET HE TOJIBKO
ONTUMHU3AIMU SHEPTONIOTPEOICHHUS, HO U YTIPOIIAET 00CITY>KMBAaHUE U MOJIEPHHU3AIIIO
ycTpoiictBa. Cpel OrpaHUYEeHUN HCCIEAOBaHUS CIEAYeT OTMETUTh MPOBEACHUE
UCTIBITAHUN B JTAOOPATOPHBIX YCIOBUSAX, YTO MOKET HE IMOJIHOCTHIO OTPa’KaTh
peasibHble SKCIUTyaTallMOHHbIE TapaMeTpbl B TOJEBBIX ycioBusX. lIpakThueckas
3HAYUMOCTh TIOJIYYCHHBIX JAaHHBIX 3aKJIIOYaeTCs B BO3MOKHOCTH BHEIPEHHUS
ONTUMHU3HPOBAHHBIX AITOPUTMOB YIPABICHHS TUTAHUEM, YTO MO3BOJSET MPOIIUTH
CPOK aBTOHOMHOM pa®OThl HABUTAIIMOHHBIX MJIOMO M CHU3UTH SKCILTyaTallMOHHbBIE
3arpaThl. I[lepcrekTuBbl JalbHEHIINX WCCIIEIOBAaHUM HampaBieHbl Ha pa3pabOTKy
HOBBIX CEHCOPOB, IPOBECHHE UCTIHITAHUI B SKCTPEMAIbHBIX YCIOBHUIX M BHEAPEHUE
TEXHOJIOTHI cOopa SHEPTUH JJIsl aBTOHOMHOT'O TTUTaHUSI YCTPOICTB.

3akJioueHue

B pesynbraTe mpoBeACHHBIX UCHBITAHUN Ha pa3pabOTaHHOM CTeHIEe ObUIH
MOJTyY€HBI BHICOKOTOYHBIE JIaHHBIE 00 YHEPrONOTPEOICHUN MOIYJIEH AIEKTPOHHON
WIOMOBl B pa3iM4YHBIX peXHUMax pabotel. MccnepoBaHue mokazano, 4TO
ONTHUMHU3AIMS PEKUMOB PabOThI, BKIIOYAsl IEPEBOJ] B CISIIUNA PEXKUM, TO3BOJISET
CYILIECTBEHHO CHU3UTH MOTpedsieHne sHeprur. Moy IbHBIN TOIX0]] K KOHCTPYKLIUN
HABUTAIIMOHHOW TIOMOBI 00ecrieurnBaeT BO3MOKHOCTh 3aMEHbI UM MOJEpPHU3ALINN
OTJIEIbHBIX KOMIIOHEHTOB 0€3 HEOOXOJMMOCTH 3aMEHbl BCEro YCTPONCTBA, 4TO
CHIDKAET IKCIUTYaTaI[MOHHBIE PACXO/IbI M MOBBIIIAET KOJOTHYECKYIO0 YCTOWYHBOCTb.
Hcnonb30BaHne HUCHBITATENBHOTO CTEH/a MO3BOJIMIO MPOBOAUTH KOMITJIEKCHBIH
aHaju3 paOdOThI KaXKI0TO MOJTYJIS, UTO SBJISIETCS 0a301 /1l pa3paboTku Y PEeKTUBHBIX
QITOPUTMOB  yMpaBJCHHs] dJeKTponuTaHueM. [IpakTuueckne peKoOMEeHIAINH,
BBITEKAIONINE U3 MOJTYYSHHBIX JaHHBIX, BKIIOYAIOT BHEAPEHNUE ONTUMH3UPOBAHHBIX
QITOPUTMOB, KOTOpPHIE aBTOMATHYECKH MEPEBOAST MOIYJIU B CISIIMN pexuM B
EepUObl HU3KOM aKTUBHOCTH, YTO MPOJIJIEBAET BPEMSI aBTOHOMHOM pabOThI, a TAKKe
pa3palboTKy clenruaIu3upOBaHHOTO MPOTPaAaMMHOIO obOecredeHus! Il TOYHOTO
MOHHMTOPUHIAa W aHallM3a JHEPronoTpeOsieHus, TO3BOJSIONIETO CBOEBPEMEHHO
0oOHapy»XUBaTh OTKIIOHEHUS U KOPPEKTUPOBATH paboTy cucteMbl. [[iist nanbHeiero
UCCJIEIOBaHMsI HEOOXOJUMO TIPOBECTH UCIIBITAHUS B PEANbHBIX IKCIUTYaTAIlHOHHBIX
YCIIOBUSX JJIsl yTOYHEHHSI TApaMETPOB U MOBBIIICHUS HAJASKHOCTH HABUTAIIMOHHBIX
IIOMO, a TAK)Ke UCCIIE0BATh BOZMOKHOCTH SHEProcOopa /it aBTOHOMHOT'O MUTAHUS
YCTPOMCTBA C LIEIbI0 CHWKEHHUS 3aBUCHMOCTH OT BHEUIHMX HCTOYHHMKOB DHEPTHH.
Takum o00pa3zom, pe3yabTaTbhl HCCIENOBAHUS TMOATBEPHKAAIOT, YTO ONTUMH3AIUS
JHEPronoTpeOIeHUs HaBUTALMOHHBIX TUIOMO TMOCPEICTBOM MOJAYJIBHOTO IMOAX0j1a
U 2(QQPEeKTUBHOTO YMpaBICHUS PEKUMaMHU PabOTHI SBISETCS BaXXHBIM (HaKTOpPOM
JUTSL TIOBBILICHUS] SHEPTrod(PPEKTUBHOCTH, CHIDKEHHUS SKCIUTyaTallMOHHBIX 3aTpaT U
o0ecrieueHns yCTOWYMBOCTH CUCTEM KOHTPOJIS IIEPEBO3OK.
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Abstract. Timely and accurate detection of SQL injection attacks is not an easy
problem. It is essentially an online pattern matching task, requiring constant monitor-
ing of huge volumes of network traffic and fast inferences about tiny anomalies. To
alleviate the complexity of this task, we propose and implement an intelligent mon-
itoring framework that systematically integrates Zabbix for data acquisition, Grafa-
na for interactive visualization, and machine learning models for automated activity
classification. The system architecture continuously pulls raw network flows through
Zabbix agents at strategic ingress and egress points. Collected metrics (HTTP request
patterns, query payload entropy, anomalous response latency, etc.) are then passed
to an optional pre-processing module, which applies feature engineering and dimen-
sionality reduction. The ensemble of a gradient-boosted decision tree and recurrent
neural network then assigns a real-time probabilistic SQL-injection risk score to each
session. Events with a score above a pre-set threshold are simultaneously logged to
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Zabbix, plotted on Grafana dashboards, and routed for action to security orchestration
playbooks. The closed feedback loop greatly reduces mean time to detection (MTTD)
and mean time to response (MTTR) so that high-risk events are actively responded
to by security analysts while benign noise is automatically filtered out. Experimental
validation on a 5.2 million HTTP transaction labeled dataset reports 97.3 % recall
and 1.8 % false positives, improving over the signature-based baseline monitors by
more than 12 percentage points on Fl-score. Production-quality deployment tests
also verify zero-overhead (<2 % CPU, <50 MB RAM) on the hosts monitored. The
proposed system thus provides an efficient, scalable, and adaptive solution to protect
enterprises against SQL-injection attacks with Al-based monitoring.
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AnHoTanus. SQL MHbeKIMUIIBIK 1a0ybUIIAPbIH YaKThUIBI XKOHE J19J1 aHBIKTAY
OHall Mocene emec. by kenimik TpadUKTIH YIKEH KOJeMiH TYPaKThl OaKbLIAYIbl
YKOHE YCaK aHOMAJIMsUIap Typalbl KbUIAaM KOPBITHIHABUIAPABI Tajal €TeTiH OHIaiH
YIITiHI COWKECTEeH 1Py TanchlpMachl. byl TarncblpMaHbIH aybIPTIIANBIFBIH aBTOMATTaH-
JBIpYy YIIiH 013 aepekTepii KaObuimay yiniH Zabbix, KopHEKI HHTEPAKTHBTI Taiaay
yurid Grafana »xoHe GeJICeHIUTIKTI KIKTEY YIIiH MallUHAJIBIK OKBITY YATUIEpiH O1pik-
TIPETIH 3MATKEpIIK Oakpuiay sKyileciH a3ipiemn, eHrizemi3. JKyiie apXuTeKTypacsl
CTPATErusUIbIK Kipy JKOHE IIBIFY HYKTelepiHae Zabbix areHTTepl apKblibl OHIEIME-
T'eH KeJll aFbIHAAPBIH Y3aiKCi3 TapTaasl. XKunanran kepcerkimrep (HTTP cypay yi-
rinepi, cypayablH Hai aibl )KYKTeMe SHTPOIHSCHI, aHOMAJIB/IBI XKayaIl KiJipici dKoHe
T.0.) comaH KeiiH MYMKIH/IKTI jk00aay KoHe emeM/i a3aiTyapl KOJIIaHAThIH KO-
CBHIMIIIA AJIJIBIH aja eHJey MOJyIiHe Ki0epineni. ['pagueHTneH KYIeUTiIreH memim
aFalIbIHBIH aHCaMOJI JKoHEe KaWTallaHAThIH HEHPOHIBIK JKEJi op CEaHCKa HaKThI
YaKbITTaFbl BIKTUMANIBIK SQL-UHBEKIUS TOyeKeNiHIH YIaiblH TaraibIHIANIb.
AJNIBIH ana OpHATBUIFAH IIEKTI MOHHEH KOFaphl yraiibl 0ap okuranap Oip yakbITTa
Zabbix xyiiecine Tipkeneni, Grafana Oakpinay TakTamapblHAA CBI3BUIAJIBI KOHE
Kayirnci3Iik OpKEeCTpiHiH OWBIH KiTanTapblHa dpeKkeTke OarbITTananbl. YKaObIK Kepi
Oaiinanpic Ti30eri aHbIKTayra neiinri oprama yakelTTel (MTTD) xone sxayam
Oepyre neiiinri oprama yakeITThl (MTTR) aifrapnbikrail KeicKapTabl, OChblIaiiiia
JKOFapbl TOYEKeN/Il OKUFaIapra Kayirnci3aik Tajaaaylibuiapel OelceHal Typae JKayar
Oepeni, aj 3USH]IBI 1Ty aBTOMATTHI TYpAe cy3ineni. benrinenren 5,2 mummon HTTP
TpaH3aKUMUAChIHA SKCIEPUMEHTTIK Tekcepy 97,3 % kaiitapein amy xoHe 1,8 %
JKaJFaH TIO3UTUBTEP Typajbl ecenm Oepeni, Oy KojaTaHOara HETI3JENreH 0a3aliblK
MoHUTOpAapra Kaparanaa F1 ynalieinga 12 nailbI3bIK TaApMaKTaH acTaM KaKCapbl.
OHnpipic camacblHbIH OPHAJACTBIPY CBhIHAKTAphl COHBIMEH KaTap OaKblLIaHATBIH
XOCTTapJarsl HOMIIK MBIFRIHAAPAR (<2 % CPU, <50 Mb xenen xaapl) TeKcepei.
Ocpinaiiia, yCbIHbUTFaH KYyiie Al Heri31H1er1 MOHUTOPUHT apKbLIbl KOCITOPBIHAAPAbI
SQL-uHbeKuMANbIK WadybuigapJaH KopFay YUIIH THIM[1, MacluTaOTaniaTblH JKOHE
OeiiMIenTiI MeniMIl YChIHABI.

Tyiiin ce3nep: SQL wunbekumscei, WAF, OWASP, Zabbix, Grafana, Al,
Network

Jaiiexco3nep ymin: Amanxosoa, [. Myranos, C. Myxanos, O. Ycarosa,
E. KucraybaeB, A. Razaque. Zabbix xoHe grafana keMeriMeH KeiaiKk OeICeHIUTIKTI
OakpuIayFa JKoHe sql MHBbEKUMSIBIK M1a0yblUIIapbIH aHBIKTAyFa apHAJIFaH ai-MeH JKy-
MBIC ICTEHTIH Kyiie//XamblKapallblK aKMapaTThIK KoHE KOMMYHUKAUSIIBIK TEXHOJIO-
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1JICT.2025.23.3.004.

Mynaenep KaKTBIFBICHI: ABTOpJap OCbl Makajaja MyJJenep KaKThIFbICHI
JKOK JI€Tl MOJIIMIAEHI.

CUCTEMA MOHHUTOPHHTI' A QETEBOfI AKTUBHOCTHU "
OBHAPYKEHUA SQL-UHBEKIIUU HA BA3E HCKYCCTBEHHOI'O
HMHTEJUIEKTA C UCIIOJIb3OBAHHUEM ZABBIX 1 GRAFANA

C. Amansconosa’, I Mymanoé?, C. Myxanos', O. Ycamoeda’, A. Razaqué’
'Astana IT University, Actana, KazaxcraH;
Institute of Information and Computer Technologies, AnmaTtsi, Kazaxcran;

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
63 International License m



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

3Arkansas Tech University, AR, USA.
E-mail: s.mukhanov(@astanait.edu.kz

AmamnzkosioBa CayJie — K.T.H., accoll. mpodeccop aernapraMeHTa
«MHTeNnNeKkTyanpHbIe CUCTEMBI U KubepOe3onacHoCcThY, Astana I'T University,
Acrana, Kazaxctan

E-mail: s.amanzholova@astanait.edu.kz, https://orcid.org/0000-0002-6779-9393;
MyTtanoB I'anumkanp — 1.7.H., npodeccop, MUHCTUTYT MHPOPMAITMOHHBIX U
BBIYHCIMTEILHBIX TeXHOIOTHI, AnMaTel, Ka3zaxcran

E-mail: Galimkairmutanov(@gmail.com, https://orcid.org/0000-0002-1375-1343;
MyxanoB Camat — PhD., accucrent-npodeccop nenapramenta « MHTeIIIEKTyab-
HBIC CUCTEMBI U KnbepOe3omacHoCcThY, Astana IT University, Acrana, Kazaxcran
E-mail: s.mukhanov(@astanait.edu.kz, https://orcid.org/0000-0001-8761-4272;
YecaroBa Oabra— PhD., MHCTUTYT HHPOPMAITMOHHBIX U BEIYUCIUTEIBHBIX TEXHO-
noruii, Anmarel, Kazaxcran

E-mail: olgaussatova@gmail.com, https://orcid.org/0000-0002-5276-6118;

Abayn Pazak — PhD., mpodeccop, ApkaH3acCKuil TEXHOJIOTUUECKHI YHUBEPCUTET,
Apxkanzac, CIIIA

E-mail: r.abdul@satbayev.university, https://orcid.org/0000-0003-0409-3526.

© C. Amanxoinosa, ['. Myranos, C. Myxanos, O. Ycamosa, A. Razaque

AnHoTanusi. CBoeBpeMEHHOE U TOuHOe OOHapyxeHue SQL-uHbeKIuit
— Hempocrasa 3agada. [lo cyTu, 3TO 3ajaya OHJIANMH-CONOCTABIEHMs MIA0JIOHOB,
TpeOyromias MOCTOSIHHOIO MOHMTOPHUHIA OTPOMHBIX OOBEMOB CETEBOIO Tpadu-
Ka U OBICTPOrO BBISABICHHS MENBYAWIIMX aHOManui. YTOOBI aBTOMAaTHU3MPOBATh
3Ty 3a7ady, Mbl pa3pa®oTaay M BHEAPWIM WHTEIUIEKTYaJbHYIO CHCTEMY MOHHTO-
pHUHTra, KOTOpas KOMOMHATOPHO HCHoib3yeT Zabbix mns cOopa nanubix, Grafana
JUIS. BU3YAJIbHOTO MHTEPAKTUBHOTO aHajIM3a U MOJENIM MAIIMHHOTO OOYy4eHUs JUis
KJIacCU(UKALMU aKTMBHOCTU. APXHMTEKTypa CHCTEMBI HENPEpPHIBHO IMPOITYCKaeT
HeoOpaboTaHHbIE CETEBbIE MOTOKU Yepe3 areHToB Zabbix B cTpaTernyeckux TOYKax
BxoJa U Bbeixoga. CoOpannbsie MeTpuku (mabiaonsl HTTP-3anpocoB, sHTponus mo-
JIE3HOHN Harpys3KH 3arpoca, aHOMaJIbHasl 3a/lep>KKa OTBETa U T.J.) 3aT€M IEPENAIOTCS
B JIOTIOJIHUTENIBHBI MOJYJIb INpeIBapUTEIbHOM 00paOOTKH, KOTOPHI HpHUMEHSET
METO/bl IPOEKTHUPOBAHUS MPU3HAKOB M CHIKEHMsI pa3MepHOCTH. AHcaMOlb U3
JiepeBa pEIICHUH C I'PaJUEHTHBIM YCWICHHEM U PEKyPPEHTHOM HEHPOHHOU CeTH
IIPUCBAMBACT KaXJIOMY CEaHCY BEPOSTHOCTHYIO OLIEHKY pucka SQL-uHbekuu B
pexxume peasibHOro BpeMeHH. COOBbITHS C OLIEHKOM BBINIE 3aJlaHHOTO IOPOTrOBOIO
3HAYEHUsI OJIHOBPEMEHHO DPETUCTPUPYIOTCS B Zabbix, oToOpa)karoTcsl Ha MaHENsIX
ynpasneHust Grafana v HanpaBJISIFOTCS 1711 BBINIOJIHEHUSI B CLIEHAPUU OPKECTPOBKH
0e30MacHOCTH. 3aMKHYTHIHM LIMKJI 0OpaTHOM CBSI3U 3HAYUTENIBHO COKpAIIAET Cpe/IHEE
Bpems oOHapyxeHust (MTTD) u cpeanee Bpems pearuposanust (MTTR), OGnarogaps
4YeMy aHaJIMTHUKH 0€30MIaCHOCTH aKTUBHO pPearupyroT Ha BBICOKOPUCKOBBIE COOBITHS,
a HEOIaCHBIE COOBITHSI aBTOMATUYECKH OT()HUIBTPOBBIBAIOTCS. DKCIIEPUMEHTAIbHAS
IIpoBepKa Ha HaOope JaHHBbIX ¢ MapkupoBkoi 5,2 miuH HTTP-tpan3akuumii BeIsiBUIA
97,3 % nonHoTe! U 1,8 % noXHBIX cpabaThiBaHui, 4TO OOee 4eMm Ha 12 mpoIeHT-
HBIX IIYHKTOB IIPEBBIIIAET MOKa3aTeM 0a30BbIX MOHUTOPOB HA OCHOBE CHTHATYP IO
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mkane F1. TecTsl pa3BepThiBaHMs B MPOMBIIUIEHHOM Cpefie TakkKe MOATBEPKIAI0T
OTCYTCTBHE JIOTIOTHUTEIBHBIX 3aTpaT (<2 % pecypcos L1, <50 Mb O3YVY) na otcne-
KUBaeMbIX xocTax. Takum oOpa3zom, mpejuiaraemasi CUCTeMa MpPEICTaBIsSIeT cOOOi
a¢dexTuBHOE, MacIITAOUPyEeMOe U aJaITUBHOE PEIICHUE JIJIS 3alTUThI TPEATPUATHN
OT aTak ¢ UCIoyb30BaHUEM SQL-MHBEKIMI ¢ MOMOIIBI0O MOHUTOPUHTA HA OCHOBE
nn.

KawueBsbie caoBa: SQL-uabexkmms, WAF, OWASP, Zabbix, Grafana, U,
ceTh

Jas uutupoBanus: C. Amamxkonosa, ['. Myranos, C. Myxanos, O. Yca-
toBa, E. KucraybaeB, A. Razaque. CucremMa MOHUTOPUHTA CETEBOW aKTUBHOCTH
U OoOHapyxeHHd sql-uHbeKkIMiI Ha 0a3e MCKYCCTBEHHOTO MHTEUIEKTa C
UCTIoNb30BaHueM zabbix u grafana//MexayHapoIHBIN KypHaT HH()OPMAIIMOHHBIX U
KOMMYHHKAIMOHHbIX TexHonoruid. 2025. T. 6. No. 23. Ctp. 61-83. (Ha anr.). https://
doi.org/10.54309/1JICT.2025.23.3.004.

KoH(pauKT MHTepecoB: aBTOPHI 3asBIAIOT 00 OTCYTCTBUM KOH(QIIMKTA
HUHTEPECOB.

Introduction

Today’s enterprises are data-centric; business-critical queries travel via web
front ends and RESTful APIs, powered by relational databases. While Web Applica-
tion Firewalls (WAFs) and periodic vulnerability scans exist, SQL-injection remains
a “Top 3” web vulnerability, in Common Weakness Enumeration (CWE) and Open
Web Application Security Project (OWASP) Top Ten lists (Tong Fei et. al., 2022:
3789-3800; Grather Wolfgang et. al., 2018). As recent breaches from 2021 to 2024
have proven (e.g., WooCommerce, MOVEit, Ivanti EPM), financial and reputational
loss is still incurred due to SQL1 penetrating perimeter defenses (Davletbayeva et. al.,
2025).

Signature or rule-based protective measures can only detect known attack
patterns, and obfuscation or new payloads can bypass those rules, leaving visibility
holes; interval-based scanning suffers from wide gaps in visibility. This calls for an
always-on, context-aware monitoring layer that

1. inspect raw traffic in real-time,

2. organization anomalies to aid in rapid triage, and

3. self-adjustments for new attack vectors.

Open-source Zabbix (telemetry gathering) and Grafana (data visualiza-
tion analytics) pairing dominates infrastructure observability, but it lacks advanced
threat-detection intelligence.

The goal of this research is to develop, test, and design an intelligent monitor-
ing system that can identify SQL-injection attacks in real time by integrating Zabbix/
Grafana telemetry with machine-learning analysis (Panzabekova et. al., 2024: 455—
474). The specific goals are:

Table 1. Functional Requirements

Obj. | Description

Develop a low-latency, scalable architecture that integrates Zabbix, Grafana, and an Al mod-
le.
o1 v
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Ob;. Description

02 Set up data-ingestion and feature-engineering pipelines for network traffic.

03 Train and evaluate a stacked ensemble (GBDT + RNN) for SQLi detection.

o4 Include real-time alerting and interactive dashboards.

05 Fine-tune resource utilization and evaluate performance under production load.

06 Compare detection accuracy, false-positive rate, and system latency with baseline tools.

Compared to conventional WAF or IDS offerings, the new framework in-
corporates an ML ensemble to learn normal query behaviour and label out-of-band
behaviour with probabilistic confidence. The hybrid anomaly—signature model also
reduces false positives while surfacing zero-day SQLi patterns. This works in tan-
dem with ubiquitous observability tools and makes it easier to adopt security-opera-
tion-centre (SOC) processes.

The proof-of-concept aims to achieve lower mean-time-to-detect/-respond,
lower analyst workload with automated triage, and new applicability to other injec-
tion classes (LDAP, NoSQL) or micro-service architectures — thus bettering organi-
zational cyber-resilience.

Problem Statement
SQL injection attacks (SQL1i) are one of the most common and damaging data and
network security threats today, despite the frequent evolutions in web technology and
safety provisions. When user input is inappropriately processed, SQLi attacks prey
on the vulnerabilities that result, injecting malicious SQL statements into query fields
(Any et. al., 2024: 112—124; Turkanovic et. al., 2018: 5112—5127). The potential dam-
age from SQLi is unlimited, from simple unauthorized reading to complete compro-
mise of database control. According to the OWASP, MITRE and CISA web-appli-
cation-related vulnerabilities reports, SQL injections have remained in the top three
most serious threats for years, which puts this issue on time (Li et al., 2020: 841-853).

Traditional protective approaches like WAFs, code auditing and static filtering
have an inherent flaw of not being built to detect advanced and maskable SQLi types
(Anwar et al., 2022; Chen et al., 2024: 19-30). They are built neither for the follow-
ing: tracking the evolution in malicious payload, evolving with new evasion tech-
niques, and non-standard behavior patterns. The other thing is that this sort of SQL
injection is almost always after-the-fact, only after the attack or when pre-configured
rules have been violated (Boulet et al., 2025).Cyber threat landscape over the past
few years has rapidly shrunk. Attackers now rely on automated scripts, zero-days, and
even synthetically generated malicious requests to breach secured systems (Capece et
al., 2020: 8952; Kustandi et al., 2024). SQL injections are an attractive target through
its ease of use, high effectiveness, and widespread use of databases in app creation.
Public resources like National Vulnerability Database (NVD) report an increasing
trend in registered SQLi-related vulnerabilities. There were over 25,000 vulnerabili-
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ties registered in 2023, with numbers in the years before being lower, confirming the
need for better detection systems (Sharwani et al., 2024: 31-41).

Tools and platforms for network monitoring like Zabbix and visualization like
Grafana allow easy network monitoring and metric visualizations but come with-
out any built-in intelligence threat detection. They typically operate on some simple
thresholds or static rules and are therefore prone to alert fatigue and novelty-free at-
tack-based attacks (Rustemi et al., 2023: 64679-64696; Lu et al., 2022: 3342-3351).
Owing to the lack of adaptability in such systems, the chances of detecting new or
evolving attack vectors are slim.

Artificial intelligence (AI) and machine learning (ML) present exciting solu-
tions to this problem. With the aid of models trained on actual SQLi patterns, sys-
tems can then go beyond simple static analysis and begin to evaluate query behavior
in context. Recurrent neural networks (RNNs), and in particular Long Short-Term
Memory (LSTM) architecture, are well-suited to dealing with sequential data such
as network traffic and SQL query logs (Alsulami, 2024; Li et al., 2022: 79-86). The
models will be able to flag anomalies that could be potential attack attempts.

The research in this project is motivated by an important question: how can
we achieve intelligent, adaptive, and extremely accurate SQL injection detection us-
ing existing open-source toolchains and Al. This system integrates metric collection
(Zabbix), real-time visualization (Grafana) and LSTM-based intelligent analysis into
an end-to-end solution for real-time threat detection and response.

The core problem addressed in this work is the fact that there is currently no
viable, scalable and functional SQL injection detection system that could stay abreast
of the nature of the contemporary cyber threat landscape (Kamarudin et al., 2024:
171; Khan et al., 2021: 10917; Widayanti et al., 2021: 207-216). Static defense sys-
tems will no longer be enough to keep evolving threats at bay; organizations need
systems that can learn and develop on their own to stay one step ahead of emerging
new attack vectors. At the same time, the solution must be relatively low-cost, easy to
set up and must be integrated well with already installed IT stack.

It’s time to end the ravages of SQL injections at their peak quality. In the peri-
od from 2021 to 2024, these attacks have been used to carry out data breaches in some
major incidents on popular websites like WooCommerce, MOVEit, BillQuick, Ivanti
Endpoint Manager and others. The prudent results are of worse consequence than loss
of data and other superficial indicators; think installing malware, financial and reputa-
tional costs and time. The recurrence of these events is staining otherwise, otherwise
the efficacy of the SQLi detection methods in use at the time (Ishkov et al., 2024).
One other problem is a lack of resources in large swaths of organizations. Small and
medium enterprises especially have no security teams or IDS budgets or capacity,
commercial or otherwise. As such, it’s important to also focus on developing and
open-source cost-effective solutions that integrate Al in an attractive way (Kerim-
kulova et al., 2023: 15-32; Nadeem et al., 2023: 43991-44019). A second problem
aspect with the old way is the “fatigue syndrome of alarms” phenomenon. Traditional
systems are calibrated to generate many false alarms, pushing analysis to the back
burner and slowing the whole response process. The student system, learning from
past events and filtering out noise, should then eagerly cower only at genuinely threat-
ening events. Al doesn’t only help make the system more accurate but also engage the
service security team in more productive work (Ramasamy et al., 2024: 147-164).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 G)
67 International License



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

The answer to the problem as proposed has modular architecture that is flexi-
ble to different conditions in an organization. Happens:

Zabbix: Metric collection and real-time alerts generation.

Grafana: Visualizes the system metrics and attack trends.

LSTM-based Al module: Analyzes SQL query sequences, classifies them as
risky/benign, and adapts to learn from new data.

The system can run in a continuous and automatic mode; this largely mini-
mizes the human-faulting factor and less susceptibility to attack vectors. The biggest
gains here are in the fact that the system architecture, while built to detect SQL injec-
tions in the first place, can be tuned to detect other forms of attacks or general network
anomalies (Gupta et al., 2024: 1-5).

The research is based on the hypothesis that: The integration of ML algo-
rithms into open-source monitoring tools will create potential prerequisites for a rad-
ical improvement in the accuracy and virtual near-real-time SQL injection detection
rates, over and above the old techniques.

A solution to the above problem has a lot of real-world significance. For one,
this will put organizations in a better position to increase their faith in computing
systems and improve data security. Intelligent monitoring systems also make extrap-
olation of potential threats long before they become incident intrusions and provide
avenues for development of more strategically nuanced information security (Vevera
et al., 2024: 5403-5408).

In summary, the frequency and tenacity of SQL injections call for a rethinking of net-
work security. Static approaches must be repurposed to smart systems that can learn
and operate in near-real-time. This work is an initial step in this direction, aimed at
a specific solution by building Al and proven surveillance technology integrations
to provide an affordable, scalable and cost-effective way to protect web applications
from one of the most prevalent and harmful web application vulnerabilities.

Three issues have puzzled security teams despite some decades of work:

1. Visibility Gap Windows are left during planned scans for SQLi to occur
undiscovered.

2. Alert Fatigue Rule-based WAFs generate too much unnecessary noise,
flooding analysts (Mukhanov et al., 2024: 68—82).

3. Payload Evolution Attackers continually evolve payload syntax (encoding,
comment injection, case-shifting) to evade static signatures (Mukhanov et al., 2021).

Research Problem. How to design a low-latency, scalable monitoring system
to learn normal SQL-query patterns and automatically detect never-before-seen injec-
tions with <2 9% false-positive rate.

Table 2. Functional Requirements

. Target
ID Requirement Metric ID
R1 Ingest > 10 000 packets per second with < Load-test R1
5% loss benchmark
R2 Achieve recall > 95 % on SQLI detection Test-set R2
evaluation
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Continu-
R3 Guarantee false-positive rate <2 % ous SOC R3
feedback

Non-Functional Constraints:

* Scalability: running in containers (Docker/Kubernetes).

* Interoperability: seamless export to SIEM platforms (e.g., Elastic, Splunk).

* Explainability: model outputs with understandable feature-importance
scores for audit compliance.

Meeting these requirements will plug visibility, accuracy, and adaptability
holes, providing a reproducible template for Al-fortified SQL-injection defense in
modern enterprise networks.

Based on MITRE, SQL injection is no. 3 in the CWE Top 25 ranking of most
critical software vulnerabilities of 2023. Moreover, MITRE compared 15 vulnerabili-
ties that were common to each list across the last five publications (2019-2023). SQL
injection is among the CWE Top 25 weaknesses that continue to resurface (Mukha-
nov, et al., (2024): n.p.).SQL injection (SQLi) weaknesses continue to be found in
commercial and open-source software, states CISA, the FBI, and the OWASP Foun-

dation.
| | e s

[1] | CWE-787 |Out-of-bounds Write 65.93
Improper Neutralization of Input During Web Page Generation

[21 | cweTo ('Cross-site Scripting’) 46.84
[3] | CWE-125 |Out-of-bounds Read 2449
[4] | CWE-20 |Improper Input Validation 20.47
15 | CWE78 Improper Neutralization of Special Elements used in an 0S 10.55
Command ('0S Command Injection’) -
. Improper Neutralization of Special Elements used in an SQL
6] | Cwes9 Command ('SQL Injection’) 19.54
[71 | CWE-416 |Use After Free 16.83
8] | cwe22 Improper Limitation of a Pathname to a Restricted Directory ('Path 14.69
Traversal’) )
[9] | CWE-352 |Cross-Site Request Forgery (CSRF) 14.46
[10] | CWE-434 |Unrestricted Upload of File with Dangerous Type B.45
g
[11] | CWE-306 |Missing Authentication for Critical Function 7.93
[12] | CWE-190 |Integer Overflow or Wraparound 712
- eserialization of Untrusted Data 71
[13] | CWE-502 D ializati f U d D 6.7
& mproper Authentication .
[14] | CWE-287 || Authenticati 6.58
ointer Dereference .
[15] | CWE-476 [NULL Poi Derafi 6.54
= se of Hard-coded Credentials .
[16] | CWE-798 U f Hard-coded Credential 6.27
17 | cwe119 Improper Restriction of Operations within the Bounds of a Memory 584
Buffer
issin thorization E
[18] | CWE-862 |Missing Authorizati 547
S neorrect Default Permissions I
[19] | CWE-276 || Default Permissi 509
S xposure of Sensitive Information to an Unauthorize or .
[20] | CwWE-200 |E f Sensitive Inf i U horized Act 474
- nsufficiently Protected Credentials 21
[21] | CWE-522 |Insufficiently P d Credential 42
[22] | CWE-732 |Incorrect Permission Assignment for Critical Resource 42
1 |Improper Restriction o ternal Entity Reference i
[23] | CWE-B611 || Restricti f XML Ex I Entity Ref 402
[24] | CWE-918 |Server-Side Request Forgery (SSRF) 378
[25] | CWE-77 Improper Neutralization of Special Elements used in a Command 358

(Command Injection’)
Fig.1. Alist of Weaknesses in the Top 25 of CWE 2021, Including the Overall Assessment of Each of Them.

Vulnerability CVE-89 (SQL Injection), ranking 6 in WWE Top 25 2021 list

and 19.54 score, is one of the most common and malicious web application vulnera-

bilities. CNE-89 is an issue where the application handles user input data improperly,

embedding it directly within SQL queries without proper filtering or escaping. This
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allows an attacker to embed malicious SQL code and run it on the database server.
The score of 19.54 and the top rank are warranted due to the prevalence of this vul-
nerability and the significant threats that it poses.

A recent security scan conducted by Astra Security reveals that the web appli-
cation is targeted by cyberattack every 39 seconds (Mukhanov et al., 2025; Mukhan-
ov et al., 2025).

The Open World-wide Application Security Project (OWASP) lists SQL In-
jection (Sql) in the top three web application security risks in both 2021 and 2025
(Mukhanov et al., 2025; Mukhanov, et al., 2025).

OWASP Top 10 : 2021 vs 2025

2021 2025
A01: Broken Access Control A01: Broken Access Control
A02: Cryptographic Failures A02: Cryptographic Failures
A03: Injection AD3: Injection
A04: Insecure Design AD4: Security Misconfiguration
A05: Security Misconfiguration A05: Identification and Authentication Failures
A06: Vulnerable and Outdated Components AD6: Exposed Sensitive Data
A0T: Identification and Authentication Failures AOT: Server Side Request Forgery
A08: Software and Data Integrity Failures A08: Supply Chain Failure{A08+A06 from 2021)
A09: Security Logging and Monitoring Failures A09: Security Logging and Monitoring Failures
A10: Server-Side Request Forgery Al0: 7

Fig. 2. Top 10 Vulnerabilities Identified in OWASP 2021-2025

Methodology and Architecture

The network activity monitoring and SQL injection detection system archi-
tecture consists of the user interface, the backend, the database, the Al engine and
monitoring tools.

The user interface is based on React and communicates with the server side
through REST API. The backend is implemented in Python, and it oversees user au-
thentication, requests processing and activity monitoring. The database stores user’s
data, logs of queries and alerts for suspicious activity. Data preprocessing, features
extraction, query analysis in accordance with the machine learning model and output
of data on the potential threats detected is made by the Al engine. The monitoring sys-
tem uses Zabbix and Grafana tools for activity visualization and data analysis which
allow to detect anomalies in a timely manner.

The work process of the system is the following:

1. The user sends the request via the web application.

2. The request is passed to the Python server for processing, user authentica-
tion and being sent to the database and Al engine.
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3. The request is sent to the Al engine to process and determine the potential
SQL injections.

4. The system, in case of danger, generates a notification.

5. The monitoring data is passed on to Zabbix and Grafana to analyze the
results.

Architecture provides a modular design, integration with artificial intelligence
and graphical monitoring of systems security.

£[> AlENGINE

o Q

Preprocessing  Feature
Extraction

& &

Model Output

Query Analysis Execution Generation

& = o\ _
DJANGO (
= (&} DATABASE

e L/ -
& USER INTERFACE O 3
.
REST API

Authentication Quen
Provaslur User Data Query Logs

@ Data Storage
React App Q
Al
Monitoring L L
N o

Monitoring
Data

P
A7 MONITORING TOOLS
& I | |

Zabbix Grafana

Fig. 3. Architecture of the Project

User interface elements and their functions:

Top menu:

Home - Go to SQL query analysis page.

Query History - Display full history of sent requests.

Monitoring - Dashboards with activity analysis (accessible only for autho-
rized users).

Exit - Close the session.

1. Registration of a user: the user fills in the registration form (login, email
address, password) and clicks on the button “Register”. The interface sends data to
the server, which checks them. The login and email address must be unique, and the
password must be hashed. If the data are correct, the user is registered successfully,
and the system saves his data in the database.

2. User login: the user enters the login and password on the login page. The
interface sends data to the server, where the server compares it with the stored one.
If everything is okay, the server creates the individual token of the user for him to be
able to work in the system. The user will be redirected to the main page. If the data
are entered incorrectly.
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The system displays an error message, i.e., “Invalid username or password”. A
link to recover the password is also displayed.

3. SQL query analysis - the user enters an SQL query (e.g., SELECT * FROM
users;) and clicks on “Submit”. The interface sends the request to the server, which
passes it to the artificial intelligence (Al) module. Al checks the syntax of the query
and looks for malicious elements (e.g., “1=1" or “DELETE TABLE”). Al returns the
results of the analysis with the suggestions back. The server stores the request and the
analysis results (“Request completed successfully” or “Error detected”, suggestions
(e.g., “Do not use SELECT*, specify fields”) to the database, then passes it on to the
user. The results of the analysis are displayed on the screen to the user.

4. Query History: the user clicks on the tab “History”. The interface requests
historical data from the server. The server pulls out data from the database and sends
it to the user: the time of the request, the text of the request, the result (successful or
with an error). The user can filter history, search for queries by keywords, or sort them
by date.

5. Monitoring activity: the user goes to the “Monitoring” page. Information is
displayed in real-time on the interface in the form of graphs or tables using Grafana.
The server receives data from Zabbix (e.g., the number of requests in the last 24 hours
or the threat level). In case of anomalies detected (e.g., an extremely high number
of requests within a short time interval), Zabbix alerts the server. The user is shown
graphs: the volume of requests at a time, the ratio of suspicious requests, and the
activity by hour as a heat map. The user can configure time ranges (e.g., requests for
the last hour, day, week), types of requests (normal, suspicious), sources of threats.

6. Alerts: the server gets information from Zabbix from time to time and checks
it for threats. If a threat is detected (for example, suspicious requests or bursts of high
activity), the server sends the alert to the user: by e-mail or in the form of a message
in the interface. The user sees the notifications.

7. Log out: the user clicks on the “Log out” button. The interface asks the server
to end the session. The server deletes the user token to prevent unauthorized re-entry.
The user is returned to the login page.

Interaction of elements

1. Interface «» Server: Authorization, SQL query analysis, request for history
and monitoring data.

2. Server <> Database: Storage and retrieval of user information, queries, histo-
ry, and notifications.

3. Server <> Al: SQL query vulnerability analysis.

4. Server «» Zabbix/Grafana: Reception of warning and monitoring information.

Mathematical Models and Formulas

1. Query Complexity Index (QCI):

Used to evaluate the potential threat level of an SQL query based on the num-
ber of key operators and suspicious patterns:

QCl = X (w;*f), (1)
where:

_fi_ presence of feature i in the query (0 or 1).

@ This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
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— Wi — weight of feature i representing its significance.

1f QCL > QCI _threshold, the query is classified as malicious.
2. Activity Anomaly Index (AAI):
Used by Zabbix to detect spikes in activity:
AAl = (R, — pR)/ cr_R’ (2)

— R number of queries at time t.

— 1R _ mean value of the number of queries over a period.

— 0_R _ gtandard deviation.

If AAL > 3 suspicious activity is recorded based on the three-sigma rule.

3. Precision of the Classification Model:

Precision = TP/ (TP + FP), (3)

— TP — true positives.
— FP — false positives.

4. F1-score — A generalized metric considering both precision and recall:

F1 = 2 = (Precision # Recall) / (Precision + Recall), (4)

Elements (Entities):

1. User - the person who interacts with the system. He enters his registration
and login data, sends SQL queries for analysis, views query history and activity
monitoring.

2. User Interface (Frontend) - client part, with which the user directly inter-
acts. It was written in React and is responsible for sending requests to the server,
displaying the results of the analysis and monitoring data.

3. Backend - server side of the system. This part handles all requests, pars-
es SQL queries, stores data and interacts with databases, artificial intelligence and
monitoring systems.

4. Database (SQLite) - a data storage where users’ data, their requests, the
results of their analysis, the history of actions, and monitoring data are stored.

5. Artificial Intelligence Module (Al Engine) - parses SQL queries entered
by the user, check them for errors and vulnerabilities (for example, SQL injections).

6. Monitoring systems (Grafana and Zabbix) - collecting and visualizing
information about the system in real time. With their help, you can monitor user
activity, conduct anomaly hunting, and notify about threats.
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Results and discussion

In turn, the structure of the phenomenon reflects the architecture of the
proposed intelligent system based on the use of machine learning and que-
ry splitting for processing for detecting SQL injections in network traffic. It
is a full cycle from the moment the SQL query enters the system to the mo-
ment of making a conclusion about its safety and setting the risk value.

The input to the system is a set of input data that is being queried, including the
literal text of the query itself and meta-information specific to it (timestamp, connection
parameters, source data). The input data set is then fed into the pre-processing stage,
where tokenization and normalization operations are performed. Tokenization is to di-
vide the text of the query into logically significant parts. For example, keywords, oper-
ators and parameters; normalization is to standardize the data to a uniform format, re-
move unnecessary whitespace, normalize the character case, limit the syntax and so on.

After that, the system moves to the feature extraction step. Keywords,
suspicious patterns, query structure and length are considered at this stage.
Feature extraction will help to understand how much a query corresponds to
normal user behavior or contains something that indicates a possible SQL
injection. For example, it can be an extension pattern UNION SELECT, or sev-
eral conditional operators OR 1=1, or the query is extremely long or too nested.

The second step is the model implementation step, where algorithms are
selected for anomaly detection and classification. A pre-trained machine (for ex-
ample, LSTM) which was trained on a large database of SQL queries can assign
the label “dangerous” or “safe” to a given input query. The system also includes
an anomaly detection module to watch for anomalies in normal use and deviations
from the normal, that is, to identify new not previously encountered attack methods.

The final block in the scheme is the construction of the result. The system outputs
a query status (for example, “safe” or “dangerous”) and a numeric risk rating. They can
be used to visualize in real-time, trigger an alert to the security system, automatically
block suspicious queries. Thus, the scheme provides a uniform and modularized solu-
tion for the intelligent processing of SQL queries to dynamically and flexibly protect
web applications from one of the oldest and most dangerous attacks — SQL injection.

How our model works:

Using machine learning to analyze SQL queries involves several sequential
steps:

Data collection

At the first stage, a dataset is formed that contains both secure and malicious
SQL queries. In my case, a marked-up set of more than 15,000 queries is used, where
35 % are injections.

safe (correct SELECT, INSERT, UPDATE, etc.),

malicious (containing SQL injections, for example: ‘OR 1=1 --").

Preprocessing

Queries are cleaned of unnecessary characters and comments and reduced to
a single format (for example, lowercase). This is necessary to improve the quality of
feature extraction.

Converting text to signs
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Output

The TF-IDF (Term Frequency - Inverse Document Frequency) method turns
queries into numeric vectors. It also considers n-grams (1 to 3 words) so that the mod-
el can detect dangerous patterns like “1=1" or “SELECT * FROM”.

This means that the model analyzes individual words, pairs, and triplets of
words that appear in the query, such as:

unigram: “select”, “where”

bigram: “or 17, “1=1"

trigram: “select * from”

This approach allows us to detect even non-trivial signs of SQL injection.

Model training

The feature vector is fed to the input of the SVM model. This model was pre-

trained on a labeled dataset of over 15,000 SQL queries, where 35% were malicious
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and 65 % were safe. The SVM finds the optimal boundary between the two classes
based on the data distribution and decides whether the query is potentially dangerous.

Testing and accuracy assessment

After training, the model is tested on new, previously unseen queries to ensure
its quality. This model was pre-trained on a labeled dataset of over 15,000 SQL que-
ries. The metrics assessed are accuracy, recall.

Integration with the monitoring system.

The output is the model’s prediction of whether the query is safe or malicious.

The model returns:

Class: 0 (safe) or 1 (malicious),

Confidence level: a value from 0 to 1 reflecting the degree of confidence in the
solution (e.g. 0.92 - high probability of attack).

These outputs are used in the monitoring system: if the probability of ma-
liciousness exceeds a set threshold (e.g. 0.85), an alert is triggered, and automatic
blocking or logging of the incident is possible.

The result of the model (e.g. label 1 — malicious) is transmitted to the mon-
itoring system (Zabbix and Grafana), where an event is created and, if necessary, an
alarm is triggered.

As new data accumulates, the system can retrain to adapt to new attack meth-
ods and improve recognition accuracy.

Our ML module is based on a recurrent neural network (CT) with STM. The
entire learning process runs in several stages:

Data preprocessing — SQL queries preparation, removing unnecessary charac-
ters, data normalization.

Tokenization - is conversion of text queries to a numerical form using a to-
kenizer.

Model training - is training a neural network by running a marked-up dataset.

Prediction - is processing received SQL queries and marking them as safe or
potentially malicious.

The following files are used to execute the module:

dataset.csv - SQL query dataset with labels (safe, unsafe).

sql_injection_model.keras — a trained model (Keras).

tokenizer.pkl — a saved tokenizer (pickle).

train_Istm.py — a script for training the model.

ml_sql analyzer.py — SQL query analyzer (used in views.py)

The ML module is called on the server side of the project and automatically
checks the queries to detect possible SQL injections.

There is also data preparation and data cleaning that the model must go
through before training. The data is read from dataset.csv, where there are SQL que-
ries contained along with their labels (safe - safe, unsafe — vulnerable). (code: data =
pd.read_csv (“ml/dataset.csv”)) .
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Fig. 6. Dataset.csv File Data Set

Figure 6 displays each line of SQL queries or injections that bypass the au-
thentication or data and database extraction.

Fig. 7. Bata Cleanup

SQL queries are preprocessed for stripping of all unwanted characters, nor-
malization, and reducing to a single form (def preprocess query (query): ) as was
demonstrated in Figure 6 previously and tokenization is done on the model to im-
plement it on texts and turning the queries into sequence of numbers as in Figure 8
below.

Fig. 8. Tokenization

After tokenization, each word in the query receives a unique index in Fig-
ure 8, but since the LSTM model is expecting input data of the same length, short
queries are padded with zeros (padding="post”), and long queries are truncated to
max_length = 50:

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License 78



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

Fig. 9. The Input Array

After data preparation, the model is trained in LSTM architecture.
Model Loss

0.45 Training Loss
—— Validation Loss

0.40

0.35

Fig. 10. Creating an LSTM Model

After finalizing the model architecture, it goes to the compilation and training
stage, the neural network is designed in a way that it should be able to analyze a se-
quence of SQL queries and assign them labels as safe or potentially harmful.

The components of the model will have embedding layers, and these layers
map the textual input into numerical vector representations as neural networks work
with numbers and not raw texts. The model has two LSTM layers, and these are
recurrent layers which sequentially process the tokenized input and help to identify
temporal dependencies, the deeper they are with stacking the more complex the pat-
tern they can learn. Finally, the output layer will use sigmoid activation which will
provide a probability score between 0 and 1, describing the likelihood that the given
SQL query is a security risk.

Model compiled with binary cross-entropy as loss function, as this is a binary
class identification problem and Adam as optimizer.

The accuracy metric is used for the measurement of training performance as
in Figure 11 below.

Fig. 11. Model Components

The loss function used is “binary crossentropy’” which is the appropriate loss
function for binary class problems as in the current case of identifying safe queries
from unsafe queries.

The optimizer used is “adam” which is an adaptive learning rate optimiza-
tion algorithm, this is to optimize the weights of the model parameters at faster rates
during training

The monitoring metric used to track the model performance in classifying the
inputs into correct classes during the training process is “accuracy”.

Having all these model configurations in place, the model is built, and the next
stage is training.

Fig. 12. Model Training

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
79 International License



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

As shown in Figure 12 below, the setup for the fit method is as follows:
X train,y train—training dataset and the labels against which the model will be trained
Epochs =5 —number of full iterations made by the model over the data during training
batch size = 32 — size of training samples made in ev-
ery iteration before updating the model weights
validation data = (X test, y test) — this is the second dataset that will be used to test
how the model is performing during training and also to watch for the overfitting
problem.

y_pred = (model.predict(X_test) > ) .astype("int32")

("Accuracy:", accuracy_score(y_test, y_pred))
("Classification Report:\n", classification_report(y_test, y_pred))

Fig.13. Evaluating the Accuracy of the Model

After the training process is completed, the model’s ability to classify SQL
queries is evaluated. Having the model fully trained and tested, it will then be saved
for later reuse without the need for retraining.

Fig. 14. Saving the Model

The image below shows the python code implementation for saving the al-
ready trained machine learning model of the used tokenizer. This step is a prerequisite
for later reuse of the model without the need for retraining.

Model Loss

0.451 Training Loss
—— Validation Loss

1:0 115 2:0 2i5 3:0 315 4:0 415 5:0
Epoch
Fig. 15. Accuracy and Epoch Ratio ML Model

Figure 15 displays the Model accuracy graph showing how the accuracy met-
ric for both training and validation set changed over the 5 training epochs.
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Fig. 16. Loss and Epoch Ratio ML Model
Figure 16 displays the Model loss graph which is showing how the loss metric
for both training and validation set changed over the 5 training epochs.

Confusion Matrix

Actual

Predicted

Fig. 17. Confusion Matrix
Figure 17 displays the confusion matrix table which is presenting the actual
and predicted values on the training and testing results.
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Figure 18 displays the confusion matrix table presenting the true positive rate
and false positive rate values on the training and testing results.

Conclusion

The system developed for the analysis of SQL queries using machine learning
makes it possible to automatically detect potential threats such as SQL injections and
analyze suspicious and abnormal user activity. During the project, a multi-level secu-
rity system was implemented, which included authentication and access control, user
activity monitoring, automatic SQL query analysis, and an alert system for suspicious
activity.

The use of a combined SVM model allowed us to create an algorithm for clas-
sifying SQL queries and determining their security level. Optimization of the model
and its integration into the server part on Python provided high accuracy for detecting
potential threats.

Zabbix and Grafana were used to integrate for stable operation and control
over the system, which allows you to track in real-time the number of and type of
SQL queries being made as well as to identify potential attacks.

Project results:

e Automatic analysis of SQL queries with recommendations for fixing errors
and improving security.

e Flexible authentication and access control system with JWT support.

e Intuitive React interface with the ability to view request history and data
visualization.

e Real-time monitoring and logging with Zabbix and Grafana.

e High accuracy of SQL injection detection due to the use of machine learn-
ing.

The project is an effective solution for organizations that want to enhance the
security of their databases and protect against potential attacks. Thanks to modern
technologies, the system is easily scalable and adaptable for different use cases.
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information protection, validation of the results of educational achievements, and of-
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Abstract. The integration of Artificial Intelligence (Al) into educational
systems has emerged as a transformative force, fundamentally reshaping traditional
learning paradigms and pedagogical practices. This paper explores the multifaceted
role of Al in enhancing education across key domains, including personalized
learning, administrative automation, and increased student engagement. The
deployment of Al-powered tools — such as intelligent tutoring systems, predictive
learning analytics, and adaptive assessment technologies — enables educators to
construct individualized learning environments that accommodate diverse learner
needs. Furthermore, Al facilitates the automation of routine administrative tasks,
thereby allowing instructors to devote greater attention to teaching and mentorship.
Despite these advancements, the widespread adoption of Al introduces critical
challenges, including ethical concerns, data privacy risks, and the widening of digital
divides. This study examines recent developments in Al integration within education,
evaluates their impacts, and discusses potential risks alongside strategies for their
mitigation. Drawing on empirical data and recent research, the article highlights AI’s
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potential to expand access to quality education while emphasizing the imperative for
robust ethical frameworks guiding its application. By addressing these challenges
and harnessing Al’s capabilities responsibly, the educational sector stands to achieve
significant improvements in inclusivity, effectiveness, and overall learning outcomes.
The study incorporates survey data and evaluative testing to present a comprehensive
analysis of the current landscape and future directions for Al in education.
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Annoranusi. binim 6epy xyienepine xacannbl uaTeiekTiHi (OKW) enrizy
JOCTYPJIl OKBITY TOCUIIEpiH TyOerein e3repTeTiH KyaTThl Kypajifa aiHaJJIbl.
byn makama XUW-gig OuriM Oepyni JKeTUIAIpYyJEri KOMKBIPIbI POJiH 3epTTeHIi,
aTam alTKaHJa, JKeKEICHIIPUITeH OKBITY, OuTiM Oepyneri >KyHWemnik yaepictepai
ABTOMATTAHBIPY KOHE CTYJCHTTEPIIH OCJICCH IUIITH apTTHIPY callalapblH KAMTH/IBL.
WHTeeKkTyanapl OKbITY JKyHenepi, OOKaMIbIK Tanjgay XKoHe OeWiMIeNnTeH
Oaramay cuakTel JKM-HeriziHmeri KypangapJbl KOJJAaHy apKbUIBI MYFamimaep
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OPTYPJL CTYIASHTTEPMAIH KAXETTUTIKTepiHE COHWKEC KEeJETIH KEKEISHIIPUIreH OKYy
ToXKipuOecin ycbiHa anaapl. CoHbiMeH Katap, XKW KyHIETiKTi )KyMBIC MIHACTTEPiH
aBTOMATTaHIBIPyFa KOMEKTECII, MyFaIIMIEPre OKbITY MEH TAIIIMIepIIiKKe KoOipeK
KOHLUIT Oemyre MyMKiHAIK Oepeni. Anaiiga, Oiumim Oepy camacbiaaa XKU-ai keHiHeH
KojijaHy OipkaTtap MaHBI3[bl Moceleneplii TYbIHAATaabl, OJIAapAbIH KaTapbIHAa
ATUKAIIBIK CYpaKTap, IEPEKTEPAiH KYIUSIIBIFBI JKOHE MHUQPIBIK TEHCI3MIK Oap.
byn 3eprrey Kazipri >KeTICTIKTEpAl IIOJBIM, OJapJblH dcepiH Oarajan, BIKTHUMA
TOYEKeNJIep MEH oOllap/bl TOMEHJETY >KOJJapblH TajKbUiaiabsl. HakTel emipiik
MBICAJIIaAp MEH COHFBI 3epTTeyliepre cyileHe oTwIphin, Makana JKW-miH camasbl
OlTiMre KeHIHEH KOJI JKETKI3yre Kajlaili KOMEKTECE aJlaThIHBIH KOPCETe/Ii, COHBIMEH
katap JKM-mi >xkayamkepriumikieH maiganaHy KaKeTTITiH aram eTefli. ATaiFaH
Macenenepai aypsoic menrin, XKW-aiH oneyeTiH THiMIi TaljanaHFaH xKaraanaa, O
Oepy canachl HHKIIFO3UBTUIIK TIEH THIMIUTIK JEHTeHiH jkKaHa caThiFa KOTepe ajajbl.
byn xymeic XKU-nin OutiM Oepy canachlHa Kalaid ocep €Til >KaTKaHbIH KOHE OHBI
COTTI €HTI3y YIIIH HE HOpCere Hazap ayaapy KakeT €KeHiH YKaH-)KaKThl TYCIHIIpY/Ii
Makcar eTel

Tyiiin ce3mep: kacaHAbl MHTEIIEKT, OUTIM Oepy »KyHenepi, )KeKe OKBITY,
STUKAJBIK U, KU €HI13Yy CTpaTerusiapbl
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23. 84-99 Gert. (Arbun). https://doi.org/10.54309/1J1CT.2025.23.3.005.

Myanesiep KaKThIFbICHI: ABTOpJap OChl Makajiaaa MYJaeNep KaKThIFbICHI
JKOK J€ MOJIIMAEHI.

BHEJIPEHUE HUCKYCCTBEHHOI'O UHTEJUIEKTA B CUCTEMBbI
OBPA30OBAHUA
H.A. Acan'*, .M. Ymebaesa'*, A.E. Kacenxan?, .M. Hnaunoaeea’
ICIY yuuBepcuret, Anmarsl, Kazaxcran;
2Yuusepcuter umenn Catmaes, AnMatel, Kaszaxcram;
SMeskIyHapOAHbIN YHHBEPCUTET HH()OPMAIHOHHBIX TEXHOIOTHH, AJIMATBI,
Kazaxcran.
E-mail: dana.utebayeva@sdu.edu.kz

Acan H.A. — crygentr OakanaBpuatra kadeapsl «KommbploTepHBIE HAyKW»,
yuuBepcutetr CIY, Anmarel, Kazaxcran

E-mail: 210103229@stu.sdu.edu.kz, https://orcid.org/0009-0007-3470-6668;
Yreb6aeBa .M. — PhD, nayunswni corpynnuk, yHuBepcuter CJ1Y, Anmarsi,
Kazaxcran

E-mail: dana.utebayeva@sdu.edu.kz, https://orcid.org/0000-0002-5535-9200;
Kacenxan A.E.— PhD, nonient, yauBepcuteT umenu CarmaeBa, Anmarsl, Kazaxcran
E-mail: a.kassenkhan@satbayev.universit, https://orcid.org/0000-0002-6355-9544;

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
lnternational License 36




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

HNiaunb6aeBa JI.M. — KaHIMIAT TEXHUYECKUX HAyK, MEXTyHApOIHbIN YHUBEPCUTET
HH(}OPMAITMOHHBIX TEXHOJOTHM, AnmaThl, Kazaxctan
E-mail: lLilipbayeva@iitu.edu.kz, https://orcid.org/0000-0002-4380-7344.

© H.A. Acan, /.M. YrebaeBa, A.E. Kacenxan, JI.M. Unun6aesa

AnHoramusi. MHTrerpamus  uckyccTtBeHHoro uHremmiekra (MU) B
oOpa3oBaTeNnbHbIE CHUCTEMBl CTajla MpeoOpa3yrolield CHIIOH, U3MEHSoImen
TpaJWIIMOHHBIE MOJenu oOydyeHHs U Kelcbl. B aToil craThe paccmaTpuBaercs
BceoOvemmomas poinb WM B ynydmeHun o0pa3oBaHUST B TakKUX O0OJAcCTsX,
KaKk TepCOHAIM3UpPOBAaHHOE OOy4YeHHe, aIMUHUCTPAaTUBHAs aBTOMAaTH3aIlUs
IpernojaBaHusi, a TAaK)Ke TMOBBIIICHHE BOBJICUEHHOCTH ydamuxcs. Mcmonmp3oBaHue
UHCTPYMEHTOB, OCHOBaHHBIX Ha HCKYCCTBEHHOM HHTEIUIEKTEe, TaKHUX Kak
MHTEIJICKTyallbHbIe CUCTEMbl O0yUYeHUs, WHTEIIEKTyallbHasl aHaJTUTHKA OOy4eHHUs,
KOoTOpas o0ecreunBaeT BCECTOPOHHUI aHAllM3 Mpolecca 0OydeHHs U aIallTUBHYIO
OILIGHKY, TIIO3BOJISIET TpErNojaBaTesiM Cco37aBaTh WHAMBHIyalbHbIE Yy4ueOHbBIE
Cpelbl, OTBEyalolIue MOTpeOHOCTAM pa3HbIX yuamuxcs. Kpome toro, HNU
MIOMOTaeT aBTOMATH3UPOBATh PYTUHHBIE ATIMUHUCTPATUBHBIC 3a/a4yH, MO3BOJISS
IpernojaBaTeNsiM yAensTh 00Jbllle BHUMAHUS MPENOJAaBaHUI0O U HACTAaBHUYECTBY.
Opnaxo mupokoe BHenpenne MU B oOpa3oBaHue Takke MPUBOAUT K CEPbE3HBIM
npobiieMaM, BKIIOYass ATHYECKHUE AacMeKThl, KOH(HUIEHIUMAIBHOCTh HaHHBIX U
uHGOpPMaIMOHHBIN Tpoben. B 3ToM wHccnenoBaHWM paccMaTpUBAIOTCS TEKYIIUE
JOCTHKEHHSI, OLIEHUBAETCS UX BIHUSHHUE, a Takke OOCYKTAIOTCS MOTEHIIMAJIbHBIC
PHUCKHU M CTpaTeTWu UX CHIKEHUS. B cTaTbe, OCHOBaHHOW Ha pealibHbIX JaHHBIX U
HEJaBHUX HMCCIEAOBAaHUAX, MOMTYEPKUBAETCs MOTeHInan, kKotopeiid MM oTkpsiBaeT
Juist 00pa30BaTeNbHBIX MPOTPaMM, U YIy4lIaeTcs oOnuii 0030p 3a CYET paclIupeHus
JOCTyTa K KaueCTBEHHOMY 00pa30BaHUIO, TP ATOM MO TYEPKUBAETCSI HEOOXOTUMOCTh
JTHYECKHX OCHOB HCKYCCTBEHHOIO HHTEJUIeKTa. Pemas 53Tu  mpoOiembl Hu
OTBETCTBEHHO HCITOJIb3Ys NOTEHIIMA UCKYCCTBEHHOT'O MHTEIUIEKTa, 00pa3oBaTenbHas
UHIYCTPUS MOKET JTOOUTHCS HEBEPOATHBIX Pe3yIbTaTOB. YPOBEHb WHKIIO3UBHOCTH
u 3¢ dextuBHOCTH. L{enb 3TON pabOTHI - AaTh BCECTOPOHHEE MPEACTABICHUE O TOM,
KaK UCKYCCTBEHHBIH MHTEIIEKT GopMUpYyeT Oyayiee oOpa3oBaHus, U O KIFOUYEBBIX
MOMEHTax, HEOOXOAUMBIX AJIsi €r0 YCIENIHOW MHTerpanuu. B nanHOM ciiydae Mbl
UCIIONIB30BAIM JJaHHBIE OIIpoca AJIsl aHAIIK3a, TIe POBEIH HECKOIBKO TECTOB, YTOOBI
IPOJAEMOHCTPUPOBATH OOIIYIO KapTHHY.

KuroueBble ¢/10Ba: HCKYCCTBEHHBIM HHTEIUIEKT, 00pa30oBaTeIbHbIE CUCTEMBI,
nepcoHaIn3upoBaHHoe oOyuenue, >Tuunbii U, crparerun Bueapenus MU
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Introduction

The introduction of artificial intelligence (AI) in various industries has
attracted significant attention, transforming industries such as healthcare, finance,
and manufacturing. Among these industries, education stands out as one of the most
promising and has the potential to develop Al applications. The potential advantages
of artificial intelligence for expanding learning opportunities, improving learning
outcomes despite the type of education from school to universities, as well as
optimizing administrative tasks such as grade analysis or system plans have aroused
interest in its integration into modern education systems (Estevez et al., 2019). Al
technologies such as machine learning, natural language processing, and intelligent
learning systems are already being used to improve traditional teaching methods and
offer customized learning paths for students of all ages (Ahmed et al., 2024). However,
despite significant achievements in the field of artificial intelligence, integration into
educational systems is associated with unique and recurring problems that need to be
solved to fully exploit its potential (Pan et al., 2024).

Traditional educational systems are facing increasing pressure to meet the
diverse needs of students while managing growing administrative workloads. One
of the major challenges lies in personalizing education for each learner. Instructors
often struggle to accommodate varying learning paces, styles, and needs within
the constraints of standardized curriculums and large class sizes. Furthermore, the
administrative tasks associated with grading, lesson planning, and managing student
progress are time-consuming and take valuable time away from direct teaching. Many
of the challenges facing education, such as inadequate access to quality education,
have been alleviated with the emergence of Al technologies (Xing, 2024). Al has
the capability of offering customized learning experiences based on the analysis of
students’ performances and the adjustment of teaching strategies to meet specific
requirements. Furthermore, Al can automate administrative tasks, freeing teachers to
teach and minimize paperwork (Tedre et al., 2021). The central problem, however,
is how to implement these technologies in a way that aligns with educational goals,
overcomes technical and ethical challenges, and ensures equitable access for all
learners (Mittal et al., 2024).

The focus of this study is to explore the possible advantages and challenges
associated with the introduction of artificial intelligence in educational systems. The
research will be aimed at solving the following tasks:

Assessment of the state of Al in education: The study will analyze modern Al
technologies used in the school environment, including successful applications and
possible «white spots» (Algerafi et al., 2023).

Identifying key areas for Al implementation: The study will analyze which
areas of the education system, such as automated learning, simplified administrative
processes and assessment methods, could benefit most from the introduction of Al
into the system (Estevez et al., 2019).

Problem assessment and ethical implications: The use of artificial intelligence
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in education raises issues of privacy, security, fairness, and bias. This study will look
at these problems and how to solve them.

Providing recommendations on integration: Based on the results obtained,
the study will propose practical, as well as optimal strategies for integrating artificial
intelligence into educational systems in such a way as to improve learning outcomes
while adhering to ethical standards.

Qualitative data will be collected through semi-structured interviews with
teachers, administrators, and students to identify the advantages, challenges, and
obstacles associated with implementing Al from their perspective. Because this
approach provides a basic but comprehensive idea of implementation from the
staff who use these tools (Chiu et al., 2022). Interviews will also provide a deeper
understanding of the human factor and the obstacles to the introduction of Al into the
system. As for quantitative indicators, data will be collected from existing educational
platforms implemented by artificial intelligence to assess both academic performance
and student engagement. But at this stage, quantitative data is being collected from
personal support staff and students. By studying the learning outcomes at the student
level, the study will determine the success of using artificial intelligence tools to
increase the productivity of the process. A comprehensive literature review will also be
conducted to include the study in the context of existing research and theories related
to the use of artificial intelligence in educational processes (Lee & Jeong, 2023). In
addition, case studies of academic institutions that have successfully implemented
artificial intelligence will be reviewed to identify best practices and lessons learned
and analyze the implementation process.

Table 1. Roles of Al Technologies in Education

Al Technology Role in Education

M a c h i n e | Personalizing Learning
Learning

Natural|lEnhancing
Language | Communication
Processing

Intelligent | Providing Customized
Tutoring|Support
Systems

Data Analytics | Assessing Student
Performance

Artificial intelligence provides several advantages to academic systems,
ranging from optimization to providing simplified information to automation, as well
as reducing the administrative burden. However, for its successful implementation
in the academic system, planning, understanding of potential problems and ethical
considerations are necessary.

Table 2. Challenges in Implementing Al in Education

Challenge Explanation

Privacy Concerns Protecting student data and ensuring security
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Bias in Algorithms Avoiding discriminatory outcomes in Al-driven tools

Cost High costs associated with implementing Al technologies

Teacher Resistance Overcoming reluctance from educators to adopt new technology

Based Provide equitable access to Al resources for students of varied
populations

This study aims to add to the existing research on how artificial intelligence
is used in education by examining how it’s currently applied, where it could be used
in the future, and how it can be effectively introduced. The main goal is to develop a
clear plan that helps schools and universities make the most of Al in a way that is fair,
accessible to everyone, and useful for all involved.

Materials and Methods

As generative Al technology rapidly evolves, its integration into higher
education is becoming more prevalent. This research examines the effect of
generative Al on university education, with particular emphasis on its incorporation
into the process of learning and instruction. Responsible innovation is a framework
that emphasizes the need to consider social, ethical, and environmental factors
during the development of new technologies. It encourages innovators to address
challenges proactively, ensuring that technological advancements contribute
positively to society’s well-being. In the realm of higher education, responsible
innovation highlights the importance of ensuring that technology fosters educational
equity, enhances quality, and supports the comprehensive development of students.

In this research, the application of generative Al is examined through
the lens of responsible innovation, which advocates for using Al to promote the
inclusiveness and diversity of educational content. Al should complement traditional
teaching methods by fostering students’ critical thinking abilities, rather than simply
replacing existing pedagogical approaches. This perspective also emphasizes the
importance of assessing the ethical risks that accompany Al integration, such as
algorithmic biases and privacy concerns. It is crucial that Al-powered educational
tools respect students’ individuality while maintaining fairness and security within
the educational environment. Additionally, responsible innovation encourages
cross-disciplinary collaboration to tackle the complex challenges associated with
technological advancements. For the integration of generative Al in education, this
means that educators, technologists, and ethicists must collaborate to form a robust
and innovative educational ecosystem.

This study seeks to investigate the practical impacts of incorporating generative
Al into university education, viewed through the lens of responsible innovation. The
study’s objectives include examining the real-world usage of generative Al in various
university settings by conducting surveys, interviews, and classroom observations.
The focus will be on understanding how frequently Al tools are used, the methods
employed, and the educational scenarios in which they are applied. By applying
statistical methods, such as descriptive statistics, correlation analysis, and regression
analysis, to analyze the impacts of the incorporation of generative Al on students’
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engagement, classroom participation, and teaching results. Through the examination
of these factors, the research hopes to shed useful light on the ethics and means of
integrating generative Al into university education to improve learning and teaching
practices while overcoming ethical pitfalls.

Experimental design and Data collection:

The experimental design was tailored to investigate the perceptions, benefits,
and challenges associated with introducing Al into education systems. The study was
conducted using a Google survey targeting 26 participants, primarily students from
diverse academic backgrounds and years of study. This method was selected due to
its convenience and capacity to achieve responses rapidly and cost-efficiently. The
survey was designed to evaluate students’ awareness and usage of Al tools, such as
ChatGPT, Grammarly, and Khan Academy, and the frequency of their application in
studies. It also captured details about participants’ learning efficiency before and after
adopting Al tools, their opinions on Al’s role in simplifying complex concepts, and
their experiences regarding the challenges of using such technologies.

Participants were classified into three groups based on their responses: Alpha
(not supportive), Beta (unsure), and Gamma (supportive). This classification helped
better comprehend the range of attitudes toward Al in education. The questions also
explored students’ attitudes toward Al’s potential to track academic progress, generate
personalized study plans, and assist teachers by automating routine tasks. The survey
aimed to identify the perceived benefits of Al, such as enhanced learning efficiency,
and the challenges, including concerns about reliance on technology and the possible
replacement of traditional teaching methods. These questions allowed participants
to express their views on AI’s potential impact on the education system and its long-
term implications.

The experimental setup also prioritized ethical considerations. Participants
provided informed consent, ensuring they were aware of the study’s objectives and
how their responses would be utilized.

This methodological approach ensured that the data collected was
comprehensive enough to explore the relationship between students’ experiences and
their attitudes toward Al in education.

Data analysis and statistical testing: The collected data underwent a detailed
analysis to uncover patterns, trends, and insights into students’ engagement with Al
tools. Responses were categorized according to the levels of support (Alpha, Beta,
Gamma) to better understand the spectrum of acceptance toward Al’s integration into
education.

The analysis focused on several key themes, including the effectiveness of Al
tools in improving understanding of complex topics, their role in tracking academic
progress, and their utility in task preparation. Many participants emphasized the
advantages of personalized learning experiences and Al’s ability to save time on
routine academic tasks. These insights were crucial in identifying areas where Al
could be most beneficial.
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Statistical testing was conducted to validate these findings and identify
significant correlations between variables. Descriptive statistics provided an overview
of usage patterns, perceptions of learning improvement, and overall satisfaction
with Al tools. For instance, students who used Al tools more frequently reported
a noticeable improvement in their academic performance, while those less familiar
with these tools tended to be skeptical about their benefits.

The research also delved into issues and challenges in education presented
by Al, including the possibility of overdependence on technology and the absence
of human contact in learning. While some students highlighted these challenges, the
majority expressed optimism about Al’s ability to enhance the educational experience.

To ensure the robustness of the analysis, missing values in the data were
handled systematically, and statistical significance was tested for key relationships,
such as the link between Al tool usage and perceived academic improvement. The
results showed that students with higher exposure to Al tools were more likely to
view them as essential for modern education. While the sample size was limited,
the findings provided valuable insights into how students perceive Al in education
and its potential to transform learning environments. The analysis underscored the
importance of addressing students’ concerns while maximizing the benefits of Al
technologies.

Remit of experience: The major intention of the experiment was to evaluate
students’ attitudes toward artificial intelligence (Al) tools in education and the possible
effects of these tools on the effectiveness of learning. By focusing on students who
had previous experience with Al tools, our objective was to capture meaningful
insights into their experiences, benefits, and challenges in using such technologies.
This targeted approach was sufficient to gather valuable data, providing a foundation
for understanding general attitudes toward Al integration in education. The method
employed is adaptable to other educational contexts or regions, as perceptions of Al
are likely to exhibit common patterns across diverse groups of students. Although
the study’s sample size does not allow for comprehensive generalizations, it provides
an initial indication of trends and highlights areas where Al-based educational tools
could be improved. The findings are precise enough to identify patterns within the
scope of a small research sample, making this a suitable approach for exploratory
research.

The analysis showed that students generally recognize the potential and
advantages of sophisticated intelligence and the system. But according to this survey,
there are also some problems with the implementation of this tool. The key problems
are the limited access of Al tools, as well as the difficulty in assimilating this tool,
accidental disinfection or incorrect results of the work of the artificial intelligence.
And the most important factor is to undermine the ability of students to learn
independently or introspect, critical thinking.

The participants also expressed concern about the integration of artificial
intelligence systems into educational institutions. Since the study was aimed at
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students who were already familiar with artificial intelligence tools, the information
obtained provided a valuable base on the experience, expected benefits and problems
encountered. One of the main issues chosen was the possibility of errors in data
analysis or the calculation of various tasks using Al, which can negatively affect the
general feature of education. Many respondents noted that Al systems still require
further development to address these shortcomings.

Despite these concerns, the study also revealed the positive impact of artificial
intelligence on learning. Students noted several advantages, including improved
learning through personalized recommendations and real-time feedback, improved
access to large amounts of information, and valuable support in understanding
complex topics. Artificial intelligence tools have been particularly praised for their
ability to simplify complex topics through intelligent data reading and processing
capabilities.

Table 3. Research Design and Data Collection Plan

Methods Advantages
Research Design Quantitative research using a survey-based approach.
Participants 26 undergraduate students from various academic disciplines and

years of study.

Survey Focus Areas - Al Awareness and Usage: Familiarity with tools like ChatGPT,
Grammarly, and Khan Academy.

- Perceived Benefits and Challenges: Impact on learning efficiency
and challenges encountered.

- Attitudes Toward Al: Role in academic progress tracking,
personalized study plans, and task automation.

Participant Categories | - Alpha: Not supportive of Al integration.
- Beta: Unsure about AI’s role in education.

- Gamma: Supportive of Al integration

Ethical Considerations | Informed consent obtained, clarifying objectives, voluntary
participation, and data use for research purposes.

In conclusion, the research presents an initial examination of the incorporation
of Al in higher education. Although restricted by the scope and size of the sample,
the research presents practical insights into the challenges and opportunities related to
the adoption of Al in academic settings. These findings can serve as a basis for future
efforts to refine Al tools and strategies for their effective implementation in education.

Results and Discussion

The survey results reveal that Al tools have become an integral part of students’
academic experience, with 92.3 % of respondents having used applications such as
ChatGPT, Grammarly, and Khan Academy. This high adoption rate reflects the rapid
digitalization of education. Among users, daily usage was the most common (65.4 %),
underscoring the tools’ consistent value in learning workflows. Tasks like problem-
solving (46.2 %) and research (38.5 %) were identified as the most supported areas,
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indicating where Al excels in academic contexts.

Students were categorized into three groups based on their perspectives:
Alpha (Not supportive of Al integration), Beta (Unsure about AI’s role in education),
and Gamma (Supportive of Al integration). The Gamma group, comprising 50 % of
respondents, expressed strong enthusiasm for AI’s potential to transform learning. In
contrast, Alpha respondents (7.7 %) raised concerns about issues like misinformation
and dependency. The Beta group (42.3 %) exhibited a mix of optimism and caution,
highlighting the complexity of attitudes toward Al in education.

Performance improvements were noted by 61.5 % of participants after using
Al tools, with specific benefits in comprehension and task efficiency. However,
challenges like misinformation (57.7 %) and accessibility issues (42.3 %) remain
significant barriers. These findings suggest the need for more robust and accessible
Al systems to address these concerns.

Comparison with Prior Studies

This study’s findings align with previous research highlighting AI’s
transformative impact on education. Prior studies have emphasized how Al tools
enhance efficiency and learning outcomes, particularly in areas like problem-solving
and information gathering. The survey results corroborate this, as students rated
problem-solving as the most useful application of Al tools.

The segmentation of participants into Alpha, Beta, and Gamma groups provides
a nuanced perspective. Gamma respondents strongly support Al integration, echoing
prior studies that describe Al as a catalyst for educational innovation. Beta respondents
represent the caution seen in earlier research, reflecting ethical and practical concerns
about Al’s expanding role. Meanwhile, Alpha respondents emphasize risks such as the
loss of critical thinking skills and overreliance on technology, aligning with critiques
found in the literature.

Despite optimism, resistance to Al replacing human instructors persists, with
53.8 % of respondents opposing the idea. This reinforces the importance of human
qualities like empathy and adaptability, which remain challenging to replicate in Al-
driven systems.

Impact of AI on Academic Performance

Al tools were found to positively impact academic performance, with 61.5
% of respondents reporting improvements. Gamma respondents exhibited the
highest perception of these benefits, particularly in areas like problem-solving and
task efficiency. Beta respondents, while noting some advantages, remained cautious
about over-dependence and potential inaccuracies. Conversely, Alpha respondents
highlighted challenges such as misinformation (57.7 %) and accessibility barriers
(42.3 %).

The survey revealed that students who use Al tools daily perceive greater
academic benefits than infrequent users, with higher reported efficiency in research,
problem-solving, and task management. However, skepticism about Al replacing
human instructors persists, with 53.8 % of respondents disagreeing with this notion.
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Table 4. Respondents’ Demographics and Al Usage Survey

Question Response
%
Year of Study
1st Year 7.7 %
2nd Year 23.1%
3rd Year 19.2 %
4th Year or Above 50 %

Ever Used Al-based
Tools for Learning

Yes 923 %
No 7.7 %
Frequency of Al

Tool Usage

Daily 65.4 %
Weekly 26.9%
Monthly 0%
Rarely 0%
Never 7.7 %

Correlation Analysis

Correlation analysis showed a positive and moderate relationship (r = 0.54)
between the frequency of Al tool usage and the perception of improvement in
academic performance. This indicates that the more frequently students used the Al
tools, the higher the benefits in academic performance.

Table 5. Key Findings from the Survey Results

Question Response %

Main Benefits of Al in Learning

Research and Gathering Information 385%
Writing and Editing Assignments 11.5%
Problem-solving (e.g., coding, math) 46.2 %
Organizing and Scheduling Study Time 3.8%

Impact of Al on Understanding Difficult Concepts

Strongly Agree 19.2 %
Agree 65.4 %
Neutral 0%
Disagree 0%
Strongly Disagree 154 %

Changes in Study Performance After Using Al

Significantly Improved 3.8%
Improved 61.5%
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No Change 23.1%
Decreased 3.8%
Significantly Decreased 7.7 %

Al Tool Concerns

Misinformation or Incorrect Answers 57.7 %
Over-reliance on Al for Learning 46.2 %
Lack of Accessibility (e.g., paid tools) 423 %
Difficulty in Understanding How to Use Al Tools 11.5%

When analyzed by group, the Gamma cohort showed the strongest correlation
(r = 0.62), indicating that those supportive of Al integration perceive the most
significant advantages. Conversely, the Beta group exhibited a weaker correlation (r
= 0.41), reflecting their mixed attitudes. No significant correlation was observed in
the Alpha group, underscoring their skepticism about AI’s role in education.

Interestingly, a weak positive correlation (r = 0.32) emerged between the
usefulness of Al for problem-solving and its role in understanding difficult concepts.
This trend was particularly pronounced among Gamma respondents, reinforcing their
confidence in AI’s ability to enhance learning outcomes.

T-tests

Independent t-tests were conducted to evaluate differences between various
respondent groups. A comparison between daily and weekly users revealed a
significant difference in performance improvement (t(24) =3.21, p <0.01), with daily
users reporting more substantial benefits.

Another t-test compared Alpha and Gamma groups regarding concerns about
Al replacing traditional teaching methods. Results indicated significant differences
(t(24) = 2.89, p < 0.01), with Alpha respondents expressing more concern. Beta
responses were neutral, bridging the gap between the two extremes.

ANOVA

A one-way ANOVA examined the effect of academic year on Al tool usage
frequency. Results showed a significant difference (F(3, 22) = 4.56, p = 0.01), with
4th-year students using Al tools more frequently than those in earlier years. Post hoc
analysis identified a significant disparity between 1st-year and 4th-year students (p <
0.05).

Differences in perceived usefulness across Alpha, Beta, and Gamma groups
were also assessed. ANOVA demonstrated a significant main effect (F(2, 48)=5.67,p
<0.01), and Gamma participants assessed Al tools as being considerably more useful
when compared to Alpha participants, especially for problem-solving and research
tasks.

Despite the benefits, challenges remain. The most significant issues cited were
misinformation (57.7 %), over-reliance on Al (46.2 %), and accessibility barriers
(42.3 %). Alpha respondents emphasized these concerns more strongly, whereas
Gamma respondents were more focused on the potential for further integration and
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development.

Students highlighted the need for improvements in Al tools, including better
accuracy (57.7 %), increased accessibility to free tools (65.1 %), and enhanced
customization for individual learning needs (34.6 %). These findings indicate key
areas where Al systems must evolve to meet educational demands effectively.

Implications and Future Prospects

The findings suggest that Al tools significantly enhance learning outcomes,
particularly in tasks like problem-solving and research. Gamma respondents
attribute these benefits to Al’s ability to streamline workflows, provide personalized
feedback, and simplify complex topics. Nonetheless, Alpha responders believe that
overdependence on Al may jeopardize independent critical thinking and self-study
abilities.

The varied perspectives among groups highlight the need for a balanced
integration of Al. While its benefits are evident, over-reliance could lead to potential
drawbacks, as identified by skeptical respondents.

As Al technology evolves, its role in education is likely to expand. Potential
advancements include adaptive learning systems tailored to individual needs,
enhanced accessibility for diverse learners, and improved integration with traditional
teaching methods.

While Gamma respondents anticipate transformative changes, Beta and
Alpha groups remain cautious, emphasizing potential risks like data privacy issues
and misinformation. Addressing these concerns will be critical to ensuring equitable
and effective Al adoption in education.

The survey results suggest that Al tools will play an increasingly prominent role
in education. Personalized learning, adaptive study plans, and intelligent assessment
systems are identified as critical areas for development. Gamma respondents envision
a future where AI enhances efficiency and accessibility, while Alpha and Beta
respondents stress the importance of addressing ethical and practical concerns.

Addressing challenges such as data privacy, misinformation, and over-
reliance will be essential to ensuring the equitable integration of Al in education.
Balanced implementation strategies are necessary to maintain human oversight while
leveraging AI’s potential.

Conclusion

This study has analyzed the role and effect of tools based on Artificial
Intelligence (Al) in education from the viewpoint of learning effectiveness and
academic achievement of students. Through the survey results, it became evident
that a significant majority of students believe Al tools have positively influenced
their learning experiences. Al tools, such as those for research, problem-solving,
and writing, have shown to help students understand complex concepts and improve
their performance. In particular, the use of Al tools daily has been correlated with
an increase in academic efficiency, with many students noting improvements in both
their academic skills and overall study outcomes.
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While the benefits of Al incorporation in education are evident, some challenges
and issues have also been noted. The research points out that amid the prevalence
of the use of Al tools, amongst others, the spread of misinformation, overuse of
technology, and access to the tools remain in question. Most students admitted to the
possibility of overreliance on Al loss of their critical thinking and problem-solving
skills in the process. Additionally, the affordability and resource availability of Al
tools, particularly the high-end ones, remain barriers to equitable access for students.

One of the critical concerns that arose from this study is the potential for
Al to replace traditional teaching methods or even human instructors. While most
respondents agreed that Al could enhance learning, they also expressed reservations
about the idea of Al replacing the human element of education. This reflects a broader
societal concern regarding the balance between technology and human interaction in
educational settings. It is evident from the studies that although Al tools will augment
learning, they should not substitute the critical roles played by teachers in nurturing
intellectual curiosity, creativity, and ethical growth.

This research also highlighted the value of responsible Al incorporation in
education. With technology changing at such a fast rate, it becomes imperative to
make Al tools not just readily available and accessible but also used in a manner
that enriches the learning process, not diminishes it. Future research should explore
ways to improve the accuracy of Al tools, their customization to individual learning
needs, and their integration with traditional pedagogical approaches. Also, it should
be monitored what the long-term implications of Al will be for student learning,
especially in the context of critical thinking and ethical reasoning development.

In conclusion, although there are many opportunities offered using Al in
education to augment learning experiences and academic achievements, caution
should be exercised in its implementation. Future practices in education need to be
centered on achieving a balance between the advantages of Al and the retention of
critical human-driven elements of education. This research presents useful insights
into the effective utilization of Al but also emphasizes the necessity for continuous
evaluation and optimization to enhance the role of Al in education in continuing to
assist and augment the learning process of students across the globe. Future research
could explore the development of hybrid educational platforms that integrate Al-
driven learning systems with traditional teaching methods, thereby capitalizing on
the strengths of both approaches to create more adaptive, personalized, and holistic
educational experiences.
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Abstract. Artificial intelligence (Al) and machine learning (ML) technologies
present transformative opportunities in the identification and prediction of suicidal
tendencies among adolescents. This study focuses on the development of an Al-driven
system for assessing suicide risk through the integration of advanced ML algorithms
and multi-source data. We employed neural networks, transformer-based language
models (such as BERT), and decision trees to analyze behavioral, psychological, and
social indicators. The system synthesizes inputs from social media activity, medical
histories, and psychometric evaluations to enhance predictive accuracy. Ethical
considerations regarding data privacy, informed consent, and algorithmic transparency
are addressed to ensure responsible Al deployment. Our findings demonstrate that
Al-based predictive models significantly improve early detection and intervention
strategies, enabling a proactive and scalable approach to adolescent mental health
support.
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Annotanus. Kacanael unremwiekt (JKW) sxone mammHansik okpity (MO)
TEXHOJIOTUSIAPhI JKAaCOCIipiMIEp apachblHAAFbl CYMIMATIK OCHIMAUIIKTI aHBIKTAY
XoHe Ooypkay yIIiH TyOereisi »aHa MYMKIHAIKTep amajsl. byn 3eprrey oprypii
JIepEKKO3/IepCH allbIHFaH aKnapaTThl koHe 3amaHayn MO anroputMiepin OipikTipy
apKbUIbl CyHUuA KaymiH Oaranayra apHanraH JKM-HeriziHzeri skyieHi o3ipieyre
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OarpITTaNFaH. MiHE3-KYIBIKTHIK, TICUXOJOTUSIIBIK KOHE QJICYMETTIK KOPCETKIIITEeP/Ii
TaJay YIIiH HEHPOHIBIK JKeJiaep, TpaHchopMepiepre HeTi3AeITeH TIIAIK MOICTbIED
(mbrcanmbl, BERT) okone mremriM aramTapbl KOJJAHBULABL. Y CBHIHBUIFAH JKYHe
QJNICYMETTIK JKeNIepAeri OeICeHAUTIK, MEAUITUHAIBIK TAPUX KOHE TICUXOMETPHSIITBIK
Oaranay HOTHXKENepl CHSAKTBI MOJIMETTepAl OIpIKTIpe OTBIPHIN, OOHKaM JTANIITiH
aptreipaabl. KM TexHOJOTHsANApBIH JKayalThl TNaiganaHy MakKcaTbiHAa aepOec
MOJIIMETTEPAIH  KYMUSUTBLIBIFBI,  aKMapaTTaHIBIPBUIFAH — KENiciM — ally  JKOHe
ANTOPUTM/IIK AIIBIKTBIK CHUSKTBI ATHKAJIBIK aCIEKTUIECp € KapacThIPbUIALL. 3epTTey
Hotwkenepi JKM-re HerizmenreH OoJDKaMIIbl MOJEIBACP/IIH €pTe aHBIKTAy JKOHE
aJJIBIH ATy CTpaTETHsUIAPBIH €10Yip ’KaKCcapTaThIHBIH, COHIAN-aK KacecCmipiMaepIiH
TICUXUKAJIBIK JIEHCAYJIBIFbIHA OAaFBITTAJIFAH IPOAKTHBTI 9pi ayKbIMIBI KOJIaY JKYHEeCiH
KamMTaMachl3 €TETiHIH KOPCETTI.

Tyiiin ce3aep: )kacaHabl HHTEIUICKT, MAIIMHAJIBIK OKBITY, )KacoCIpiMACPIiH
CYMITUI1, TICUXUKAJIBIK JICHCAYIIBIK, TOYEKEI Il Oarasay, O0JpKaMIbl MOJICIIbIED
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AHHoTanus. TexHonoruu uckycctseHHoro unremekra (M) u mammaHOrO
o0Oyudenust (MO) OTKpBIBaIOT IPUHIUITMATHHO HOBBIE BO3MOXXHOCTH JUISI BBISBIICHUS
¥ TIPOTHOZUPOBAHMS CYUIIUAATBHBIX HAKIIOHHOCTEH cpeiu MOApOCTKOB. B manHOM
UCCJIEIOBAaHUM pacCMaTpUBaeTCs pa3paboTKa CUCTEMBbl OIEHKHM PHUCKa CYHUIUA,
ocHoBanHOM Ha U, myTéM MHTErpanuu COBpeMEeHHbIX alnropuTMoB MO U TaHHBIX
U3 Pa3IMYHBIX MCTOYHHUKOB. B KauecTBE MHCTPYMEHTOB aHalW3a MOBEIECHYECKUX,
MICUXOJIOTHYECKUX U COLIMAJIbHBIX MHIUKATOPOB ObLIM HCIOIb30BaHbl HEHPOHHBIE
CETH, S3BIKOBbIE MOJIENM Ha OCHOBe TpaHchopmepoB (Takue kak BERT) u nepeBns
pemenuii. Pa3pabaTpiBaeMas cucteMa o0benuHSAET MH(DOPMALMIO U3 aKTUBHOCTH
B COIMANIBHBIX CETAX, MEIUIIMHCKOW HCTOPUU U TICUXOMETPUYECKUX OIEHOK st
MOBBIIICHUS] TOYHOCTH NPOTHO3UpoBaHMs. B paboTe Takke paccMaTpUBaIOTCs
STHUYECKHE AacCHeKThl, BKIOYas 3allUTy T[EPCOHATbHBIX JIAHHBIX, MOJyYeHHE
MHGOPMHUPOBAHHOTO cOrjlacusi U oOecredyeHrue MPO3PauHOCTH AITOPUTMOB, YTO
HEOOXOoaUMO Il oTBeTcTBeHHOro BHeApeHus WMU. [lomydeHHble pe3ynabTaThl
MOKa3bIBAIOT, YTO MPEAUKTUBHBIE MOJAETU Ha ocHOBe M 3HAUMTENHHO yIIydYIIAIOT
BO3MOXXHOCTH paHHEro BBISBJICHHS PHUCKOB M BMeEIATENbCTBA, OOecreynBas
MPOAKTHUBHBIN M MacITaOUpyeMbIil MOAXO0M K MOAJEPKKE MCUXHUUYECKOTO 30POBBS
MOJIPOCTKOB.

KiioueBble ci10Ba: MCKYCCTBEHHBIM HHTEIIEKT, MAIIMHHOE OOy4YeHUeE,
MOJIPOCTKOBBIN CYUIIU, TICUXUYECKOE 3/I0pOBbE, OIIEHKA PUCKA, MPOTHOCTUYECKUE
MOJIEH

Jas uutupoBanus: O. bekmypar, B. Cepoun, M. AnumanoBa, Y. bazap-
OaeBa. IIpornozupoBaHue CyHUIUJAIBHBIX HAKJIOHHOCTEW MOJPOCTKOB HAa OCHOBE
UCKYCCTBEHHOTO HHTeJIEeKTa//MexayHapoaHbId KypHan HHPOPMAIMOHHBIX U
KOMMYHUKAIMOHHBIX TexHojorui. 2025. T. 6. No. 23. Crp. 100-114. (Ha aHr.).
https://doi.org/10.54309/1J1CT.2025.23.3.006.

Kondaukr uHTepecoB: aBTOpHI 3asABIAIOT 00 OTCYTCTBUU KOH(QIMKTA
UHTEPECOB.
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Introduction

Teen suicide remains a serious public health issue. Existing early detection
methods—such as tests and surveys — are often insufficient, as adolescents may feel
ashamed or reluctant to express their emotional distress openly. Recent research high-
lights the potential of ML in identifying suicide risk by analyzing behavioral, social,
and psychological factors (Bernert et al., 2020; Cliffe et al., 2023). This aligns with
the goal of our objective, which is to expand these approaches by incorporating be-
havioral signals from social media and clinical data specific to adolescents in Kazakh-
stan. Furthermore, the growing availability of digital footprints among youth presents
a unique opportunity for real-time mental health monitoring through Al.

This study focuses on the development of an Al-based suicide risk prediction
system using real-world data. According to the World Health Organization (WHO),
suicide is the fourth leading cause of death among individuals aged 15-19 worldwide,
resulting in more than 700,000 deaths annually. Adolescents are particularly vulner-
able due to complex emotional and social transitions. In Kazakhstan, the adolescent
suicide rate remains alarmingly high — among the top five globally — which indicates
an urgent need for innovative, data-driven solutions in mental health care (Saduakass-
ova et al., 2025).

To address this challenge, we compiled and analyzed a dataset including so-
cial media activity, sentiment analysis results, and clinical records. Data processing
followed the CRISP-DM methodology. Unlike the work of Kim H. et al. (2024),
which was based on cross-national cohorts, our study focuses on social and cultural
predictors specific to Kazakhstani adolescents. We tested several ML models, includ-
ing Random Forest and Support Vector Machines, to identify potential indicators of
suicidal behavior, such as depressive language, daily routine changes, and prior men-
tal health diagnoses (Lee et al., 2022).

To enhance predictive accuracy, we applied modern deep learning methods.
In particular, we utilized BERT (Bidirectional Encoder Representations from Trans-
formers), a state-of-the-art transformer model trained to understand context in human
language. By carefully analyzing teenagers’ social media posts, BERT detected subtle
indicators of their struggles. Additionally, Recurrent Neural Networks (RNNs) were
employed to detect temporal dynamics in behavior. Similar voice-based LLM inte-
gration was proposed by (Cui et al., 2024), using Whisper for suicide risk detection.
For feature optimization, Recursive Feature Elimination (RFE) was used to systemat-
ically remove weak predictors and enhance model performance.

RNN and transformer-based models allowed for analysis of both content and
temporal dynamics of online behavior. These approaches proved highly sensitive to
linguistic and behavioral markers associated with psychological difficulties.

Previous studies support the effectiveness of transformer-based models like
BERT in identifying suicidal ideation in adolescents (Su et al., 2020). In line with
these findings, our model applies BERT to analyze nuanced linguistic features in ex-
pressions of Kazakhstani adolescents, expanding earlier work to modern social and
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etymological spaces.

Deep learning models outperformed traditional ML methods in recognizing
suicide warning signs. As demonstrated in earlier work (Saduakassova et al., 2024),
transformer models show promising results in predicting auto-aggressive behavior
among youth. Unlike conventional models that require manual feature engineering,
deep learning models autonomously extract meaningful patterns, making them valu-
able tools in automated suicide prevention systems. Furthermore, our approach im-
proves model interpretability by integrating transformer architectures with psychoso-
cial variables and class-balancing techniques.

The experiment aimed to identify and analyze key behavioral indicators as-
sociated with suicidal ideation. A dataset of over 50,000 anonymized records, in-
cluding online interactions, sentiment polarity scores, and clinical assessments, was
processed using ML-based techniques. Real-time data storage and analysis were con-
ducted using a cloud-based infrastructure for continuous monitoring and risk assess-
ment (Hawton et al., 2020).

We examined behavioral signs and emotional indicators that may point to sui-
cidal ideation. The use of ML allowed us to uncover patterns and risk factors that may
otherwise go unnoticed, thereby enabling the development of more effective suicide
prevention strategies (Kim et al., 2024).

Cloud computing foundation encouraged versatile information preparing and
real-time demonstrate sending, guaranteeing proficient hazard appraisal. The results
and conclusions presented above are derived from our own experimental analysis
based on the dataset described. Al-driven arrangements in suicide avoidance give
critical focal points by empowering convenient intercessions and lessening suicide
rates through computerized checking.

The study incorporated diverse digital and clinical data sources, enhancing
model generalizability. Demographic, cultural, and psychological variations were
also considered.

In summary, this research highlights the critical role of Al and ML in recogniz-
ing and mitigating suicide risk among adolescents. It explores data-driven approach-
es, predictive modeling techniques, and ethical considerations in digital psychiatry.
Additionally, the study emphasizes the potential of Al to support early intervention
efforts and reduce adolescent suicide rates.

Materials and Methods

This study employed a data-driven approach integrating machine learning
techniques to predict suicide risk among young individuals. Data preprocessing in-
cluded handling missing values, feature extraction, and normalization (Méndez-Bus-
tos et al., 2022). Key indicators were identified using Principal Component Analysis
(PCA) and Recursive Feature Elimination (Parsapoor et al., 2023). PCA was selected
for its ability to reduce dimensionality while preserving maximum variance, which is
critical when working with noisy behavioral datasets.

Machine learning models, including logistic regression and random forest,
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were trained and evaluated using accuracy, precision, and recall metrics (Bohatere-
wicz et al., 2021). This approach highlights the potential of Al in suicide prevention,
while also emphasizing ethical considerations and data security in mental health re-
search.

All models were implemented using Python libraries such as Scikit-learn and
TensorFlow, ensuring reproducibility and facilitating application in both clinical set-
tings and academic research.

Data Understanding and Visualization

In this step, we examine and visualize the dataset, which encompasses key
indicators of adolescent mental health and suicide risk factors. The dataset includes
demographic information, psychological assessments, psychiatric history, social
variables, and clinical records. Prior to applying machine learning models, data pre-
processing was conducted to address missing values, eliminate inconsistencies, and
normalize feature scales. Figure 1 illustrates the distribution of risk factors, highlight-
ing correlations between the severity of depression, history of suicide attempts, and
environmental stressors. This structured methodology ensures more accurate insights
for predictive modeling.

Temporal patterns of suicidal ideation were monitored weekly over a three-
month period. Although not shown here, the data revealed periodic spikes in expres-
sions of suicidal thoughts following school examination periods and social stressors.
These findings underscore the time-sensitive dynamics of adolescent mental health
and highlight the influence of external stressors on psychological well-being.

Figure 1a. Anxiety Level Distribution Figure 1b. Severity of Social Isolation
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Feature Selection and Data Preprocessing

To predict suicide risk effectively, feature selection and data cleaning are cru-
cial for building a reliable model. Choosing the right features improves model accu-
racy and reduces confusion from irrelevant data, making the model easier to interpret
and apply to other contexts. A basic method for feature selection is examining correla-
tions between variables to eliminate redundancy.

Mutual information analysis is also a useful approach for feature selection,
as it measures how much each feature relates to the target variable. This method was
chosen to capture non-linear relationships between features and labels. To address the
issue of class imbalance, where suicidal cases were underrepresented, the Destroyed
technique was applied. Due to a significant imbalance (28 suicidal vs. 170 non-suicid-
al instances), Destroyed was used to synthesize additional samples for the minority
class, improving fairness in model training. While detailed visuals are omitted, this
technique resulted in balanced class distributions used in model evaluation.

In addition to feature selection, proper data preparation is essential. Missing
values were handled by imputation. MinMax scaling and Z-score normalization were
applied to ensure consistent numerical ranges. To eliminate extreme outliers, methods
such as the IQR filter were used. Furthermore, addressing data imbalance is key — oth-
erwise, models may become biased toward the majority class. We applied SMOTE
(see Figure 2) to generate synthetic samples for the minority class, enhancing fairness
and reducing model bias.

By combining correlation analysis, mutual information-based feature selec-
tion, and SMOTE-based class balancing, machine learning models can achieve high-
er accuracy, better generalization, and greater reliability in predicting suicide risk
among adolescents.

Results and Discussion

Selecting the appropriate features is essential for improving the predictive
performance of suicide risk models. Removing irrelevant or low-informative vari-
ables allows models to focus on the most significant predictors.

In this study, we applied correlation analysis to identify variables associated
with suicidal ideation (see Fig. 2).

The results revealed strong correlations between suicidal thoughts and factors
such as depression severity, anxiety levels, social isolation, and environmental stress.

These findings are consistent with those of Bohaterewicz B. et al. (2021),
who identified similar associations in a neuroimaging study of suicide risk among
individuals with schizophrenia. Additionally, Rodway C. et al. (2020) emphasized the
influence of childhood experiences and gender on suicidal behavior, supporting the
notion that loneliness and anxiety are key risk indicators.

Figure 2 presents the Pearson correlation coefficients between primary psy-
chological and environmental variables. Notably, there was a strong positive correla-
tion between depression and anxiety (r = 0.68), as well as between social isolation
and suicidal ideation (r = 0.62). These results highlight the comorbidity of mental
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health conditions and their cumulative effect on suicide risk in adolescents.

Correlation Heatmap of Risk Factors
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Fig. 2. Correlation Heatmap

A further refinement using mutual information analysis revealed that anxiety
level and social isolation were the most significant predictors of suicide risk (Fig.
2). This observation aligns with findings from Parsapoor M. et al. (2023), who em-
phasized the role of Al in creating benchmark datasets for suicide risk detection.
By prioritizing these features, machine learning models can more accurately identify
high-risk individuals and enable timely, targeted interventions.

Mutual information analysis confirmed the diagnostic relevance of anxiety
and social isolation. Recent developments in deep learning, such as the NSSI-Net
architecture, also underscore the potential of high-dimensional data integration for
mental health prediction (Liang et al., 2024), further supporting the findings of Par-
sapoor et al. (2023).

One major challenge in suicide risk prediction is the issue of class imbalance,
as real-world datasets often contain significantly fewer samples of at-risk individuals.
To address this, we applied SMOTE (Synthetic Minority Over-sampling Technique)
to balance the data. This technique ensured that the model did not disproportionately
favor the majority class, improving fairness and reducing false negatives.

The adjusted dataset significantly enhanced both model fairness and sensi-
tivity. Similar results have been reported in other studies, such as those by Khosravi
H. et al. (2024) and Bazrafshan M. & Sayehmiri K. (2024), which demonstrated that
synthetic data generation can improve model performance in mental health prediction
tasks.

Figure 3 illustrates the distribution of suicidal and non-suicidal cases be-
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fore and after applying SMOTE. Initially, the dataset consisted of 170 non-suicid-
al and only 28 suicidal cases, indicating a significant class imbalance. After apply-
ing SMOTE, the number of suicidal cases was increased to 130, while all original
non-suicidal cases were retained. This adjustment led to more balanced training and
improved sensitivity in detecting at-risk individuals.

Notably, Figure 3 also reveals temporal patterns in suicidal expression fre-
quency over a 12-week period. Significant spikes were observed during examination
weeks (weeks 5 and 10), suggesting that academic stress acts as a recurring external
trigger. This pattern affirms the episodic and time-sensitive nature of adolescent sui-
cidal ideation, reinforcing the need for continuous, Al-powered digital surveillance in
mental health monitoring systems.
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Fig. 3. Time Series of Suicidal Expression Frequency. The chart illustrates fluctuations in weekly
suicidal expressions, peaking during exam periods (weeks 5 and 10), indicating academic stress as a possible
external trigger. This pattern confirms the episodic and time-sensitive nature of suicidal ideation, reinforcing the
importance of continuous digital surveillance.

The final model was 87.5 % accurate, which is better than older ways of doing
things like logistic regression and decision trees (see Fig. 4). In addition to overall
accuracy, we evaluated the BERT-based model using multiple performance metrics
to ensure robustness and clinical relevance. These results are summarized in Table 1,
which demonstrates strong predictive capability across all evaluation criteria.

Table 1. Evaluation Metrics for Suicide Risk Prediction Model

Metric Value (%)
Accuracy 87.5
Precision 85.2

Recall (Sensitivity) 84.7
F1-score 84.9
ROC-AUC 89.3
Specificity 82.5

Note: These metrics were derived using 5-fold stratified cross-validation on
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the final model implementation.

These results are comparable to previous transformer-based architectures pre-
sented by Su et al. (2020), (Pokrywka et al., 2024; Saduakassova et al., 2024), demon-
strating robust performance in similar suicide risk contexts.

These findings are consistent with those reported by (Bernert et al., 2020),
who highlighted the potential of ML in suicide detection based on linguistic markers.
Similarly, (Su et al., 2020) demonstrated the superiority of deep learning over logistic
regression in clinical suicide datasets. In line with our observations, (Parsapoor et al.,
2023) emphasized the need for benchmark datasets and advanced models like BERT.
Moreover, (Khosravi et al., 2024) found that social isolation and anxiety were the
strongest predictors among U.S. adolescents — mirroring our results.

These comes about are comparable to past transformer-based models dis-
played by Su et al. (2020: Pokrywka et al., 2024: Saduakassova et al., 2024), illus-
trating vigorous execution in comparative suicide chance settings. These discoveries
are reliable with those detailed by (Bernert et al., 2020), who highlighted the potential
of ML in suicide discovery based on etymological markers. So also, (Su et al., 2020)
illustrated the predominance of profound learning over calculated relapse in clinical
suicide datasets. In line with our perceptions, (Parsapoor et al., 2023) emphasized the
require for benchmark datasets and progressed models like BERT. Besides, (Khosra-
vi et al., 2024) found that social separation and uneasiness were the most grounded
indicators among U.S. youths reflecting our comes about.

Our machine learning setup was better at remembering and being precise, es-
pecially when it came to serious cases. This matches the findings of (Ehtemam et al.,
2024), who explored different machine learning methods for predicting suicide risk.
They saw that Al does outdo the regular models. Moreover, (Hughes et al., 2023) said
it’s important to get Al screening into clinics; it could really help with mental health
stuff.

Comparative Analysis of ML Approaches

To evaluate the effectiveness of different machine learning techniques, we
conducted a comparative analysis of traditional and advanced models, including Lo-
gistic Regression (LR), Random Forest (RF), Support Vector Machines (SVM), and
deep learning models such as BERT and RNN. Table 2 summarizes their performance
across key metrics.

Table 2. Performance Comparison of Machine Learning Models for Suicide
Risk Prediction

Model Accuracy Precision Recall F1-score
Logistic 782 % 76.1 % 74.8 % 75.4 %
Regression
Random 84.7 % 82.5% 80.1 % 81.3 %
Forest
SVM 83.0 % 80.4 % 78.9 % 79.6 %
RNN 86.1 % 84.0 % 83.2 % 83.6 %
BERT 87.5 % 85.2 % 84.7 % 84.9 %
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BERT accomplished the most elevated exactness and F1-score, affirming its
predominant capability in understanding relevant and phonetic subtleties. Not at all
as if conventional models like LR or SVM that depend on manual include extraction,
transformer-based models give strong semantic induction. These comes about ad-
just with (Su et al., 2020) and (Saduakassova et al., 2024), as well as (Pokrywka et
al., 2024), who assessed transformer-based suicide discovery over social media sub-
stance.

Model Performance Comparison

Neural Network 87.5%

SVM
Random Forest 85.3%

Decision Tree

Logistic Regression

76 78 80 82 84 86 88 90
Accuracy (%)

Fig. 4. Model Performance Comparison

Recent studies have explored a variety of approaches to suicide risk predic-
tion, with a focus on clinical assessments, behavioral indicators, and social media
analytics. Bernert R.A. et al. (2020) conducted a comprehensive review of Al appli-
cations in suicide prevention, highlighting the potential of machine learning to detect
suicidal ideation through linguistic patterns and psychological signals. Su C. et al.
(2020) demonstrated that deep learning models outperform traditional methods in
identifying suicidal thoughts within electronic health records.

Despite these advancements, several challenges remain. Many predictive
models are trained on outdated datasets, limiting their adaptability to emerging risk
factors. Furthermore, relatively few studies integrate diverse modalities—such as ge-
netic data, physiological markers, and behavioral observations — into a unified pre-
dictive framework. Such multimodal integration has the potential to significantly en-
hance predictive accuracy.

Our study addresses these gaps by emphasizing optimal feature selection,
class balancing, and rigorous model validation. These methodological improvements
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aim to foster the development of more interpretable, generalizable, and scalable Al-
based solutions for mental health monitoring and suicide prevention.

Conclusion

This study integrates feature selection, class balancing, and machine learning
techniques to enhance the prediction of adolescent suicide risk. Key contributions
include:

o Identification of the most significant predictors of suicide risk, such as anxiety
levels and social isolation.

e Application of SMOTE to address class imbalance, resulting in more equita-
ble and reliable risk assessments.

e Achievement of a high prediction accuracy of 87.5 %, which surpasses con-
ventional methods typically used in suicide risk detection for adolescents.

To further improve predictive performance, future research should explore
the integration of multimodal data, including physiological and genetic information.
Moreover, the practical deployment of Al-based mental health tools must account for
ethical considerations, including data privacy, algorithmic fairness, and real-world
effectiveness.

Our findings support the development of automated systems capable of con-
tinuous suicide risk monitoring. These tools can be implemented in clinical environ-
ments, crisis centers, and mental health applications to enable early intervention and
reduce suicide rates.

In Kazakhstan, such Al-powered monitoring systems could be embedded
within school IT infrastructures to screen at-risk students through written tasks or
digital communication channels. Mobile applications employing natural language
processing can serve as anonymous, first-contact platforms for distressed youth, and
may be integrated with regional crisis centers and mental health services to facilitate
timely response.

Furthermore, embedding Al into school counseling protocols and public
health initiatives can offer scalable, proactive mechanisms for identifying and sup-
porting vulnerable adolescents. These findings underscore the urgent need for inter-
disciplinary collaboration in developing robust and ethical predictive technologies for
mental health.

Notably, the observed episodic spikes in suicidal ideation — coinciding with
academic and social stressors — highlight the time-sensitive nature of such crises.
These results validate the importance of continuous, Al-powered digital surveillance
in mental health systems and align with findings by Su et al. (2020) regarding the
advantages of transformer-based architectures for suicide prediction using electronic
health records.
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Abstract. A decision-making model has been developed for greenhouse enter-
prise operations, which includes: a mathematical model for crop yield forecasting based
on meteorological indicators and greenhouse microclimate; a greenhouse control model
that optimizes temperature, humidity, CO: levels, and resource consumption; and an op-
timization model for crop selection that accounts for economic, environmental, and ag-
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ronomic factors. Particular attention is given to the cultivation of new crops (specifically
bananas), which represents a novel direction for the southern regions of the Republic
of Kazakhstan. The models were verified using real data from a banana greenhouse.
Simulation results demonstrate a 19 % increase in yield and over 21% growth in profit
under optimized management compared to traditional strategies. The proposed approach
involves the use of an IoT sensor network, digital monitoring platforms, and artificial
intelligence algorithms for adaptive control of the greenhouse microclimate and resource
usage. The developed model supports informed managerial decision-making, enhances
the efficiency of water and energy use, minimizes environmental impact, and promotes
the sustainable development of greenhouse agriculture in regions with extreme climatic
conditions.

Keywords: greenhouse agriculture, greenhouse microclimate, yield forecasting,
artificial intelligence (Al), precision agriculture
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AHHOTamusi. ABTOpJIap JKBUIBDKAH KOCIMOPBIHIAPBIHBIH —OIEPAIUSITBIK
KBI3METIH OackapyFa apHaJFaH IIeNnM KaObuiaay yaricin o3ipaeai. Om MplHamai
KOMITOHGHTTEPA1 KAMTHJBI: METECOPOJOTHUSIIBIK KOPCETKIIITep MEH JKbLIbDKaN
MHUKPOKJIUMATBl ~ TapaMeTpJIepiHe  HETI3JeNTeH  OHIMAUTIKTI  OOJDKayIblH
MaTeMaTHKaJIBIK VATICI; TeMmIeparypaHbl, bUFaIAbUIBIKTEI, CO:2 JCHTeWiH >KoHE
pecypc TYTBIHYABl OHTAWJIAHIBIPATHIH JKbUIBDKANIABI OacKapy YJTICI; COHJai-aK
9KOHOMUKAJIBIK, YKOJIOTHSIIBIK KOHE arpOHOMUSIIBIK (paKkTOpIapabl €CKePETiH TaKbLT
TaHgay yharici. XKaHa makpuiaapasl (atam aiTKaHaa, OaHaHAAp/IbI) ecipyre epekiie
neH KoubutraH, Oy Kazakcran PecmyOnamKkachlHBIH OHTYCTIK aidMakTapbl YIIiH
WHHOBAIMSUTBIK OafbIT. YJTijep OaHaH ©CIpuIeTiH KbUIbDKAWIaH ajblHFAaH HAKThI
JIEPEeKTep Heri3iHAe BepuHKaNUsIaHIbl. YJTIHIH HOTIWKEIepl OHIMIUTIKTIH 19
%-Fa apTybIH JKOHE JIOCTYPJII CTPATETUsJIAPMEH CATTBICTBIPFaH 1a OHTAUIIAHIBIPBUTFaH
Oackapy ke3inme mnanmanbl 21 %-maH actamra ecipyli KepceTTi. Y ChIHBUIFaH
tocin loT-maTumkrep kemicid, MUGPIBIK MOHUTOPUHITIK TuIaTGopMaapabl JKOHE
JKBUTBDKAH MHUKPOKJIIMMATBl MEH PECypC TYTHIHYIbI OeHiMen OackapyFra apHalIFaH
YKacaHJbl MHTEIIEKT aJTOPUTMIEPIH MalalaHyFa HETi3JeNreH. O31ipJIeHreH YTl
0acKapymIbUIBIK MIEHIMACP/Il FBUIBIMHA HETI3/Ieyre, Cy MEH SHEPTHsHBI Naijaiany
THIMJIUTITIH apTThIpyFa, KOpIIaFaH OpTaFa Tepic ocep/Ii a3aiTyFa )KOHE IKCTPEMaJI b
KJIIMMATTHIK JKaFaaiiaapbl 0ap eHipJiepe KbUIbDKAM IapyanibUTbIFBIHBIH OPHBIKTHI
JlaMybIHA BIKITAJl €TE/I.
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AHHOTauusl. ABTOpaMH pa3paboTaHa MoOJeNb NPUHATHA PELICHUN
IUIL  yTIpaBJIGHUS OMNEPALMOHHONW JEsTEeIbHOCThIO TEIUIMYHBIX IPEeNNpUATHI,
BKJIIOUAIOIIAsS: MATEMATHUYECKYIO MOJIEIb IPOTHO3UPOBAHNUS yPOKaliHOCTH Ha OCHOBE
METEOPOJIOTUYECKUX NOKA3aTeNeH U TapaMeTPOB MUKPOKJIMMATa TEIUIMIIbI; MOJEIIb
yOpaBICHUS TEIUIMIEH, ONTUMU3MPYIOIIAs TEMIEPATypy, BIAXXHOCTb, YPOBEHb
CO: u notpebieHue pecypcoB; a Takke MOJENb ONTUMHU3ALMH BBIOOpA KYIBTYp C
yu€TOM SKOHOMHYECKHX, HKOJIOTHYECKHX M arpoHOMUYeckux QaxropoB. Ocoboe
BHUMAaHHE YJIEJIEHO BO3/EJIBIBAHUIO HOBBIX KYJBTYp (B YaCTHOCTH, OaHAaHOB), YTO
npezcTaBisieT co0oi MHHOBAI[MOHHOE HalpaBlieHHE Ul F0KHBIX pernoHoB Peciry-
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omuku Kazaxcran. Mozaenu Oblin Bepu(UIIMpOBaHbI HA OCHOBE PEANbHBIX JAHHBIX,
MOJTyYEHHBIX B TEIUIMIIE MO BBIPAIIMBAHUIO OaHAHOB. Pe3ynpTaThl MOAETUPOBAHUS
POJAEMOHCTPUPOBAIIM yBeJIWMYeHHE ypoxaiiHocT Ha 19 % u poct mpubbuin 60-
nee yem Ha 21 % mpu ONTUMU3UPOBAHHOM YMPABICHUH MO CPABHEHUIO C TPaIH-
IMUOHHBIMH cTpaTerussMu. [Ipennmaraemplii MoAXoa OCHOBAaH Ha HCIHOJIB30BaHUU
cet loT-matunkoB, 1UGPOBBIX IUIATHOPM MOHUTOPHHTAa U QJITOPUTMOB HCKYC-
CTBEHHOTO WHTEJUIEKTa JUIsl aJallTUBHOTO YIPABIEHUS MUKPOKIMMATOM TETLIHIIBI
u pecypconorpebienneM. PaspaboranHas mozpens oOecrieurnBaeT 00OCHOBAHHYIO
MOJICPKKY YIPABIECHUYECKUX PEIICHUM, MOBBIIIAeT 3(h(HEeKTUBHOCTD UCIIONB30BAHUS
BOJIbI U SHEPTUH, CHUKAET HETaTUBHOE BO3/ICHCTBHE HA OKPY’KAIOIIYIO CPEAy U CIO-
COOCTBYET yCTOMUHMBOMY Pa3BUTHIO TETNTUYHOTO CEJIBCKOTO XO3SICTBA B PETHOHAX C
AKCTPEMATbHBIMU KIIMMATHUYECKUMH YCIOBUSMHU.

KiloueBble cj0Ba: TEIUIMYHOE CEIBCKOE XO3SHCTBO, MHUKPOKIMMAT
TEIUIMIIBI, TPOTHO3UPOBAHUE YPOKAWHOCTH, HCKYCCTBEHHBIH uHTEnekT (M),
TOYHOE 3eMIIe/IeNIne

das uurupoBanusi: A. benmonuukuii, FO. Anapamko, A. Kydanckuii, A.
Hedrtucos, M. 'manka. Moaens mpUHSITHS peLISHHUH 1715 OTIepalliOHHOM JesITEIbHOCTH
TEIUIMYHBIX CEIbCKOXO3SUCTBEHHBIX MPEANPUATHII TpPU BO3AETBIBAHUM HOBBIX
CEJIbCKOXO3SUCTBEHHBIX KYJIbTYp//MeXayHapOJHBIA KypHANT HH(POPMAIIMOHHBIX
U KOMMYHHKAIMOHHBIX TexHojoruid. 2025. T. 6. No. 23. Crp. 115-132. (Ha aHr.).
https://doi.org/10.54309/1J1CT.2025.23.3.007.

Kondaukr uHTepecoB: aBTOpHI 3asBIAIOT 00 OTCYTCTBUM KOH(QIMKTA
UHTEPECOB.

Introduction

An important direction for improving the efficiency of agricultural practices
and implementing Climate-Smart Agricultural Practices is the transfer of agro-system
deployment experience from one region to another. This is particularly relevant for
areas with extreme climatic conditions, as the introduction of any precision agricul-
ture system involves significant costs and high risks. One way to mitigate these risks
is by establishing experimental greenhouse farms to study the efficiency and produc-
tivity of new or existing agricultural crops under such challenging conditions.

Some agricultural enterprises are transforming their production approaches
by experimenting with crops not previously cultivated in their respective regions,
for example, exotic fruits such as bananas, pineapples, and mangoes. Notably, in the
southern region of the Republic of Kazakhstan, specifically in the Turkestan region,
greenhouse banana cultivation has been initiated for the first time on approximately
5 hectares of land to supply the domestic market (Banana harvest continues in Ka-
zakhstan’s greenhouses, 2025). This region is characterized by a sharply continental
climate, with hot summers and cold winters.

The concept of year-round crop production through the control of greenhouse
microclimate parameters: such as temperature, humidity, light intensity, and CO- con-
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centration, has been presented in (Badji et al., 2022). However, this work did not con-
sider soil moisture monitoring, which is essential for implementing Climate-Smart
Agricultural Practices. In sharply continental climates, optimal temperatures inside
greenhouses can still be achieved through integrated heating systems, as discussed in
(Choab et al., 2019: 109-137).

Managing greenhouse microclimates is a complex task due to numerous in-
terrelated variables (Voogt et al., 797: 151-156; Robles et al., 2017). The greenhouse
environment is a highly nonlinear system, and ensuring compliance with CSAP fur-
ther complicates the task. In (Noma et al., 2024), technological tools and Al-based al-
gorithms are proposed to support future farmer decision-making regarding crop yield
prediction. However, these tools are not integrated into a unified system that ensures
both high productivity and environmental sustainability.

A decision support system for technology transfer in agriculture is described
in (Jones et al., 2003: 235-265), aimed at evaluating and applying crop models for
different purposes. A limitation of this system is that due to climate change, parame-
ters previously used for cultivating crops may no longer be applicable. The authors of
(Neftissov et al., 2024: 84-94) present successful cases of precision agriculture tech-
nology transfer, particularly intelligent irrigation practices. Studies (Neftissov et al.,
2024: 6-13; Chen et al., 2025) have focused on evaluating precision agriculture tech-
niques in Kazakhstan’s sharply continental climate based on agronomic data from
Ukraine. However, these works lack detailed parameter configurations necessary for
achieving maximum crop efficiency.

In Kazakhstan’s challenging climatic zones, greenhouse technologies provide
a viable solution for effective farming. While works (Mengesha et al., 2025: 74-82;
Abdoussalami et al., 2023: 1-23) investigate linear control methods for greenhouse
parameters, such methods are only effective under stable conditions and perform
poorly under abrupt environmental changes. When focusing on a specific crop, it is
essential to tailor greenhouse parameters to the conditions required for that crop. This
necessitates examining cultivation practices in other global regions.

For example, (Olivares et al., 2021) reviewed 76 studies from six countries
(China, India, Uganda, Brazil, the Philippines, and Spain) and concluded that there is
no systematic review specifically addressing the impacts of climate change on banana
crops. The expanding cultivation range of bananas due to rising global temperatures
has been documented (Shivashankara et al., 2020: 183—193). However, temperature
variability, especially large diurnal swings, negatively affects photosynthesis and in-
creases the risk of sunburn on banana fruits (Nakato et al., 2019: 49-59). Moreover,
bananas are water-intensive crops, and insufficient irrigation reduces disease resis-
tance (Factsheets on the 21 SDG Indicators under FAO Custodianship, 2020). Most
existing studies do not include experimental field validation or greenhouse trials, nor
do they consider smart agricultural practices tailored for banana cultivation.

According to the Food and Agriculture Organization, the global demand for
food will increase by approximately 50 % by 2050 (Qin et al., 2022). In southern Ka-
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zakhstan, water scarcity is becoming more acute each year. Studies (Qi et al., 2008:
3—14; Altinkaya et al., 2016: 83-90) have shown high energy intensity in agricultural
production in this region without proportional increases in yields. Despite numerous
studies, current solutions do not offer high-accuracy real-time control over tempera-
ture, humidity, or resource consumption. Furthermore, they are insufficient for maxi-
mizing crop yields, especially for novel crops.

This gap highlights the necessity of developing decision-making models for
greenhouse management. Building a decision-making model for greenhouse agricul-
tural enterprises that align with Climate-Smart Agricultural Practices is therefore a
pressing scientific and practical challenge. Such a system should include a mathemat-
ical model for crop yield forecasting and a greenhouse control model, particularly for
the cultivation of new agricultural crops. Employing such a system is vital not only
for enhancing ecosystem sustainability and biodiversity but also for preventing soil
salinization in arid regions, such as southern Kazakhstan.

In the long term, this approach contributes to mitigating climate change im-
pacts, including land degradation and desertification, which undermine soil fertility
and agricultural potential.

The objective of this study is to develop and validate a decision-making model
for managing the operations of a greenhouse agricultural enterprise, particularly in
the case of cultivating new agricultural crops.

Materials and methods

Since controlling meteorological parameters is difficult in open-field condi-
tions and the task involves cultivating new exotic crops, it was decided to consider
the model in the context of greenhouse agriculture. However, this model can also
be applied to open-field conditions. A model has been developed that integrates the
characteristics of plant biological growth, environmental physics, and control sys-
tems engineering. The following section describes the components of the mathemat-
ical model, which covers the key parameters influencing the growth of agricultural
crops in a greenhouse.

The first component is the growth and photosynthesis component. Photosyn-
thesis ensures the accumulation of biomass, which is essential for achieving high
crop yields. The rate of photosynthesis is determined by the following formula:

Prate = Pmax ) f1 (I(t)) ’ fT (Tﬁif (t)) ) fC (C(t))’
where P is the maximum potential photosynthetic rate, f, (I(t)) is
the light response function, f. (C(t)) is the concentration response function,

f; (Tair (t)) is the air temperature response function.
At the same time, the accumulation of dry biomass is defined as the ratio:
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dW,
1Ko P ()R (1),

where kgris the coefficient of conversion of photosynthetic energy into bio-

mass, Rresp(t) is the rate of biomass loss, % is the accumulation of dry biomass.

Another component of the yield prediction model is the water balance and
transpiration component. In this case, the change in soil moisture can be calculated
as the ratio:

dMsoil
dt :Iir(t)_Trrate (t)_Ddr(t)_Esoil(t)’
where [ (t) is the irrigation rate, E__ (t) is the evaporation of water from the
soil surface, D (t) is the drainage, and Tr_ (t) is the transpiration rate, which is de-
termined by formula:

Tr,. (t)=k, L, (t)- VPD(t)-f, (M_,(t)),

where k _is the transpiration coefficient, VPD(t) is the vapor pressure deficit,

and f}, ) (Msoﬂ (t)) is the soil moisture response function (which decreases under
water deficit).
An important factor for banana cultivation is the biomass partitioning co-

efficient and fruit formation. Fruit formation —= is determined by the following

formula:

dy,
k. -P (t)-
dt f rate( ) n’

where k. is the conversion coefficient of assimilates into fruit mass,
and n€{0,1}, with n=1 if the plant is in the fruiting phase, and n=0 otherwise.

A is calculated as:

The change in leaf area

dL, . dw

m —kL'Tb—DLA'LA(t)-
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Depending on the type of agricultural crop, particularly whether the fi-
nal product is biomass or fruits, each component of the model may influence the
yield calculation. To ensure high productivity, it is necessary to select green-
house parameters that will provide conditions for achieving maximum yield.

The model combines external factors and control factors that influence the
establishment of the microclimate inside the greenhouse. In particular, to ensure
optimal banana cultivation, a stable air temperature and CO: concentration are re-
quired, which can be regulated by the control model.

The air temperature in the greenhouse is defined by the following formula:

%:Cgﬁ(QﬁQh_Qv_Qt_Ql)’

where C _ isthe heat capacity of the airinthe greenhouse, Q  is the heat from solar
radiation, Q, istheheatfromtheheatingsystem,Q istheheatremovedby ventilation,Q,is
theheatremovedbyplanttranspiration,andQ istheheatlossthroughthegreenhousewalls.

dco,

The concentration of CO- over time is defined as the ratio dt

dCO 1
dt - V. '(Rsoil +Q. *lee'Mp *Qw)a
air

where V__is the volume of air in the greenhouse, R, CO2 emissions from
the soil, Q, is the COz supply from the enrichment system, P_ , M, is the CO2 up-
take by plants, Q_ is the CO: losses through the ventilation system.

The mathematical model may include control system equations that respond
to deviations of parameters from given optimal values. These can be logical rules:

1. Heating control. If T, <T -AT, then Q, increases;

2. Irrigation control. If M_, <M —AM, then I__increases;

3. Ventilation control. If T >T +AT or RH_ >RH ~ARH, then ventila-
tion is intensified.

Figure 1 illustrates the hierarchical structure of greenhouse control param-
eters, which are divided into several functional groups: settings (day/night modes),
microclimate (temperature, humidity, air circulation), watering (irrigation intervals
for day and night), solution unit (nutrient solution temperature, aerator, pressure
control), and enclosure. This representation provides a comprehensive overview
of the configurable parameters that enable precise adjustment of environmen-
tal and technological conditions in automated greenhouse management system

After building the model, it is necessary to determine the values of the param-
eters. In general, this can be done based on experimental data; however, in the case of
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cultivating new crops, conducting experiments is difficult, and it is necessary to use the
results of growing these crops in other greenhouses and different locations. In practice,
the parameters need to be adjusted to optimize the conditions for growing agricultural
crops with the aim of yield prediction and developing control strategies in the future.

ﬂ Day

B Night Settings

Night
u Temperature
Day 7.
u Humidity
Microclimate
Work
n Air circulation
Pause
Work
Night
Pause
u Watering
Work
Day
Pause
B Solution temperature
Temperature
Work u Aciator Solution unit
Pause
Pressure of supercharger
Work
ﬂ Enclosure

Pause

o Parameters

—

Fig.1. Control parameters of the greenhouse management system.

The IoT system for banana cultivation in a greenhouse consists of key com-

ponents:

- IoT devices — physical devices that collect environmental data and perform

specific actions;
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- communication network — ensures data transmission between IoT devices
and the central system;

- cloud platform (or local server) — stores, processes, and analyzes the col-
lected data;

- user interface — allows operators to monitor and control the system.

The descriptions of the key system characteristics are presented in Table 1,
and Table 2 describes the system of devices.
Table 1. Descriptions of the key characteristics of the IoT system

10T Device

Purpose

Location

Air temperature
sensors

Monitoring and maintaining the optimal
temperature regime (for bananas, this is
usually 25-30 °C)

Placed at different levels of the
greenhouse to ensure uniform
control

Air humidity sensors

Monitoring and maintaining optimal humid-
ity (for bananas, this is usually 70-80%)

Placed at different levels of the
greenhouse to ensure uniform
control

Soil moisture sensors

Measuring soil moisture levels to determine
irrigation needs. Prevents over- or under-ir-
rigation

Installed at different depths, taking
into account the banana root system

Soil pH sensors

Monitoring soil acidity/alkalinity. Bananas
prefer slightly acidic to neutral soil (pH
6.0-7.0)

Installed at different depths, consid-
ering the banana root system

Soil EC (electrical
conductivity) sensors

Measuring the concentration of nutrients in
the soil. Allows optimization of fertilizer

supply

Installed at a depth of 10-30 cm
from the soil surface

Light sensors (lux
meters)

Measuring light intensity. Bananas require a
high amount of light (10—12 hours per day)

Placed in positions that account for
plant shading

CO: concentration
sensors

Monitoring CO: levels in the air. Elevated
CO:2 concentration can accelerate photosyn-
thesis and plant growth

Placed inside the greenhouse

Table 2. Device system

IoT Device

Purpose

Irrigation system (solenoid valves, pumps)

Automatic plant irrigation based on soil moisture
sensor data. Can be integrated with a fertigation
system (fertilizer delivery with water)

Temperature control system (heaters, fans, shading

systems)

curtains

Maintaining optimal temperature through automatic
activation/deactivation of heaters, fans, or shading

Ventilation system (fans, motorized windows)

Ensuring air circulation and regulating humidity/tem-

perature. Removing excess heat and moisture

Lighting system (LED grow lamps) Supplemental lighting during periods of insufficient
natural light, especially in winter or in regions with

low illumination

Automatic supply of CO: to increase its
concentration to the optimal level for photosynthesis

CO: supply system
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According to the presented algorithm, all monitoring of sensor indica-
tors is carried out periodically in accordance with the time constraints imposed on
the system. Since the greenhouse for banana cultivation is not part of critical in-
frastructure, most parameters can be monitored at intervals ranging from every 10
minutes — for humidity, temperature, and lighting — to several days for measuring
soil nutrient content. Set of microcontroller-based hardware modules designed for
the implementation of an automated greenhouse management system are present-
ed on figure 2. The units include a power supply, microcontroller boards for data
acquisition and control, as well as an interface module for connecting sensors and
actuators. Such hardware solutions ensure reliable integration of environmental
sensors (temperature, humidity, CO., light) with actuators controlling irrigation,
ventilation, and climate regulation subsystems. This architecture provides the
basis for flexible, scalable, and energy-efficient control of greenhouse processes.

Fig. 2. Microcontroller-based hardware modules for greenhouse control.

Let us consider that the agricultural enterprise has at its disposal a set of
greenhouses denoted by G. Each element g €G corresponds to an individual green-
house, where n is the total number of greenhouses. For each greenhouse, agronomic
characteristics are known, including its area and local climatic conditions. The goal
of the agricultural enterprise is to organize the production cycle for a given period
(for example, one growing season, which for bananas lasts three years) in such a way
that one crop from the set of available alternatives C is cultivated in each greenhouse.

Eachelement c€ Ccorrespondstoaspecific crop (forexample, different varieties

of bananas), j= 1, m, where m —number of crops. Each crop has its own agronomic re-
quirements regarding microclimate, water consumption, energy needs, and vegetation
period, as well as a specific yield that depends on the interaction with the local microcli-
mate. Thus, the primary decision to be made by the enterprise is the selection of which
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crop should be cultivated in each particular greenhouse. This selection must take into
account the expected economic effect. The economic effect includes the revenue from
product sales, which depends on the crop yield and market price, as well as the costs,
which are directly influenced by the chosen crop and the corresponding control actions.

Environmental constraints must also be considered, as the enterprise is re-
quired to adhere to the principles of climate-resilient agricultural practices. This means
ensuring compliance with minimum efficiency standards for resource consumption
and greenhouse gas emissions. In addition, due to limited overall resource availabil-
ity, the enterprise is subject to constraints on total water and energy expenditures.

Meteorological indicators M, t = I,_T, where T is the number of days, this is a
vector formed based on the daily weather forecast. They are used as one of the input

variables in the greenhouse microclimate control model. Control actions u_i=1,n,
are vectors of regulated parameters for each day in the greenhouse, deﬁnmg how
the agricultural enterprise influences the growing conditions. These actions are also
considered as input parameters of the greenhouse control model for the cultivation
of new agricultural crops. Their values directly affect water and energy consumption,
as well as crop yield. The greenhouse control model is a discrete dynamic model that
describes how the greenhouse microclimate changes as a result of the current state,
control actions, and external environmental conditions. This model allows for the cal-
culation of the expected conditions in the greenhouse under a given control strategy.

The crop yield prediction model based on meteorological indicators defines
a function that allows forecasting the yield of a crop cc depending on the applied
control actions. Additionally, based on these control actions, the daily water con-
sumption in the irrigation system w(u ) and the energy consumption e(u,) of systems
such as lighting, heating, and ventilation are determined. Each greenhouse can be
used to cultivate only one crop. Therefore, we introduce binary variables X which
take the value 1 if crop c. is selected for cultivation in greenhouse g,, and 0 otherwise.

Let us define the objective function as the maximization of the agricultural
enterprise’s profit

ZZXU ijj(MIO’M s Mip Ui, Uyl ) = ZS W(uit)+pee(uit))_sioij — max (1)

i=l j=l

where p,is the redicted selling price of the crop ¢, Y; is the predicted yield
of the crop ¢, M, t= ﬁ are icroclimatic conditions in the greenhouse g, per day t,

u, t= 1 T, is the control actions in the greenhouse g, per day t, S, is greenhouse area
g, w(u,) is the water consumption in the greenhouse g per day t, e(u, ) is the energy
consumption costs in the greenhouse g, per day t, p_ is the cost 1 m® of water, p_ is the
cost I **kWh of energy**, o, is the oher cultivation-related costs ¢, in greenhouse g,
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in particular, for seeds, fertilizers, and plant protection products.
We also define the constraints. Since only one crop can be cultivated in each
greenhouse, the mutual exclusivity constraint can be formulated as follows:

> x;=Li=1n,

i1 )

where x,€{0,1} are variables, n is the number of greenhouses.

The following constraint sets a limit on the total expenditures of the enter-
prise for irrigation, lighting, heating, and ventilation over the entire cultivation period

n T
Zzsi (pww(uit) + pee(uit)) <B,
— )
where B is the enterprise energy budget, S, is the greenhouse area g, w(u, ) is
the water consumption in the greenhouse g, per day t, e(u, ) is the energy consumption
costs in the greenhouse g, per day t, p_ is the cost 1 m® of water, p_ is the cost 1 kWh
of energy.

The proposed model is an integrated nonlinear optimization problem that
combines agronomic, economic, and environmental factors related to the operation
of a greenhouse agricultural enterprise. Through the full integration of crop yield pre-
diction models, climate control mechanisms, and resource consumption estimations,
this model can serve as the core of a recommendation-based information system for
decision-makers—specifically, for farm managers responsible for production cycle
planning and resource allocation.

For practical implementation within an enterprise, the model can be deployed
as a digital module of a decision support system integrated with a database of sensor
data, weather forecasts, and regulatory resource consumption standards. This enables
the generation of actionable recommendations for decision-making. Given that the
model involves a mixed set of variables and nonlinear dependencies, it can be solved
using approximate methods such as genetic algorithms or tabu search.

Results and discussion

To confirm the practical effectiveness of the proposed optimization model, a
simulation experiment was conducted using actual data from an automated green-
house microclimate control system in which bananas are cultivated. For model valida-
tion, two scenarios were simulated. In the first scenario, which served as the baseline,
a fixed set of control actions with an intensity level of 3 was applied, representing a
typical manual management strategy. In the second scenario, the control actions were
adjusted daily according to the optimization strategy derived from the proposed mod-
el. In both cases, the predicted crop yield, water and energy consumption, and overall
profit were calculated based on a predefined formula (1), which considers the selling
price, resource costs, and agricultural production requirements (see Table 3). It is
important to note the limitations of the experiment. It was assumed that only artificial
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LED lighting was used, and the greenhouse was isothermal. Heat exchange with the
external environment was modeled as a linear function of the temperature difference.
Table 3. Simulation results

Indicator Baseline Scenario Optimized Scenario
Predicted Yield (tons per square meter) | 14.2 16.9
Water and Energy Costs, $ 468 435
Other Agricultural Costs, $ 400 400
Revenue from Sales, $ 2,580 3,080
Expected Profit, $ 1,712 2,245

The results of the simulation experiment are summarized in Table 1.
The data indicates that the application of the optimized model allows for an in-
crease in expected profit of more than 21 % compared to the fixed control strat-
egy. Additionally, a reduction in total costs was observed, indicating more effi-
cient resource use. Thus, the experiment confirms that the proposed model can
serve as an effective tool for supporting decision-making in greenhouse produc-
tion, particularly within digital systems for crop monitoring and optimization.

The simulation obtained demonstrates significant advantages over exist-
ing greenhouse climate control approaches. In a previous study (Altinkaya et al.,
2016: 83-90) dedicated to optimizing ventilation systems, energy consumption
was reduced by 12 to 15 %; however, that study did not address yield modeling
or economic optimization. Another study (Wang et al., 2023) applied fuzzy logic
to control the microclimate of a tomato greenhouse and achieved an 8.7 percent in-
crease in yield and a 9.3 % reduction in water consumption. However, those ap-
proaches focused only on controlling individual environmental parameters with-
out considering economic criteria or the specific needs of cultivating new crops.

In contrast, our study integrates yield forecasting models, microclimate
optimization, and economic evaluation. As a result, we achieved a 19 percent in-
crease in yield and a 21 % increase in profit (Table 1), while water consumption
was reduced by 7 percent. This integrated approach provides more comprehensive
and adaptive management of greenhouse production under industrial conditions.

A ssystematic review (Abdoussalami et al., 2023: 1-23) has shown that climate
change is expanding the potential geographic range for banana cultivation. However,
large daily temperature fluctuations negatively affect photosynthesis and cause crop
losses of 15 to 25 % in open-field conditions. In our study, the application of a microcli-
mate optimization model helped mitigate these risks. Temperature and humidity con-
trol in the greenhouse ensured stable yields and prevented losses typically associated
with open-field cultivation. This demonstrates the effectiveness of the proposed deci-
sion-making system foradapting to extreme climatic conditions and growing new crops.

One limitation of the study is that the mathematical model for crop yield
forecasting based on greenhouse microclimate involves a large number of parameters
that must be individually adjusted. This calibration must be done for each crop type
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separately, considering the specific variety, and requires the involvement of agrono-
my experts. This challenge becomes especially complex when cultivating new crops,
such as bananas, in regions with sharply continental climates.

Given that the greenhouse environment is a complex and nonlinear system,
solving the optimization problem (1)—(3) requires the use of approximate nonlinear
optimization methods. These methods do not guarantee the identification of a global
optimum but can provide a locally optimal solution. Therefore, obtaining an optimal
solution does not imply that a business operating under this model will achieve max-
imum efficiency.

Another limitation is that the study simulated the operations of a greenhouse
enterprise based on the cultivation of a crop that is new to the Republic of Kazakh-
stan. Since the cultivation of this agricultural crop was only initiated in Kazakhstan
last year, the developed control model has not yet been applied in real-world opera-
tions. The model has been developed as part of a research and practical project, with
real-world implementation planned for the following year. Therefore, in the future,
we aim to validate the decision-making model for greenhouse enterprise management
under real operating conditions.

Conclusions

A mathematical model has been developed for predicting the yield of agricul-
tural crops based on meteorological indicators in field conditions and microclimate
parameters in greenhouses. The model includes components for evaluating photo-
synthesis and crop growth, water balance and transpiration, nutrient uptake rate, as
well as biomass partitioning and fruit formation. The model enables yield forecasting
of fruits in greenhouse conditions based on a set of parameters that can be adjusted
depending on the crop being cultivated. In particular, such a model can be applied
when cultivating new varieties or new agricultural crops that have not previously
been grown in a specific location.

A greenhouse management model has been developed for cultivating new ag-
ricultural crops, which describes how external and control factors influence the mi-
croclimate parameters inside the greenhouse. This is important for ensuring optimal
conditions for crop cultivation and achieving high yield performance. The described
model forms the basis for building a decision-making model for greenhouse agricul-
tural enterprises, taking into account climate-oriented agricultural practices.

A decision-making model has been developed for the operations of a green-
house agricultural enterprise. It allows for a justified selection of the crop to be cul-
tivated in each greenhouse, considering its agronomic requirements, predicted yield,
water and energy consumption, as well as ecological constraints in line with the
principles of sustainable agriculture. The model provides simultaneous optimization
of crop structure and microclimate management strategy, formalized as a nonlinear
mixed-variable problem. The proposed approach is suitable for implementation with-
in a digital advisory decision-support information system for farm managers, with
the possibility of integration with sensor monitoring data, weather forecasts, and re-
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source provision standards. Given the complexity of the model, it is advisable to use
approximate algorithms, such as genetic algorithms or metaheuristics like simulated
annealing, which make it possible to efficiently find acceptable solutions under real
production conditions. Simulation results show that applying the optimized model in-
creases expected profit by more than 21 % compared to a fixed management strategy.
Water consumption was reduced by 7 %, and yield increased by 19 %. Thus, overall
costs are reduced, which indicates more efficient resource utilization.
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Abstract. This research aims to investigate the components influencing pro-
fessional students’ perceptions of their online learning experiences and to evaluate
the quality of online learning in relation to student satisfaction. The study employed
structural equation modeling (SEM) and partial least squares SEM (PLS-SEM) anal-
ysis. A purposive sampling method was used to select respondents, comprising 3,206
students from various vocational schools in Kazakhstan who participated in an online
survey. The findings indicate that communication, digital media, interaction, facili-
ties, and instructional support directly affect the quality of online learning. To ensure
that students have a positive online learning experience, institutions offering online
education must prioritize these key components for effective implementation. Fur-
thermore, instructors should focus on enhancing the quality of online learning to im-
prove student satisfaction.
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KazakcTanHbIH opTYpIli KOciNTiK Oi1iM Oepy MeKeMelepiHeH OHJIaiH cayaaHaMmara
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(GakToOpoB, BIMSAIOMIUX HA BOCHPUATHE CTYyIEHTaMH-MpodeccrnoHaliaMu CBOMX
OHJIAMiH-3aHATHI, W Ha OIEHKY KauecTBa OHJANH-O00y4YeHHs, KOTOpOE BIHUSET
Ha YyCIEeBaeMOCTb CTYyJAEHTOB-1yONepoB. B wuccienoBaHuu HCMIONIb30BAINCH
METOBI MOJICTUPOBAHMS BCIIOMOTATENbHBIX yciioBuid (SEM) u apoOHOTO aHamm3a
HanMeHbIMX KBaaApaTtoB (PLS-SEM). Jlns oTOopa pecrioHIeHTOB OBbLIT UCITOIH30BaH
METOJ IeJICHANPaBICHHOW BBIOOpKHU, BKItouatomuid 3206 CTyaeHTOB-IyOIepoB
U3 Pa3NUYHBIX TNMPO(ECCHOHANBHBIX YYeOHBIX 3aBefeHWH Kaszaxcrana, KOTOphIe
MPOSIBIIIM MHTEpeC K Be0-0030py. Pe3ynmbTaThl McClieoBaHUS IMOKA3bIBAIOT, YTO
KOMMYHHKAIUS, COBPEMECHHBIE MEJHa, B3aWMOJICHCTBHE, KAOWHETHI M ydeOHBIC
YOPaKHEHUS] OKa3bIBAIOT 0CO0O€ BIMSHHUE HAa KaueCTBO OHJIANH-00yueHus. YToOsbl
rapaHTUPOBATh, YTO CTYICHTHI-AYOJIePHI MOTYYaT MOJIOKUTEIBHBIC BIICYATICHUS OT
OHJIAH-00Y4YeHHUs, IIKOJIbI, PEKIAMUPYIOIINE OHIAWH-00y4YeHNE, TOIDKHBI yIeIITh
MIPUOPUTETHOE BHUMAHUE 3TUM (yHIaMEHTAIBHBIM KOMIIOHEHTaM. boiee Toro, mmpe-
MOJAaBATEIISIM CIIEAYET COCPEIOTOUMTRCS HA TOBBIIICHUH KauecTBa OHJIAHH-00ydYe-
HUSL, 9TOOBI TOOUTHCS 3HAYUTEIHHBIX YCIIEXOB B CAMOPEAIU3AINH TyOIepoB.

KaoueBble  cjoBa:  oHnaiiH-oOydeHHWEe,  KOMMYHHKAIUs,  MeJua,
B3aMMO/ICHCTBIE, 3HAHUS

Jnsa nurupoBanms: O. laiicuna, A. KyOamea, A. Kymapranuesa, I.
Hamesa, I1. HImuar. @axkTopsl, uccneaoBanrne PaKTOpoB, BIUSIONINX HA TIPUHATHE
oHnaiH-mnaTdopM 00ydeHHs], C TOUKHU 3peHUs] HH(HOPMALIMOHHBIX TEXHOJIOTHI//Xa-
JBIKApaJbIK aKMapaTThIK KOHE KOMMYHHUKAIMSIIBIK TEXHOJIOTUSIAp KypHaibl. 2025.
Tom. 6. Ne 23. 133144 6Get. (Arbun). https://doi.org/10.54309/1JICT.2025.23.3.008

Kon(paukT wuHTepecoB: aBTOpHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
MHTEPECOB.

Introduction

In the context of the COVID-19 pandemic, online learning has become in-
creasingly significant in education. The Kazakhstan government implemented a pol-
icy to close schools to prevent virus transmission, instructing all schools to continue
teaching and learning through online platforms (Algahtani et al., 2020: 5261-5280).

Similarly, schools in Kazakhstan have been striving to provide the necessary
facilities to support the implementation of online learning. Despite these efforts, nu-
merous studies have identified challenges faced by students, many of whom prefer
traditional face-to-face learning over online methods (Anderson et al., 2017: 89—105).

Research has established a correlation between student satisfaction and learn-
ing outcomes. Consequently, it is essential to assess the quality of online learning
from the students’ perspective to determine their satisfaction with this mode of edu-
cation (Cheng et al., 2019: 103—147).

Numerous studies have examined the factors influencing students’ online
learning experiences. Among these, tutorials are identified as a significant determi-
nant of student satisfaction and perceived learning in online education (Demirkol et
al., 2018: 75-89).

The effectiveness of online learning delivery by teachers, along with students’
perceptions of this educational mode, is essential for enhancing its quality and in-
creasing student satisfaction. (Garrison et al., 2020: 320). Critical components of on-
line learning environments include effective communication between teachers and
students, the integration of digital media, and the availability of support facilities.
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Despite students’ general acceptance of online learning, many express dissat-
isfaction with the quality of interactions with their teachers and peers. This study fo-
cuses specifically on vocational students’ perspectives on online learning. Tradition-
ally, vocational education depends on face-to-face communication, hands-on practice
in workshops, and teamwork (Lin et al., 2022: 4321-4340).

However, the pandemic has necessitated adaptations to these conventional
teaching strategies and practices.

Many countries have attempted to adapt learning strategies from convention-
al education to online formats. Previous research has shown that online vocational
learning provides a unique experience for vocational students (Park 2019: 12-22).

Additionally, some studies indicate that vocational schools can successfully
conduct online learning and achieve their educational objectives. This suggests that
the challenges associated with implementing online vocational learning can be trans-
formed into opportunities, although further research is needed in various areas.

This study aims to analyze the factors influencing student satisfaction in on-
line vocational learning in Kazakhstan and offers recommendations for teachers on
managing online vocational education (Picciano 2022: 101-123).

The development of vocational learning should consider and implement re-
forms driven by systematic strategies and their practical application. Therefore, ex-
amining the quality of online vocational learning is essential to better understand the
challenges and opportunities involved (Siemens 2020: 12—19).

Materials and Methods

Quantitative methods were utilized in this study to identify the factors affect-
ing the quality of online vocational learning and student satisfaction (Sun et al., 2021:
1-22).

The study examines various elements influencing students’ online learning
experiences, including communication, digital media, interaction between students
and teachers, facilities, and tutorials.

Partial least squares structural equation modeling (PLS-SEM) analysis was
employed to predict and explain the relationships between multiple variables. The
developed research model is depicted in Figure 1.

Comunication

Digital media

Online learning Student satisfaction
quality

Fig. 1. Research Model
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The population investigated in this study consisted of vocational students in
Kazakhstan. Purposive sampling was used to select respondents who had experience
with online vocational learning.

The sample size was estimated using the “10-times rule” method, a common
approach in PLS-SEM sample size determination. As a result, the study included
3206 vocational students from Kazakhstan.

Data collection for this study was conducted using an online questionnaire.
The instrument was based on factors influencing students’ online learning experienc-
es, as adapted from several studies (see Table 1).

The research questionnaire utilized a Likert scale ranging from 1 to 4, with
indicators from “strongly disagree” to “strongly agree”.

Table 1. Research Instrument

Model construct Code Iltem
Communication C, Teachers need good communication skills to manage
online learning.
C, Teachers need good communication skills to solve prob-
lems in online learning.
C, Students are active in responding to teacher explana-
tions.
Digital media DM, Teachers use digital media as a tool for online learning.
DM, Teachers can use the features of digital media used in
online learning.
DM, Students can operate digital media as recommended by
the teachers.
DM, Students can use digital media features recommended
by the teachers.
DM, The use of digital media in online learning is very im-
portant.
DM, The use of digital media can facilitate online learning.
DM, The use of digital media can increase the ease of learn-
ing online.
Interaction I, Stl;.dents can use appropriate language when interacting
online.

Students can behave well when interacting online.

Facilities Electronic devices are indispensable for online learning.

Internet access is indispensable for online learning.

Online classes are indispensable for online learning.

Tutorials The role of the teacher as a facilitator is indispensable in

online learning.

T The teacher’s ability to provide guidance is indispens-
able in online learning.

T Online learning needs to be designed by the teacher as
an activity-oriented, discussion-based class.
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Online learning OLG,, | Good learning management is indispensable in online
learning.
quality - - - N
OLG,, | Acommunicative teaching and learning process is indis-
pensable in online learning.
oLG,, Student responses are needed to boost online learning.
Student satisfaction SS,, Provision of facilities is indispensable in online learning.
SS,, Communication between teachers and students is indis-
pensable in online learning.
SS,, The teacher’s ability to manage online classes is indis-
pensable in online learning.
SS,, Teacher responsiveness is indispensable in online learn-
ing.

This study utilized demographic analysis and PLS-SEM as its analytical tech-
niques. The process began with an examination of the respondents’ demographic
data. Following this, PLS-SEM was conducted to assess both the measurement and
structural models.

The measurement model was evaluated using tests for convergent validity,
composite reliability, average variance extracted (AVE), and discriminant validity.

For the structural model, the analysis included evaluating path coefficients
(B), effect size (f?), coefficient of determination (R?), and t-statistics. Convergent va-
lidity was examined by assessing the correlation between indicators and their respec-
tive constructs.

Composite reliability was measured to assess the consistency of the con-
structs. AVE was used to assess convergent validity, while discriminant validity by
examining cross-loadings to ensure each reflective indicator accurately represents its
intended construct.

This process involved examining cross-loadings to compare indicators with
their associated constructs. Path coefficients (B3), effect size (f?), coefficient of deter-
mination (R?), and t-statistics were used to assess the strength and significance of the
relationships between constructs.

The path coefficient (B) defines the nature of the relationship, while effect size
(f*) measures its magnitude. The coefficient of determination (R?) indicates the extent
to which an exogenous variable explains an endogenous variable, and t-statistics are
used to assess hypotheses by evaluating p-values.

Results

Table 2 presents the results of the demographic analysis, detailing the profile
of the study’s respondents. The study encompassed 3,206 vocational students from
various vocational schools across Kazakhstan. The data reveal that 48.9 percent of the
respondents were male, while 51.1 percent were female.

Furthermore, 44.8 percent of the participants had engaged in two years of
online vocational learning. This study employs partial least squares (PLS) analysis to
evaluate the research model.

In the measurement model, composite reliability (CR) was used to assess con-
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struct reliability, convergent validity was evaluated by examining indicator loadings

and AVE, and discriminant validity was assessed by analyzing cross-loadings.
Discriminant validity was evaluated by analyzing cross-loading values.

Table 2. Profiles of Respondents

Demographic Frequency (N=3206) Percentage (%)
Gender
Male 1567 48,9
Female 1639 51,1
Length of time in online learning.
<1 Year 636 19,8
1 Year 792 24,7
2 Year 1436 44.8
>1 342 10,7
Year
Table 3. Assessment of Measurement Model
Model construct Measurement item Outer loading CR AVE
Communication C, 0,842 0,875 0,699
C, 0,868
C, 0,798
Digital media DM, 0,768 0,924 0,633
DM, 0,800
DM, 0,793
DM 0,821
DM, 0,801
DM, 0,815
DM, 0,770
Interaction I, 0,928 0,926 0,862
I, 0,930
Facilities F . 0,845 0,861 0,673
F, 0,824
F . 0,791
Tutorials T, 0,863 0,895 0,739
T, 0,869
T, 0,847
Online learning OLG,, 0,885 0,900 0,751
quality OLG,, 0,873
OLG,, 0,842
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Student satisfaction SS, 0,812 0,910 0,717
SS,. 0,854
SS,, 0,864
SS,. 0,856

Table 3 demonstrates that the composite reliability (CR) values for each con-
struct have surpassed the recommended threshold of 0.7, indicating that the indicators
exhibit strong internal consistency and reliability.

Additionally, the loading values for all indicators have exceeded the minimum
threshold of 0.7, confirming that the constructs meet the required criteria. Further-
more, the average variance extracted (AVE) values are above the minimum criterion
of 0.5, indicating that all constructs fulfill the necessary requirements.

The results of the discriminant validity test are satisfactory, as the correlation
between each variable is less than the square root of the AVE for that variable. Con-
sequently, the constructed research model meets the necessary criteria and exhibits
strong statistical properties.

Moreover, the model was tested using > values to evaluate the strength of re-
lationships between constructs, with f? values 0f 0.35, 0.15, and 0.02 indicating large,
medium, and small effects, respectively. The f* results suggest a significant impact
between the constructs of online learning quality and student satisfaction.

A direct impact exists between the construct of instructional activities and
online learning quality, while a small effect is found in the relationship between the
constructs of communication, digital media, interaction, and facilities on the develop-
ment of online learning quality.

Furthermore, the structural model was tested, and the results for R? values of
0.67,0.33, and 0.19 were interpreted as substantial, moderate, and weak, respectively.

The R? results show that the variance explained in online learning quality is
0.712. Thus, the combined impact of communication, self-directed learning, digital
media, interaction, facilities, and instructional activities accounts for 71.2 percent of
the variance, indicating that this model is substantial.

Similarly, the R? value for student satisfaction is 0.656, indicating that online
learning quality explains 65.6 percent of the variance. Therefore, the model is con-
sidered moderate.

The study used the path coefficient test to assess the strength of the relation-
ship between dependent and independent variables. The research hypotheses were
evaluated based on the results of the t-statistics test using the bootstrapping method.

A confidence level of 95 percent was used with a significance level (o) = 0.05.
Hence, the hypothesis testing results were considered “supported” if the p-value was
< 0.05. The structural model testing results are presented in Table 4.

Table 4. Assessment of Structural Model

Hypothesis Path B F? R? P Decision
values
H, Communication-> Online 0,126 | 0,025 (0,712 | 0,000 | Supported
learning quality
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H, Digital media-> Online 0,177 | 0,035 0,712 | 0,000 | Supported
learning quality
H, Interaction-> Online 0,134 | 0,026 | 0,712 | 0,000 | Supported

learning quality
Facilities ->Online learning quality | 0,144 | 0,025 | 0,712 | 0,000 | Supported
Tutorials ->Online learning quality | 0,381 | 0,172 | 0,712 | 0,000 | Supported

Online learning quality-> 0,810 | 1,910 | 0,656 | 0,000 | Supported
Student satisfaction

Discussion

The research findings establish an important framework for improving the
quality of online vocational learning for vocational students.

The six proposed hypotheses address crucial factors such as communication,
digital media, interaction, facilities, and tutorials, all of which directly impact the
quality of online vocational learning and student satisfaction.

Statistical results indicate that the quality of online learning significantly im-
pacts student satisfaction, with establishing it as a key determinant of students’ satis-
faction with this mode of education.

Previous studies also support the finding that the quality of online learning
affects student satisfaction. Consequently, educators should prioritize improving the
quality of online learning to enhance student satisfaction.

Among the primary determinants of the quality of online vocational learning
include the tutorial constructs, which assess the teacher’s role as a facilitator, their
ability to provide guidance, and the design of the class as an activity-oriented discus-
sion forum.

This construct highlights the need to revise criteria and class design for online
learning. Several researchers agree that tutorials in online education should be adapt-
ed to better suit the online learning environment.

Consequently, teachers are encouraged to reassess their teaching strategies by
focusing on their facilitative role and enhancing guidance for students participating
in online activities.

Additionally, teachers are advised to adopt more creative and interactive class
designs by adopting a design that prioritizes discussion and is activity-oriented, there-
by increasing student engagement in online learning.

Another critical factor affecting the quality of online learning is digital media.
This construct evaluates both the availability of digital media as a tool in online edu-
cation and the proficiency of teachers and students in utilizing it.

Recent studies have supported the assertion that digital media use directly
impacts of digital media on student satisfaction in online learning. The findings of
this study underscore the importance of digital media in online education, while also
emphasizing the need to focus on the competencies of both teachers and students in
effectively using digital media.
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Properly utilized digital media can significantly aid teachers and students in
achieving their online learning objectives.

This study also identified a correlation between the availability of facilities
and the quality of online learning. This construct assesses the support infrastructure
for online education, including internet resources essential for its implementation.

Effective online learning requires ensuring that the necessary facilities are
available to provide adequate support for both teachers and students in organizing and
participating in online education.

Recent research has emphasized the importance of both peer-to-peer and stu-
dent-teacher interactions in the context of student learning.

The findings indicate that interaction is a significant factor influencing the
quality of online learning. In this study, including the appropriateness of language
use and behavioural norms within online learning environments. Consequently, it is
essential to closely monitor and evaluate these interactions to enhance the quality of
online learning.

Numerous studies have identified communication as a critical factor in online
learning. Effective communication is essential for fostering a positive and engaging
classroom environment.

Conclusion

Numerous studies have empirically investigated student satisfaction with on-
line learning. This research integrates factors identified in previous studies—such as
communication, digital media, interaction, facilities, and tutorials — to evaluate the
quality of online vocational learning and its impact on student satisfaction.

Educators should take into account these findings when designing strategies
for online vocational education. Enhancing the quality of online learning in voca-
tional settings can significantly improve the effectiveness of the teaching and learning
process.

The study concludes that communication, digital media, interaction, facilities,
and tutorials each have a significant and positive impact on the quality of online learn-
ing, which in turn greatly influences student satisfaction. Schools should therefore
pay close attention to the implementation of online learning practices.

This research model also offers several theoretical implications. The devel-
oped and adapted instruments exhibit sufficient reliability and validity, making them
useful tools for application across various educational contexts.

The model goes beyond conventional research by examining factors related
to the adoption of online learning in both public and private educational institutions.
However, the findings may be specific to certain types of educational institutions, as
user characteristics can vary widely.

Additionally, the data is confined to three provinces in Kazakhstan. Future
research could encompass additional provinces to provide more comprehensive in-
sights.
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Abstract. Intelligent analysis of employee data is becoming increasingly rele-
vant in the context of digital transformation of human resource management processes
and the growing need to process both structured and unstructured sources of informa-
tion. Modern approaches require the implementation of solutions capable of efficient-
ly handling tabular data while simultaneously extracting meaning from textual em-
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ployee descriptions. However, most existing systems lack a unified architecture that
combines OLAP analysis, clustering, and semantic search within a locally executable
analytical environment. The objective of this study is to develop a local analytical
subsystem aimed at comprehensive analysis of employee information using the em-
bedded OLAP DBMS DuckDB and the vector database ChromaDB. To achieve this
objective, the following tasks were implemented: data preprocessing, aggregation
using SQL queries, employee clustering through the k-means method, vectorization
of textual descriptions, and deployment of semantic search based on the all-MiniLM-
L6-v2 model. As a result, a software prototype was developed that enables both quan-
titative and semantic analysis of employee data. The system demonstrated high perfor-
mance under local execution, rapid personnel segmentation capabilities, and semantic
search through natural language queries without the need for external services. Ad-
ditionally, the results were visualized using the Yandex Datalens BI platform. The
proposed solution exhibits a high degree of reproducibility and can be adapted to in-
ternal HR analytics, decision support systems, and information-analytical platforms.
The findings confirm the potential of integrating OLAP and vector technologies with-
in a unified local architecture for intelligent processing of employee information.

Keywords: vector databases, semantic search, OLAP analysis, DuckDB,
ChromaDB, employee clustering, text data analysis
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AnHoTanmsl. Kpi3meTkepriep Typaibl MOIIMETTEpAl HMHTEIICKTYal bl
TYpFbIIaH Tajjay Kasipri TaHda ajJaMu pecypcTapabl 0ackapy IpoLEecTepiHiH
U PIaHIBIPBLTYBI )KOHE KYPBUIBIMAAIFAH 9pi KYPbUIbIMIAIMAaFaH aKnapaT Ke3/1epit
OHJIeY KaKeTTUIIIHIH apTybl asChIH/AA epeKIle ©3eKTiIiKke ue Oonyna. 3amaHayu
TOCUIZIep KECTEIIK AepeKTep/ Al TUIMI1 OHICYMEH KaTap, KbI3METKepJIepIiH MOTIH/IIK
CUMaTTamMajapblHAaH MaFbIHAJIBIK aKMapaTThl aja ajaTblH IIENNMIepai eHAipy.i
Tajan ereqi. Anaiina, Ka3ipri KoJgaHbIcTarbl KenrereH xyienepae OLAP-tannay,
KJIacTepJiey JKOHE CEMAaHTUKAJIBIK 137€y MYMKIHIIKTEpiH OIpiKTipeTiH OipbIHFaii
apxXHUTeKTypa KapacTelpbliMaraH. Ocel 3epTTeyain MakcaTsl — DuckDB kipiktipme
OLAP nepektep kopbiH Oackapy »xyiieci meH ChromaDB BeKTOPIBIK JepekTep
KOpBIH MaiijlajJaHy apKbUIbl KbI3METKepJep Typajibl MAIIMETTEpl KEeIIeHAl TYpAe
eHJIeyre OarbITTaFaH KEPriliKTI aHATUTUKAJIBIK 11K )Kyie KypacTsipy. bys makcar
asChIH/A JIepeKTepai aniblH ana eHaey, SQL-cypaHbICTapbl apKbUIbI arperarray,
K-means omiciMeH KbpI3METKEpIIEpAl KIAcTepiiey, MOTIHAIK CHUIaTTaMasiap/sl
BekTopiay xoHe all-MiniLM-L6-v2 MozemniHe HETi3IeNTeH CeMaHTUKAMBIK 137yl
SHJIIPY CHUSAKTBI MiHAETTEp JKy3ere achlpblinbl. HoTmxkecinae, KbI3MEeTKepIiep Typajibl
JIepeKTepre CaH IbIK opi MaFrbIHANIBIK TYPFBIJIAH TaNAay KYPrizyre MyMKIHAIK OepeTiH
OafapramMalblK MPOTOTUI Jkacabl. XKyiie KepriTikTi opTraja *)orapbl OHIMIUTIKTI,
MIEPCOHAJIIbI ’KEIEJI CETMEHTTEY/I1 ’KoHe TAOUFU T1J1/1er1 CypaHbIcTap OOMBIHINIA 137€y 11
CBIPTKBI CEPBUCTEpPre KOCBUIYCHI3 iCKE achlpy MYMKIHIINH kepcerTi. COHbIMEH
Karap, HoTmwkenep Yandex Datalens BI mnmatdopmackiga Buzyanu3anusiiaHabl.
Y ChIHBUTFAH IICIIIM JKOFaphl JIEHTeH/Ieri KallTalaHbIMIBIIBIKKA He jkoHe imki HR-
Tajnjay, LM KaObUiiayIpl KOJAAy Kylenepli MEH aKmapaTThIK-aHAJTUTHKAJIbIK
wiarpopmanap MiHzaerTepine Oeiimaeyre Oonaabl. 3eprrey HoTwxkenepi OLAP
KOHE BEKTOPJIBIK TEXHOJIOTUSIIAP bl O1pbIHFal KEepriIiKTi apXUTEKTypa HIeHOepiHae
O1pIKTIpy MHTEIUIEKTYaJ/Ibl KJAPJBIK aKIapaTThl OHJeY YIIiH OoJaarsl 30p eKeHiH
ONEIIEHal.

Tyiiin ce3nep: BexTopubik nepextep Kopaapsl, CemanTukanbik i3aey, OLAP-
tannay, DuckDB, ChromaDB, Kei3meTtkeprnepai knactepiey, MoTiHIIK AepeKTepai
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K. Aman6aeBa. DuckDB men chromadb Herizine KpI3MeTKepIep Typaibl MaJiMETTEP I
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AHHOTanus. IHTeIeKTyaIbHbIN aHAJIN3 KaJPOBBIX JaHHBIX CTAHOBUTCS BCE
Oosee akTyal bHBIM B YCJIOBHAX IU(POBU3AIMHU ITPOLIECCOB YIIPABIECHHS IIEPCOHATIOM
1 HEOOXOAMMOCTH 00pa0OTKU KaK CTPYKTYPHPOBAHHBIX, TaK M HECTPYKTYpUPOBaH-
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HBIX UCTOUHUKOB HH(popmaiinu. COBpeMEHHBIE MOIX0/bI TPEOYIOT BHEIPEHHUS pellie-
HUH, CTOCOOHBIX 2P EeKTHBHO 00pabaThiBaTh TaOJUYHBIC JaHHBIC U OJHOBPEMEHHO
U3BJIEKaTh CMBICI M3 TEKCTOBBIX OMUCAHUN COTPYAHUKOB. OHAKO B OOJIBIINHCTBE
CYIIECTBYIOIIUX CUCTEM OTCYTCTBYET €AMHAS apXUTEKTypa, COYETArOIIast BO3MOXKHO-
cti OLAP-ananu3a, kjacTepusalyy U CEMaHTHUECKOTO IMOMCKa B paMKaXx JIOKaJIbHO
UCTIOJHSAEMON aHAJIMTUYECKON cpenbl. Llenpio HacTosIIero ucciaenoBaHus SBIsSeTCs
pa3paboTka JIOKaIbHOW aHATUTUYECKOW TOJICHUCTEMBI, OPUEHTUPOBAHHOW Ha KOM-
IUIEKCHBIN aHaJIN3 CBEIEHUH O COTPYIHUKAX OpraHU3aI|H C UCIIOJIb30BAaHUEM BCTpa-
nBaemoii OLAP-CYB]] DuckDB u BektopHoii 6a3s1 manHbsix ChromaDB. B pamkax
MOCTABJICHHOW LIeH OBLIM peaar30BaHbI 33/1a4M MO MperoOpaboTKe NTaHHBIX, arpe-
raiuu ¢ ucrnoib3oBanueM SQL-3ampocoB, KiIacTepu3alui COTPYIAHUKOB METOIOM
K-cpennux, BeKTOpH3aIui TEKCTOBBIX OMUCAHUIA U BHEPEHUIO CEMAaHTHUECKOTO TO-
rcka Ha ocHoBe MojienH all-MiniLM-L6-v2. B pe3ysibsrare ObUT CO3/1aH MPOTPaMMHBIH
MPOTOTHI, TO3BOJISIONINI MPOBOIUTH KaK KOJTMYECTBEHHBIH, TaK U CMBICIIOBOW aHa-
JU3 KaJApPOBBIX JaHHBIX. CHCTEMa MPOAEMOHCTPHUPOBAIa BHICOKYIO MPOU3BOIUTEb-
HOCTb IPH JIOKAJIBHOM HCTIOIHEHUH, BO3MOKHOCTh OBICTPOIN CErMEHTAIUH ITePCOHa-
Ja U peanu3allyio MOKCKa M0 €CTECTBEHHO-SI3bIKOBLIM 3ampocaM 0e3 MOIKIIOYeHUS
K BHEIIHUM cepBucaM. JlOMOMHUTENBHO oOecreueHa BU3yalu3alus pe3yabraToB B
Bl-cpene Yandex Datalens. [IpemioxkerHoe pernieHue o01aaaeT BBICOKOW CTETICHBIO
BOCIIPOU3BOIMMOCTH M MOXKET OBITh aJanTHPOBAHO K 3aqadam BHyTpeHHero HR-a-
HaJIM3a, CUCTEM MOAJIEPKKH IPUHATHS PEIICHUIH 1 HHPOPMAIIHOHHO-aHATUTHYECKIX
wiatgopM. Pe3ynbraTsl ucclieIoBaHUs MOATBEPKIAIOT MEPCIEKTUBHOCTh OOBEANHE-
HUsE OLAP- ¥ BEeKTOPHBIX TEXHOJOTHI B paMKax €IMHOM JIOKaJIbHON apXUTEKTYpPhI
JUISL UHTEJUIEKTYallbHOM 00paboTKU KaJpoBoil HH(OpMaInu.

KiloueBble cjioBa: BEKTOpHbIE 0a3bl JaHHBIX, CEMAHTUYECKHUN TOMUCK,
OLAP-ananu3, DuckDB, ChromaDB, kimactepuzariusi COTpyIHUKOB, aHAJIA3 TEKCTO-
BBIX JaHHBIX

Jas uutupoBanus: 1. Enexanosa, X. Kyryky, IlI. KoganoBa, A. Ky0amesa,
XK. AmanGaeBa. [IpuMeHeHHEe METO/IOB HHTEIUICKTYaIbHOTO aHAIN3a JaHHBIX B 00paboTKe
uHpopManuu o coTpyaaukax ¢ ucronbzoBanneM DuckDB n ChromaDB//Mesxnynaponsiii
KypHaJT HHOOPMAIIMOHHBIX U KOMMYHHKAIMOHHBIX TexHosoruid. 2025. T. 6. No. 23. Ctp.
145—-172. (Ha amr.). https://doi.org/10.54309/1JICT.2025.23.3.009

Kondaukt uHTepecoB: aBTOPHI 3asgBIAIOT 00 OTCYTCTBUU KOH(QIMKTA
UHTEPECOB.

Introduction

In the era of increasing digitalization and growing complexity of human re-
source management, effective employee data analytics has become strategically im-
portant for organizations. Modern information flows include both structured data
(e.g., numerical and categorical attributes) and unstructured text that reflects experi-
ence, competencies, and behavioral characteristics.

Traditional analytical approaches based on relational models and tabular sys-
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tems face limitations in processing poorly structured data, especially for semantic
interpretation and contextual search (Boncz et al., 2020). In response, the scientific
community is exploring hybrid architectures that combine OLAP analytics with ma-
chine learning and natural language processing methods.

Particularly relevant are embedded, serverless databases and vector DBMSs
designed to work with neural network embeddings. However, the development of
local, integrated analytical systems that unify quantitative and semantic analysis
remains insufficiently studied. There is a gap in integrating OLAP processing with
semantic text analysis and automated personnel segmentation within a unified envi-
ronment.

This paper presents a local analytical subsystem combining the OLAP engine
DuckDB and the vector database ChromaDB for personalized HR data analysis. The
system integrates SQL queries, clustering algorithms, and semantic search using text
embeddings within an offline architecture. It enhances accuracy, reduces processing
time, and broadens analytical capabilities without requiring additional computing re-
sources (DIF Management, 2023).

The methodology involves Python-based data processing, machine learning,
text vectorization, and visualization in an interactive BI interface.

Materials and Methods

Description of the Organization and Setting a Business Task

On behalf of the organization, the task of analyzing employee data was set. It
includes preprocessing data provided as an xlIsx file, calculating statistical informa-
tion, segmenting employees, and preparing a report.

It is of primary importance to model the existing process of working with
employee data (Figure 1).

Creafea
Employee report

Re\i'iew @ Generate
ingfmogtfgn Employee —>O
Report
Email notifification : Bocument IEI Report
received about the ; . : : . ; : generate
need for employee : - : : . v
analysis : ? : : : D
:  Employeeinfo Processed B ,
. employee mp oy:e repor
data

entrynnaicas

Fig.1. Employee Analysis Business Process
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After receiving a notification about the need to analyze employee data, the
specialist examines the received data file. It is presented in xlsx format and is an
upload from the database of a subordinate organization that only its employees have
access to. Next, the specialist performs data processing and generates a final report on
employees. The key is the subprocess of direct data processing, as well as the fact that
text information is available in the upload. Consider the decomposition of the “Data
Processing” subprocess (Figure 2).

A
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Data
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Senerate
employee
report
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Employee info :
: Processed P g - Complete documen
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Employee info %
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Reiccesed

employoyee Excel
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Fig. 2. Decomposition of the “Data Processing” Subprocess

Getting the necessary metrics, calculating the main indicators, creating lists,
and segmenting employees takes place manually. Microsoft Excel software and tools
are used to process and work with data. As a result, a situation arises in which de-
termining a single metric requires performing several manipulations in the form of
sorting, filtering data, building pivot tables, and so on. As a result, the time required
for data processing increases significantly.

An important feature of employee data is that in addition to numeric attributes,
which are successfully processed in Microsoft Excel, there are columns with text in-
formation manually entered. The data processing specialist chooses one of two paths:

1. Consider only numeric attributes.

2. Manual processing of text columns.

The disadvantage of the first option is that it considers a limited amount of in-
formation, which can lead to a distortion of the whole picture, omission of important
characteristics and affect the final decision-making of management decisions. In the
second case, the data processing time is multiplied by manual processing. The amount
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of data is increased by adding additional columns with the most valuable information,
which the specialist manually selects from text columns. This also increases the prob-
ability of errors due to the human factor (DuckDB Contributor, 2023).

It should be noted that to get access to the updated / processed file, you must
repeatedly transfer the modified version to another specialist. As a result, the number
of intermediate versions of the document increases, the data transfer time increases,
and there is a risk of data security or integrity violations.

An alternative solution is to create a local database. An optimized process of
employee data analysis is simulated to enhance the methodological framework for
organizational decision-making.” (Figure 3).

Employee Analysis Data processing

Q, Study < ﬁ Generate

document Import data employee (
with employee into database report —
Notify ustion information Report
docnrequaes ! generated
Employee Processed Processed
information employee data employee data
% ---------------------- J
Excel DuckDB

Fig. 3. Optimized Business Process “Employee Analysis”

The main change is the use of a different solution, namely the shared
OLAP-oriented DuckDB DBMS and the locally deployed ChromaDB database.
After receiving employee data in xlsx document format, the data is uploaded to the
database management system — DuckDB. Data is stored and processed in the same
way inside the DBMS. Let us illustrate the decomposition of the modified data pro-
cessing subprocess (Figure 4).

First, we noted that the processing of text information contained in data is
automated, since the DBMS has built-in mechanisms for working with semi-struc-
tured and unstructured data. These mechanisms will be described in more detail in
the second chapter. Accordingly, we get several improvements:

1. Data processing time is reduced.

2. There are opportunities for using new data analysis tools (writing SQL
queries, performing vector search, using machine learning, including clustering, and
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Fig. 4. Decomposition of the Optimized Data Processing Subprocess

3. Accounting for the full amount of available information.

4. Getting access to the same database simultaneously from several manage-
ment employees.

5. No large number of intermediate versions of the document in separate files.

6. Reduce security and data integrity risks.

The possibility of using other existing types of databases, such as relational
databases (PostgreSQL, MySQL), NoSQL systems, object-oriented DBMSs, hier-
archical and graph databases, was also considered. Each of the listed databases has
its own advantages (for example, effective horizontal scalability, maintaining strict
information integrity due to centralized data storage, the ability to work with complex
object structures, etc.) and is effective in solving various business problems (Hunga,
2023). However, based on the structure of available employee data, centralized rela-
tional databases have several functional limitations, while other types of databases,
on the contrary, provide redundant capabilities or complicate the data processing pro-
cess.

Thus, the proposed solution fully satisfies the tasks set. Moreover, if neces-
sary, the created database can be supplemented with other documents: regulatory le-
gal acts, text documents, additional xIsx format tables, and others.

Now, based on the business task, we will formulate the goal of the work: to
analyze data about employees of the organization using locally installed and shared
open source systems: an OLAP-oriented DBMS and a vector database (Ivanov et.al.,
2021).

Key Features of DuckDB and ChromaDB
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The use of traditional relational databases in processing text information has
several functional limitations associated with the complex nature of human-entered
text data. Vectorized solutions are an alternative specialized solution for process-
ing and storing unstructured information, such as text, images, video and audio files
(Karimi et.al., 2024.)

Since the available data about employees of the organization contains col-
umns with text information entered by a person, it is worth focusing on the mech-
anisms of text processing in vector databases. Text information can be presented in
a wide variety of formats: technical documentation, structured text files, informal
correspondence in instant messengers, streaming data from social networks, etc. The
main problems that arise when processing such data are the presence of slang or
dialect expressions, the variety of natural language interpretations, and the presence
of a specific context. Moreover, do not forget about the presence of spelling errors,
which often occur in the case of manual data entry or text compilation (Khan, 2024.).
Vectorized solutions can successfully solve the problem of processing text informa-
tion by supporting machine learning, as well as mechanisms for performing semantic
(semantic) search.

According to the Global Market Insights report “Size and market share of vec-
tor databases, forecasts for 2025-2034” for 2024, the demand for vector databases as
solutions for managing multidimensional data is growing

It is driven by an increase in the number of applications using artificial intel-
ligence and machine learning(Light, 2023).

It is worth noting that there is a serious problem in the vector database mar-
ket related to the commercial component. For example, for small businesses, such a
solution is expensive, which prevents the widespread adoption of vector databases.
However, existing open-source alternatives offer cost-effective and competitive solu-
tions. These are DuckDB and ChromaDB.

DuckDB is a vectorized, embedded, OLAP-oriented database management
system (Ma et.al,2024), optimized for performing analytical queries against local
data. It does an excellent job of aggregating, filtering, joining tables, and processing
data in a column format.

The main features of DuckDB include a fast SQL query executor, support for
working with various formats (CSV, Parquet, Pandas DataFrame, etc.), and working
locally inside the application without a server. DuckDB is also characterized by col-
umn-based data storage and a vectorized engine that supports SIMD optimization,
which allows it to process data in blocks and perform operations much faster.

The choice of DuckDB is due not only to the high performance of SQL que-
ries with integration capabilities in applications and machine learning environments,
but also to its ability to function both independently and as an embedded solution,
which allows it to be used in various contexts-from local analysis to integration into
distributed systems.

Since DuckDB does not support semantic search directly, which is one of the
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main tasks set, it can be used in conjunction with a vector database, for example, with
ChromaDB.

ChromaDB is an open-source vector database designed for storing and search-
ing vector embeddings.

The fundamental difference from the traditional database, which operates with
tables and rows, is that the vector database works with multidimensional numeric
vectors (Mohamed et.al, 2023) In simple terms, semi-structured and unstructured
data undergo a vectorization process (Mullins, 2022). and are encoded in numerical
form, which allows performing algorithmic operations with them. This transforma-
tion of data makes it possible to perform semantic search and configure recommen-
dation systems.

Vectorization is the process of converting data into numeric vectors, also
called embeddings. A distinctive feature of embeddings is the preservation of seman-
tic and structural features of the text (Nosratabadi, 2022). Due to this data transfor-
mation, words that are similar in meaning will be located closer to each other in a
multidimensional vector space.

Vectorization is a fundamental step for implementing and further using a vec-
tor database. The overall workflow (Figure 6) consists of several generalized stages
(Orazbayeva et.al, 2023)

1. Data injection. The source data is converted to the format of numerical mul-
tidimensional vectors using the embedding model.

2. Creating a vector storage. The resulting embeddings are sent and grouped
in the data warehouse and can be used to execute queries.

3. Request implementation. When solving the problem of finding the nec-
essary information from a text query, it is also converted to a vector format using a
similar embedding model.

4. Processing the request vector. The query vector and source data vectors are
matched to find the most relevant match and get a response to the query.

In the above process, the third and fourth steps relate to one of the special
functions of vector databases — creating a Question-and-Answer Chain( and Answer
Chain, QnA Chain). This is a structured query processing process in which the sys-
tem, based on the information loaded into the database, generates a relevant response
to the request, considering the context. The advantages of such chains are the reli-
ance on specific documents from which the user prefers to get the answer, as well
as considering the semantic properties of the text, rather than the exact match of
the requested text, which is implemented in relational databases (Qin et al., 2023).

The request and response chain works according to the following scheme:

1. Reading and analyzing the question. The system interprets the request,
defines the semantics, and translates the request into a vector format using the em-
bedding model.
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Fig. 6. General Process of Using a Vector Database

2. Search for required (matching) data. The system finds data vectors from
the storage that are closest to the query vector.

3. Generating the response. The system generates a coherent and accurate
response.

4. Refine the primary response. If necessary, the system performs contextual
refinement to increase the relevance of the response.

There are different types of request processing by the system, but the most
popular ones are Stuff and Refine (Raasveldt et.al.,2019).

In conclusion, it is worth noting that the chosen solution for using DuckDB
and ChromaDB together is optimal for performing the required data analysis in
compliance with the local solution condition. DuckDB is responsible for data pro-
cessing, calculating the necessary metrics (indicators), is used for segmentation of
employees, ChromaDB converts the received data into numeric vectors and is used
for setting up semantic search.

The main advantages of the chosen solution are:

- compliance with the requirements of the organization, support for semantic
search;
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- integration with machine learning models and large language models.

- support for working with semi-structured data (text).

- high query execution speed, SQL language support (Rodriguez et al.,
2015).

Among the disadvantages, it is possible to distinguish the complexity in the
perception of vector representations and, as a result, the requirement for a certain
level of knowledge and skills of a specialist engaged in their processing. Also, the
quality of data processing results directly depends on the quality of the trained mod-
els.

A comparative description of DuckDB and ChromaDB is also provided in
Table 1.

Table 1. Key Features of DuckDB and ChromaDB

DuckDB Criterion ChromaDB Database
type OLAP/ Vector
Vectorized
Assignment Analytical queries, | Vector search
table data process- | (semantic search)
ing
Data Model Tables, SQL Vectors +
Documents /
Metadata
Storage Files, Memory Vectors + text
Integration of Pandas, CSV, LLM, NLP, ML
Parquet models
Speed is Very high for High for Vector
local analytics search
Works as Embedded / In- Embedded /
process Lightweight SQL
server
SQL Full SQL support | No SQL, but there

is API

Nevertheless, the joint use of the OLAP-oriented DBMS DuckDB and the
vector database ChromaDB is an optimal and promising solution for the implementa-
tion of this business task (Schiemer et.al, 2019).

Development of an Analytical Subsystem for Analyzing Data About Employees
of an Organization Using DuckDB

During the implementation of this task, two shared tools were considered and
used: DuckDB and ChromaDB.

Data processing will be performed in the locally installed Visual Studio Code
source code editor.

To work, the first step is to install and import the necessary libraries: Pandas,
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DuckDB, and Scikit-learn (Figure 8).

Next, a temporary connection to DuckDB (Smagulov, 2020) is created, which
runs in RAM and automatically closes when the program ends. This approach is useful
for interactive analysis and machine learning. If you need to save data, a connection is
created in the same way with the file path specified (for example, ‘my_db.duckdb’).

import pandas as

v/ 8.0s

import duckdb
v 0.6s

import sklearn as
v 0.0s

from sklearn.preprocessing import StandardScaler, OneHotEncoder
from sklearn.compose import ColumnTransformer

from sklearn.cluster import KMeans

from sklearn.pipeline import Pipeline

from sklearn.impute import SimpleImputer

v 6.7s
Fig.8. Code for Installing the Required Libraries

After the connection is established, a dataframe is created based on data from
the xIsx file (Figure 9).

con = duckdb.connect(':memory:")
v/ 0.0s

df = con.execute("""
SELECT * FROM read_csv_autol
' /Users/mareevami/Desktop/emp2.csv’',
ignore_errors=true
)
weny vl

v 01s

con.execute("SELECT » FROM df".df()
« 0.0s

con.exexecute

Embedding
v 0.0s model
. Dag ost
con.executex embeddlllng
A0S
D Full Name #Name Date of Birth Departiment
0

1
Fig. 9. Code for Connecting to DuckDB and Uploading Data

ThlS work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License
e 158




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

After uploading employee information and creating a dataframe, you can ac-
cess the data using simple and complex SQL queries (Figure 10). DuckDB supports
standard operations of sampling, aggregation, calculation of statistical indicators
(largest and smallest values, sum, average, and others), window functions, and sub-
queries. High-speed query execution is provided by column storage and vectorized
execution. The use of SQL queries (Zholdasova, 2023) simplifies information pro-
cessing and reduces the time required to calculate the required metrics. Some op-
erations, such as creating selections or lists, can be performed with just one typical
request that automatically collects the necessary information in the requested form.
Compared to processing the same operation in Microsoft Excel, using DuckDB al-
lows you to reduce the number of necessary actions (labor costs) and working time
to get the same result.

Jueryl = ==

sELECT DISTINCT ID, Department, Age

‘ROM df

IHERE Department = 'Administration' AND Age < '3l

‘ROM df

:on.exeecute(queryl) .df()

0.0s

ID Age Age

193 Depa_admi_nind! \vork Older 27
819 Depa_admi_nindl| \work Older 29
834 Depa_admi_nindl \work Older 26

juery2 = """

}ELECT

max(Salury) AS max_money,

min{Salary) AS min_money,

avg(Salary) AS avg_money,
‘ROM df

:on. execute(query2).df()
0.0s

max_maoney min_money avg_money

Fig. 10. Code with Examples of SQL Queries to Data

Speaking about the processing of textual information contained in data, we
can identify key indicators that need to be analyzed: the factor of availability of ad-
vanced training courses and the format of work (office, hybrid, remote). Using the
built-in functions, the dataset automatically creates two additional columns (binary
and categorical), which contain only the necessary information for visualization and
analysis (Figure 11).
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df[CPC Availability] = df[Professional
Development Courses].apply(lambda x:
"Yes" if pd.notna(x) and str(x).
strip() != "" else "No")

def extract_format(text):
text = str(text).lower()
if "remot" in text:
return "Remote
elif "nybrid" intext:
return "Office
df [Work Format]= df[Work Schedule
Description].apply(extract_format)

Fig. 11. Code for Processing Text Columns

The last step to prepare data for visualization is to cluster employees based on
their characteristics. The k-means method was chosen as the key algorithm. It works
simply and efficiently on data with a clear structure without outliers and has several
advantages: high processing speed, flexibility, and interpretability (analysis of results
is simplified by describing clusters by their centroids).

Machine learning models, such as the K-means algorithm, demonstrate high
efficiency in clustering data represented by numerical features. The algorithm uses
the distance between points (a Euclidean metric), so it works best when the data can
be divided into clear groups, and their values can be easily compared. At each step,
the algorithm recalculates the cluster centers, averaging the coordinates of all points
included in them, and gradually improving their position. However, if the features
have different scales (for example, one feature is in the range 0-1 and the other is in
the range 0-1000), this can distort the distances and degrade the clustering quality.
The solution to this problem is data standardization. It should be noted that using
text features in the K-means algorithm will degrade the quality of the result. Howev-
er, since all data (including text data) is already in vectorized (numerical) form, the
k-means method is successfully used for analysis (Figure 12).

An auxiliary clustering dataframe is created, from which uninformative col-
umns are removed. Data is preprocessed separately for numeric and categorical attri-
butes:

— missing numeric values are replaced with the average of the column and
standardized.

- missing categorical values are replaced with the most frequent one in the
column and converted to separate binary columns for each unique value.

Finally, a pipeline is created that first applies combined preprocessing and
then performs data clustering using the K-means method.
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df_for_clustering = df.drop(columns=[col for col in df.columns if col.lower() in ['id', 'd¢uo']])

# OnpemeneHue TWNOB NPU3HAKOB
numeric_features = df_for_clustering.select_dtypes{include=['float64', 'int64']).columns.tolist()
categorical_features = df_for_clustering.select_dtypes(include=['object', 'bool']).columns.tolist()

# lpenpoueccuHr

numeric_transformer = Pipeline([
('imputer', SimpleImputer(strategy='mean')),
('scaler', StandardScaler())

1)

categorical_transformer = Pipeline([
("imputer', SimpleImputer(strategy='most_frequent')),
('onehot', OneHotEncoder(handle_unknown="'ignore'))

1)

preprocessor = ColumnTransformer ([
("num', numeric_transformer, numeric_features),
('cat', categorical_transformer, categorical_features)

1)

# Knactepusauus
pipeline = Pipeline((
(*preprocessor', preprocessor),
('kmeans', KMeans(n_clusters=4, random_state=42))

1)
df['cluster'] = pipeline.fit_predict(df_for_clustering)

df.to_csv("//Users/mareevami/Desktop/emp3_clusters.csv", index=False)

Fig. 12. Code for Clustering Employee Data

The result of this process is a new augmented csv file, in which each employee
was predicted the number of the corresponding cluster from 0 to 3 (Figure 13).

Based on the new csv file, an analytical dashboard was developed on the Yan-
dex Datalens platform, which provides visualization of key metrics based on em-
ployee data. The interface contains counters, interactive charts, including bar charts
for displaying key indicators, and pie charts for analyzing proportions. Additionally,
filters for dynamic management of displayed data are integrated, as well as a table
with aggregated indicators (average, minimum and maximum values, total number).
The dashboard (Figure 14) allows you to segment data, visualize the main charac-
teristics of employees, which helps simplify the perception of information and make
informed decisions based on up-to-date information.
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S CPC Work
Description of Work Schedule Cluster Avallability | Format
Office work from 8:00 to 17:00 3 Yes Office
Office work from 10:.00 _to 19:00, 3 Yes Office
¢ ponedelunika no pittnicy
Office work from 8:00 to 17:00 2 No Office
Remote work with flexible
schedule, project-baseded tasks 1 aes HEICLE
Hybrid format with full-time :
employment, office work 3 days 1 Yes Hybrid
a week
Hybrid format with full-time Yes Hybrid

employment, office work 3 a sweek

Fig. 13. Part of the Final Dataframe in csv Format

Development of an Analytical Subsystem for Analyzing Data About Employees
of an Organization using ChromaDB

The final stage of processing employee data was performed using the Chro-
maDB vector database.

We install the necessary libraries (Figure 15), including a library for creating
vector representations of text using pre-trained models, as well as a library for inte-
gration with LLM (Large Language Models).

Each row in the source table is converted to a dictionary with three keys:

- id: unique document ID.

- title: value from the “FULL NAME” column.

- text: value from the “Description” column.

In the code block (Figure 17), text data is divided into fragments for subse-
quent vectorization. Depending on the size and nature of the data, the corresponding
parameters are set: the maximum size of each fragment in characters, the size of
overlap between adjacent fragments (necessary to avoid losing context). You can also
pre-create lists that are filled with data containing text fragments, unique identifiers
for each fragment, and information about the source of each fragment.
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Fig. 14. Analytical Dashboard on the Yandex DataLens Platform
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Animportant step in generating text embeddings is to select the transform mod-
el. The pre-trained all-MiniLM-L6-v2 model from the sentence-transformers library
was selected for this task. The model is considered lightweight and fast for working
on semantic search tasks. It is suitable for low-power devices and local systems and
is also freely available. Model initialization and testing are shown below (Figure 18).

After the preparatory blocks, an interactive interface is implemented to search
for similar texts at the user’s request (Fig. The user enters the query of interest in
natural language in a special pop-up window and specifies the number of relevant
responses that they want to receive. Next, the system searches for similar texts in
the ChromaDB collection and returns the results as a dictionary, which specifies the

29 9

“Result Number”, “Text Source”,” Relevance level”, and” Short Text Fragment”.

pip install chromadb sentence-transformers langchain datasets

v/ 10.4s

import

import numpy as

import pandas as pd

from Qﬁzﬁéﬁzé import load_dataset

import chromadb

from chromadb.utils import embedding_functions

from sentence_transformers import SentenceTransformer

from langchain.text_splitter import RecursiveCharacterTextSplitter
import time

v/ 13.5s

Fig. 15. Code for Importing Required Libraries

Next, we load data from the csv file and create a structured data representa-
tion for further processing (Figure 16).

dataset = pd.read_csv("/Users/mareevami/Desktop/empl@.csv", sep=";")
print(f'Loaded {len(dataset)} strokes")

v/ 0.0s

Loaded 1822 strokes

documents = []
for i, row in dataset.iterrows():
doc = {
“id": Tdoc £i}",
“title": row(["OMO"],
“text": row["OnucaHue"]
¥

documents.append(doc)

documents_df = pd.DataFrame(documents)
documents_df.head(3)

v 0.0s

id title text
0 doc O
1 doc_1

Fig. 16. Code for Reading and Structuring Data
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text_splitter = RecursiveCharacterTextSplitter(
chunk_size=500,
chunk_overlap=50,
length_function=1len,

chunks = []
chunk_ids = []
chunk_sources = []

v 0.0s

for i, doc in enumerate(documents):
doc_chunks = text_splitter.split_text(doc["text"])
chunks.extend(doc_chunks)
chunk_ids.extend( [f"chunk_{i}_{j}" for j in range(len(doc_chunks)}])
chunk_sources.extend( [doc["title"]] % len(doc_chunks))

print(f"Created {len{chunks)} chunks from {len(documents)} documents")
v 0.0s
Created 1823 chunks from 1822 documents |
Fig. 17. Code for Splitting Text Data

model_name = "sentence-transformers/all-MinilM-L6—v2"
embedding_model = SentenceTransformer(model_name)

sample_text = "This is a sample text to test our embedding model."
sample_embedding = embedding_model.encode(sample_text)
print(f"Embedding dimension: {len(sample_embedding)}")

v  3.7s
Embedding dimension: 384

Fig. 18. Code for Creating Text Embeddings

The final preparatory step is to create a collection in ChromaDB and upload
broken text fragments (chunks) with the corresponding embeddings. This allows you
to organize an efficient search for similar texts (Figure 19).

Thus, the generalized steps for implementing semantic search are as follows:

1. Splitting the text into fragments.

2. Creating embeddings.

3. Upload data to ChromaDB.

4. Interactive search.

These steps together provide a complete cycle of the semantic search system.
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chroma_client = chromadb.Client()
embedding_function = embedding_functions.SentenceTransformerEmbeddingFunction(model_name=model_nam
collection = chroma_client.create_collection(

name="document_search",

embedding_function=embedding_function

batch_size = 1@

for i in range(@, len(chunks), batch_size):
end_idx = min(i + batch_size, Llen(chunks))

batch_ids = chunk_ids[i:end_idx]

batch_chunks = chunks[i:end_idx]
batch_sources = chunk_sources[i:end_idx]

collection.add(
ids=batch_ids,
documents=batch_chunks,
metadatas=[{"source": source} for source in batch_sources]
print(f"Added batch {i//batch_size + 1}/{(len(chunks)-1)//batch_size + 1} to the collection")

print(f"Total documents in collection: {collection.count()}")

v 27.6s Python

Fig. 19. Code for Creating a Collection in ChromaDB

def interactive_search():

nteractive search interface for the document search engine.

while True:

query = input("\nEnter your search query (or ‘qguit' to exit): ")}
if query.lower() == ‘gQuit':
pPrint{"Exiting search interface...")
break
n_results = int(input({"”How many results would you Llike? "))
results = search_documents{query, n_results)
print(f"\nFound {len{results['documents']1[@®])} results for '{query}':")})

for i, (doc, metadata, distance) in enumerate(zip(
results['documents"][@©]l.
results['metadatas'] [@],
results['distances*]1[©]

relevance = 1 — distance
print{(f"\n—— Result {i+1} ——")
print(f"Source: {metadatal'source®]}")
print{f"Relevance: {relevance:.2f}")
print{f "Excerpt: {docl:3©01}...")
print("—" % 50)

interactive_search()
Search completed in ©.9216 seconds
Found 5 results for 'Kaxoit ornen nponucad y coTpyaHuka '*Mapkosa i S
—— Result 1 ——
Source: MacHukos

Relevance: ©.19
Excerpt: MacHnkos » HR—mewnenxep, OTnen xkappos, 16, -

——— RESULE & -~

Source: Mapkosa

Relevance: 98.18

Excerpt: Mapkosa . , HR—menenxep, OTaen kappos, 23, . PR 1)

Fig. 20. Code and Result of User Request Execution for Semantic Search Implementation

Results and discussion

Based on the results of the study, an intelligent analytical subsystem was devel-
oped for local analysis of employee information using integrated tools for processing
structured and unstructured data. The proposed solution is based on the architectur-
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al integration of the OLAP-oriented database management system DuckDB and the
vector database ChromaDB, which made it possible to simultaneously implement
efficient aggregation, clustering, and semantic analysis of information.

At the first stage, the initial employee data presented in Excel spreadsheet for-
mat was analyzed. Using the pandas library and the built-in connection to DuckDB,
data was loaded into RAM without first converting it to other formats. The use of
SQL queries made it possible to quickly aggregate numerical and categorical data,
form samples based on various criteria, and perform window and subquery calcu-
lations. The key analytical metrics were the average number of advanced training
courses completed, the proportion of employees in flexible and remote work formats,
the average age, the median length of service, and the distribution of personnel by
department.

Text columns were processed using regular expressions and built-in SQL func-
tions, which made it possible to extract binary and categorical attributes from de-
scriptive fields without the need for manual intervention. This approach allowed us
to reduce labor costs, speed up report generation, and increase the reproducibility of
analytics. At the same time, DuckDB functioned as a full-fledged OLAP platform that
could compete with traditional tools with significantly lower resource requirements.

To identify hidden patterns in employee data, clustering was performed using
the K-means algorithm. The data was previously normalized, and categorical features
were encoded using One-Hot Encoding. The analysis results in four stable clusters
that differ in the level of digital activity, employment format, and participation in
educational programs. Clustering allowed not only to systematize personnel, but also
to form the basis for making informed decisions in the field of human resource man-
agement.

At the same time, we implemented vectorization of text information contained
in employee descriptions. For this purpose, the pre-trained all-MiniLM-L6-v2 model
was used, which provided the generation of multidimensional embeddings that reflect
the semantic structure of the text. The resulting vector representations were uploaded
to the local ChromaDB vector database, which allowed us to implement semantic
search by meaning, rather than by keywords. As a result of implementing the QnA
Chain mechanism, the user was able to formulate natural language queries and get
relevant fragments of information, even if the text did not contain exact matches of
terms. This approach significantly improves the completeness and quality of extract-
ed information, especially when working with unstructured data.

For visual visualization of the results, a dashboard was built in Yandex Datal-
ens, which allowed you to display both aggregated metrics and the results of cluster-
ing and segmentation of personnel. The dashboard supports filtering and visualization
of time series, distributions, and aggregates, which expands the capabilities of online
analytics.

A comparative analysis of the developed solution with traditional approaches is
presented in Table 1.
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Table 2. Comparative Analysis of Analytical Platforms

Parameter Excel / SQLite DuckDB + ChromaDB
Processing speed Medium High, optimized
SQL support Partial Full
Structured data processing Yes Yes
i T
Text information processing Limited (manual) ;}1]141) fledged (vectorization
Machine learning No Support via scikit-learn
Semantic search No Yes
Work without Internet Yes Yes
BI visualization support Limited Connection to Yandex Datal.-
ens, Power BI, etc.
.- High (Embedded, API,
Scalability Low Multithreading)
Resource requirements are Moderate and low (eV.erythmg works in
memory, without a server)

To assess the effectiveness of clustering and vector search, we compared labor costs
and analytical capabilities for key scenarios of personal data analysis. The results are
presented in table 2.

Table 3. Comparison of Analytical Scenarios

Integrated System (DuckDB +

Analysis Scenario Traditional Approach ChromaDB)

15-30 minutes

Calculation of aggregated indicators manually

Less than 1 minute using SQL

Segmentation of personnel by

: 1s missin, Implement ing K-mean
attributes $ missing plemented using K-means

. Manual viewing and | Automated processing and
Processing of text columns & P &

filtering extraction of attributes
. o . Semantic search is not available
Search by meaning in descriptions Unavailable . . v
using QnA Chain
. . . . Interactive dashboard in a BI
Data visualization and filtering Limited features ractiv
environment

Thus, the implemented system proved its applicability in a real business case,
demonstrated a reduction in time and human costs, and opened opportunities for scal-
able, repeatable and in-depth analytics. Using pre-trained embedding models provid-
ed high accuracy in semantic text processing, and combining analytical operations
in DuckDB with search capabilities in ChromaDB allowed us to build a holistic and
adaptive approach to personal data mining.

Despite the results achieved, certain limitations remain. The quality of se-
mantic search directly depends on the completeness and correctness of the source
texts, as well as on the characteristics of the embedding model used. Interpretation
of clusters requires the participation of an analyst, which is due to the lack of a priori
information about class labels. In addition, the integration of more complex mod-
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els (for example, LLM) requires additional computing resources, which may require
compromises within the local architecture.

Nevertheless, the generalized results of the work confirm the prospects of
using vectorized and OLAP-oriented solutions in the practice of HR management,
HR analytics, and automation of business processes related to the processing of com-
plex multidimensional information. The developed system can be adapted to different
types of organizations and used as a basis for building recommendation systems,
recruitment platforms, and intelligent enterprise data analysis modules.

Experimental Evaluation / Quantitative Evaluation of Results

To confirm the performance and quality of the proposed system, quantitative
experiments were conducted, covering both employee clustering and semantic search
by text descriptions.

1. Evaluation of clustering quality

To test the stability and separability of clusters constructed by the k-means
method, three classic metrics were used:

- Silhouette Score = 0.62 — an above-average value, indicating good separa-
tion of clusters and moderate density within them,;

- Davies—Bouldin Index = 0.48 — a low value indicates weak overlap be-
tween clusters;

- Calinski—Harabasz Index = 312.4 — a sufficiently high value, confirming
pronounced intercluster variation.

These results show that employees were segmented into stable and interpreta-
ble groups, which confirms the practical applicability of the method for HR analytics.

2. Evaluation of semantic search relevance

To analyze the efficiency of search by vector representations in ChromaDB, a
test set of natural language queries with reference answers was prepared. The system
showed the following results:

- Precision@5 = 0.87 — on average, 87% of documents in the top 5 results
were relevant;

- Recall@5 = 0.81 — the system successfully found more than 80% of rele-
vant documents among the first five;

-nDCG@]10 = 0.84 — high quality of ranking by relevance;

- MRR (Mean Reciprocal Rank) = 0.91 — the relevant answer, as a rule, was
in the first position.

Thus, the implemented semantic search module demonstrates high accuracy
and completeness, allowing users to effectively formulate queries in natural language
and receive relevant answers.

3. Comparative analysis

Comparison with the traditional approach (manual Excel processing)
showed that:

- employee clustering time was reduced from 15-20 minutes to less than
1 minute,
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- text column processing became fully automated,

- search by meaning, impossible in Excel, is implemented in ChromaDB with
high accuracy.

Conclusion

The research was aimed at developing and implementing an intelligent analyt-
ical subsystem for local analysis of information about employees of the organization
based on the integration of the OLAP-oriented DuckDB database and the ChromaDB
vector database. The relevance of this development is due to the need for efficient
processing of both structured and unstructured data in conditions of limited access to
cloud computing and high requirements for the protection of personal information.

In this paper, we propose a methodological approach that combines SQL-based
analysis with machine learning and semantic search capabilities. DuckDB was used
as an embedded, high-performance OLAP platform that provides local SQL query
execution, aggregation, filtering, and data preparation. This made it possible to reduce
the analytical processing time and avoid time-consuming manual work with tables
and intermediate files. An additional advantage of DuckDB is its ability to integrate
with machine learning tools, which was implemented through employee clustering
using the K-means method. As a result of segmentation, groups of personnel with dif-
ferent levels of involvement, qualifications and digital competencies were identified,
which allowed us to offer a base for making informed HR decisions.

ChromaDB, in turn, was used for vector representation and storage of text infor-
mation to implement semantic search. Text vectorization using the all-MiniLM-L6-v2
model made it possible to form embeddings that preserve the semantic structure of
the text. The implementation of the semantic matching search system in ChromaDB
has opened the possibility of interactively obtaining relevant information about em-
ployees based on natural language queries. This architecture has demonstrated high
accuracy and relevance of the extracted results, even in the case of significant varia-
tions in wording and terminology.

The developed system was tested on real data and demonstrated stability, re-
producibility and high performance. The use of exclusively open-source components
makes it applicable in resource-constrained environments, and autonomous execution
— in environments with high data security requirements. Visualization of results in
the Yandex Datalens environment provides a user-friendly interface for presenting
and analyzing segmentation and processing results.

The scientific novelty of the work consists in combining OLAP and vector tech-
nologies into a single local analytical subsystem capable of performing both quanti-
tative and semantic data analysis. Practical significance lies in the possibility of using
this subsystem in HR departments, analytical services, as well as in decision support
systems related to personnel management.

At the same time, development has several limitations. The quality of semantic
search directly depends on the completeness and correctness of the source texts, as
well as on the characteristics of the embedding model. Interpretation of clustering re-
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sults requires the involvement of an analyst and can be ambiguous without additional
verification. In addition, the use of more complex models, such as large language
models (LLMs), requires additional computing resources, which may go beyond lo-
cal execution on low-power systems.

Prospects for further research are related to the introduction of predictive ana-
lytics based on time series of personal indicators, adaptation of the system to multi-do-
main data (for example, combining HR and production characteristics), expansion of
mechanisms for explaining machine learning results, and integration with large lan-
guage models. Additionally, a web interface or mobile application can be developed
that provides multi-user access to the system’s analytical capabilities.

Thus, the conducted work demonstrates that the use of DuckDB and ChromaDB
is a promising direction for building scalable, productive and interpreted analytical
solutions in the field of intelligent processing of personnel and organizational data.
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Abstract. Vocabulary acquisition is essential in language learning. Wordwall-
based interactive tools offer game-like activities that support retention and recall.
This study uses a quantitative research approach to examine the impact of Wordwall
on vocabulary learning outcomes. Sixty university students participate, divided into
four groups of 15. Over seven weeks, they engage with Wordwall activities, including
matching games, quizzes, and word association tasks. Pre/posttests measure vocabulary
retention, tracking accuracy and recall. Findings show measurable improvements in
vocabulary retention. Students demonstrate higher accuracy in word recognition and
usage. The interactive nature of Wordwall sustains engagement and supports active
recall. Results suggest that gamified learning tools reinforce vocabulary acquisition
in structured language programs. This research contributes to discussions on digital
learning strategies in education. It supports integrating interactive tools into curricula
to improve language proficiency.
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AnHoTtanusi. Ce3JliK KOpbl MEHTEPY — TUT YUPEHYTIH HET13T1 aCTIeKTIIEPiHIH
0ipi. Wordwall mmaTdopmachiHa HETi3/1eTeH HHTEPAKTUBTI Kypajiaap Co37ep/i ecTe
caKTayFa )KoHe KalTajayFra bIKIal €TCTIH OMBIH TYPIHJIET1 TalIChIpMajiap bl YChIHAIBI.
by 3epTTey canabiK omicTi KoigaHa oTeIpbin, Wordwall mmatdopmackHBIH CO3iK
KOPJIbI MEHIepY HOTHXKENIEpiHEe ocepiH TayjayFa OarbITTaaraH. JKcrepuMeHTke 60
YHUBEPCHUTET CTYJIEHTI KaTBICHI, oJlap 15 agaMHaH TypaThlH TOPT TOMKa OOJIiHI.
Keri anrta Ooitel cryaerntrep Wordwall mmaTtdopmaceiHIaFel COMKECTEHIIPY
OMBIHIAPBI, BUKTOPUHAIAP JKOHE CO3JCP/i COMKECTEHIIPY JKATTBHIFYJapbl CHUSKTHI
TarnceipManapasl opbiHaaael. Cesnepai MEHrepy JCHrediH Oarajgay MaKcaThIHIa
aJJIBIH aJla )KOHE KOPBITBIH/IBI TECTIJIEY KYPTi3UIin, KaThICYIIbLIAP/IbIH JSJIITT MEeH
ecTe cakTay KaOumeTi Tipkeami. 3epTTey HOTHIKENIEepl CO3MIK KOPJbl €CTe cakray
KOPCETKIIMTEPIHIH aWTapibIKTall kakcapraHblH Kepcereni. CTyaeHTTep ce3aep/ui
TaHy MEH JIYPbIC KOJJIaHY AaFabUIapbiH keTinmipai. Wordwall mmardgopmachiabiyg
WHTEPAKTHBTI CHIIATBI CTYJACHTTEPIIH OKY YVEpICiHEe JereH KbI3bIFYIIbLIBIFBIH
apTTHIPHII, OCJICEH I €CTe CaKTayFa bIKITAJ €TTi. AJIBIHFaH HOTHOKEJICP OMBIH TYPIiHIET]
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Oimim Oepy KypalgapblHbIH KYPBUIBIMJIAIFAaH TUIAIK OaFaapiaamManap aschblHaa CO3/IiK
KOpABbl MEHrepy THIMIUIITIH apTThIpaThIHBIH Jojenaenai. by 3eprrey mudpibik
OKBITY CTpaTeruslapblH JaMBITyFa YJEC KOCBHIN, MHTEPAKTUBTI KypaiaapAbl OKY
OarapiraMaliapblHa €HT13Y1iH MaHBI3ABUIBIFBIH HET13/ICHI1.

Tyiiin ce31ep: OKbITY, YHPEHY, aFbUIIIBIH TiJI1, CO3IK KOp, Wordwall

Hoiiexcoznep ymin: A.K. KammapoBa, M.A. Backe3. CryaeHTTEepaiH
CO3/iK KOphIH naMbITy: wordwall turardopmMachkl HeTi3iHIETI MHTEPAKTHBTI OKBITY
OMICTEPiHIH BIKMABI// XallbIKapadblK aKMapaTThIK »KXOHE KOMMYHHUKAIMSUIBIK TeX-
Honormsutap kypHaiel. 2025. Tom. 6. No 23. 173-185 OGer. (Arswin). https://doi.
org/10.54309/1J1CT.2025.23.3.010.
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AnHotanusi. OCBOEHHE CIIOBApHOTO 3amaca WrpaeT BaXXHYIO pOJib B
nporecce M3ydeHus si3pika. MHTepakTuBHBIE WHCTPYMEHTHI Ha ocHoBe Wordwall
MPEIOCTABIISAIOT UTPOBBIE 3aJaHHs], CTIOCOOCTBYOMINE ()P PEKTUBHOMY 3aIIOMUHAHUIO
U BOCIPOM3BEIEHUIO JIeKCMKHU. Hacrosimee wuccienoBaHue, OCHOBaHHOE Ha
KOJIMYECTBEHHOM METO/Ie, HallpaBlieHO Ha aHanu3 BiusHug Wordwall Ha pe3ynbTaTsl
YCBOGHHS CIIOBApHOrO 3amaca. B skcmepuMmeHTe ydacTBYIOT 60 CTyIeHTOB
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YHUBEPCUTETA, paclpe/efieHHble Ha YeTbipe Tpymmbl o 15 denoBek. B TeueHue
CEeMH HeJlellb OHU BBINMOJHAIOT 3adaHus B Wordwall, Bkitogast urpsl Ha COOTBET-
CTBUE, BUKTOPUHBI U YIIPaKHEHUS Ha accouuanuu ciaoB. OIeHKa ypoBHS YCBOSHUS
JIEKCUKU OCYUIECTBIISIETCS C MOMOIIbIO MPEABAPUTEIHHOTO M MTOTOBOTO TECTHPO-
BaHUs, B XOJI€ KOTOPOro (UKCUPYIOTCS MOKA3aTeNd TOYHOCTH M YPOBHS BOCIIPOU3-
BeZieHHs. Pe3ynbTaTel MCCleOBaHUS JAEMOHCTPUPYIOT 3HAYUTEIHHOE YIy4IIeHHE
mporecca 3amoMHUHaHUs JIeKCHMKU. CTyIeHTBhl TOKa3bIBalOT 0ojiee BBICOKYIO
TOYHOCTh B PACMO3HABAaHUM M HCIIOJIb30BAHUU CJIOB. VIHTEpaKTHBHBINA XapakTep
matdopmbel Wordwall crocoOCTByeT MOBBIIICHUIO BOBJICYCHHOCTH M AKTHBHOMY
BOCIPOU3BE/ICHUIO M3YYEHHON JIEKCUKU. BBIBOMIBI YKa3bIBAIOT HAa TO, YTO UTPOBBIC
o0Opa3oBaTeNnbHble UHCTPYMEHTBI  CIIOCOOCTBYIOT A()()EKTUBHOMY OCBOCHHIO
CJIOBApHOTO 3a1aca B paMKaxX CTPYKTYPHUPOBAHHBIX SI3BIKOBBIX TporpaMm. HacTosiiee
UCCIIeIOBaHNEe BHOCHUT BKJaJ B 00CyXJeHUE cTpaTeruil nudpoBoro oO0ydeHUs u
00OCHOBBIBAET HEOOXOAMMOCTh HMHTETPALIMM HWHTEPAKTUBHBIX HMHCTPYMEHTOB B
y4eOHBIE MPOTPAMMBI C LIEJIbIO TIOBBIIIIEHHS YPOBHS S3bIKOBOI KOMITETEHITUH.

KuioueBble cjioBa: mpenojaBaHue, W3yYeHHUE, aHTIIMHCKUNA SI3BIK, CIOBap-
HBIH 3amac, Wordwall

s uurupoBanus: A K. Kangaposa, M.A. Backes. Pacimpenue ciioBapHoro
3aracay CTYyJIEHTOB: BIIMSIHUE MHTEPAKTUBHBIX 00y4aIOIINX MHCTPYMEHTOB Ha OCHOBE
wordwall//MexayHapoHbIi KypHAJI WH()OPMAIMOHHBIX W KOMMYHUKAIIHOHHBIX
texHojoruil. 2025. T. 6. No. 23. Ctp. 173-185. (Ha anr.). https://doi.org/10.54309/
JICT.2025.23.3.010.

KondaukT uHTepecoB: aBTOpHI 3asBISAIOT 00 OTCYTCTBUU KOH(IMKTA
MHTEPECOB.

Introduction

Vocabulary acquisition plays a significant role in language learning, as it di-
rectly impacts comprehension, communication, and overall linguistic proficiency. In
recent years, digital learning tools have gained prominence in educational settings,
providing interactive and engaging ways to enhance vocabulary retention. One such
tool, Wordwall, has been widely studied for its effectiveness in improving vocabulary
mastery among students learning English as a foreign language (EFL) (Syamsidar et
al., 2023: 1801-1806). This study explores the impact of Wordwall-based interactive
learning on vocabulary acquisition, utilizing a quantitative research approach with 60
students divided into four groups of 15.

The integration of technology into language instruction aligns with construc-
tivist learning principles, which emphasize active engagement and learner-centered
strategies. Constructivism highlights that students learn more effectively when they
interact with the material in a meaningful way. In this context, digital platforms like
Wordwall facilitate active learning by incorporating gamified elements, promoting
engagement and knowledge retention (Moorhouse & Kohnke, 2022: 199-204). The
interactive nature of Wordwall encourages repeated exposure to vocabulary through
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multiple activities such as matching exercises, quizzes, and word association tasks,
thereby reinforcing recall and application (Aisiyah et al., 2024: 309-319).

Prior research pointed out the effectiveness of Wordwall in vocabulary de-
velopment across different educational levels. A meta-analysis by Panjaitan and Sia-
haan (2024: 219-230) found that Wordwall significantly improved English vocabu-
lary retention among junior high school students, with learners demonstrating higher
accuracy in word recognition and usage. Similarly, Susilaningrum and Asri (2023:
553-573) observed that students in Grade 8 showed increased vocabulary acquisition
when using Wordwall games, as they were more engaged compared to traditional
learning methods. These findings suggest that interactive digital tools can offer an
effective alternative to rote memorization and textbook-based instruction.

The accessibility and ease of use of Wordwall contribute to its growing adop-
tion in classrooms. Teachers can create and customize vocabulary exercises to align
with specific learning objectives, ensuring targeted practice for students (Cil, 2021:
21-28). Studies have also shown that learners exhibit a positive attitude toward using
Wordwall due to its interactive and competitive elements, which enhance motivation
and participation in vocabulary learning activities (Dwiningrum et al., 2024: 35-42).
The incorporation of gamification in language learning is particularly beneficial for
students with low motivation, as it fosters engagement through challenge-based tasks
and immediate feedback (Az Zahrah & Anwar, 2023: 18-28).

This study aims to build upon existing research by examining the impact of
Wordwall on vocabulary acquisition in a structured university setting. A quantitative
approach is employed to assess learning outcomes among 60 students, divided into
four groups of 15, over a seven-week period. Pre/posttests measure vocabulary re-
tention, while statistical analysis compares performance across groups to evaluate
the effectiveness of digital learning tools in structured language programs. Providing
empirical evidence on the impact of Wordwall, this study contributes to ongoing dis-
cussions on digital learning strategies and their role in modern language education.

Literature review

In recent years, the integration of technology into educational practices has
transformed traditional learning environments, offering innovative tools to enhance
student engagement and achievement. One such tool is Wordwall, an interactive plat-
form designed to facilitate vocabulary acquisition through customizable games and
activities. This literature review examines the impact of Wordwall-based interactive
learning tools on students’ vocabulary mastery, drawing upon various studies that
highlight its effectiveness in diverse educational settings.

The Role of Interactive Learning Tools in Vocabulary Acquisition

Vocabulary acquisition is fundamental to language proficiency, serving as the
foundation for effective communication and comprehension. Traditional rote memo-
rization techniques often fail to engage students, leading educators to seek more dy-
namic methods. Interactive learning tools, such as Wordwall, offer an alternative by
incorporating game-based elements that promote active learning and retention. These
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tools provide immediate feedback, adapt to individual learning paces, and create an
immersive environment conducive to language acquisition.

Effectiveness of Wordwall in Enhancing Vocabulary Mastery

Several studies have explored the efficacy of Wordwall in improving students’
vocabulary. Latifah and Saputri (2020: 120—-131) conducted a systematic review ana-
lyzing the use of word walls, including digital adaptations like Wordwall, to enhance
English vocabulary mastery. Their findings suggest that such tools significantly im-
prove vocabulary retention and recall by providing continuous visual exposure to
new words, thereby reinforcing learning through repetition and context.

Challenges and Considerations

While the benefits of Wordwall are evident, educators must consider potential
challenges. Access to technology and varying levels of digital literacy among students
can impact the effectiveness of Wordwall-based activities. Additionally, overreliance
on game-based learning may lead to diminished returns if not balanced with other
instructional methods. Therefore, it is essential to integrate Wordwall thoughtfully
within a diverse pedagogical framework to maximize its benefits.

The integration of Wordwall-based interactive learning tools into vocabulary
instruction has demonstrated significant potential in enhancing students’ vocabulary
acquisition and overall engagement in language learning. Empirical studies and me-
ta-analyses highlight the positive impact of Wordwall on vocabulary mastery across
various educational contexts. However, successful implementation requires careful
alignment with curricular goals, consideration of technological accessibility, and a
balanced approach that incorporates multiple teaching strategies. Addressing these
factors, educators can effectively use Wordwall to enrich vocabulary learning experi-
ences and outcomes for their students.

The role of digital game-based learning extends beyond language education,
as similar approaches have been successfully applied in other disciplines. Daineko
et al. (2016: 422-428) demonstrated the effectiveness of game technologies, such as
Unity 3D, in creating virtual physics laboratories. Their study showed how interactive
and immersive environments improve student engagement and foster deeper con-
ceptual understanding. Just as virtual laboratories enhance physics education, Word-
wall-based tools provide an interactive and engaging platform for language learning,
allowing students to actively participate in vocabulary-building exercises rather than
relying solely on traditional memorization techniques.

Furthermore, the integration of digital tools into subject-specific language
learning is particularly relevant in technical disciplines. Kaldarova et al. (2024: 26—
35) explored the development of subject-related communicative language competen-
cies among IT students, emphasizing the challenges they face in acquiring linguis-
tic and discourse abilities. Their study at the International University of Information
Technologies (2021-2022) found that only 5.8 % of first-year IT students reached
a high level of proficiency, while 52.8% remained at the basic level. However, the
implementation of innovative teaching techniques demonstrated positive dynamics
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in shaping students’ subject-related language competencies. These findings highlight
the broader significance of integrating interactive digital platforms like Wordwall to
support both general and specialized language acquisition. By leveraging these tech-
nologies, educators can create more engaging and effective instruction models, tai-
lored to students’ professional and academic needs.

Hypothesis

The integration of Wordwall-based interactive learning tools significantly en-
hances students’ vocabulary acquisition compared to traditional teaching methods.
This hypothesis is based on the premise that interactive, game-based learning fosters
higher engagement, motivation, and retention of new vocabulary. Given that Word-
wall provides immediate feedback, personalized learning experiences, and multimod-
al interaction, it is expected to improve both short-term recall and long-term vocab-
ulary retention.

Furthermore, students exposed to Wordwall activities will demonstrate higher
vocabulary test scores and increased participation in language learning activities. The
interactive nature of Wordwall is hypothesized to cater to diverse learning styles,
making vocabulary acquisition more effective for both visual and kinesthetic learners.

It is also anticipated that students using Wordwall will report greater enjoy-
ment in vocabulary learning, reducing anxiety and fostering a positive learning en-
vironment. Consequently, integrating Wordwall into vocabulary instruction can be
a valuable pedagogical tool for language educators aiming to improve student out-
comes.

Theoretical Framework

The theoretical foundation for this study is rooted in the principles of con-
structivism and gamification. Constructivism posits that learners construct knowledge
through active engagement and interaction with their environment. Wordwall aligns
with this theory by providing interactive and collaborative activities that encourage
students to actively participate in their learning. For example, matching games and
quizzes require students to apply their knowledge in a meaningful context, which
reinforces learning and promotes retention.

Gamification, on the other hand, involves the application of game design el-
ements in non-game contexts to enhance motivation and engagement. Wordwall’s
gamified approach, which includes elements such as points, levels, and rewards, has
been shown to increase student motivation and engagement, leading to better learn-
ing outcomes. For example, students who earn points or unlock levels feel a sense of
accomplishment, which motivates them to continue learning.

Materials and Methods

This study employed a quantitative research design to examine the effective-
ness of the Wordwall platform in enhancing the vocabulary acquisition of intermedi-
ate-level university students. The study involved 60 first-year students enrolled in the
Introduction to IELTS course at the International Information Technology University
in Almaty, Kazakhstan. This course aimed to prepare students for the IELTS exam
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by developing their proficiency in all four language skills: reading, writing, listening,
and speaking. One of the key objectives of the course was to expand students’ vo-
cabulary. As part of the syllabus, participants were required to learn and actively use
approximately 30 phrasal verbs over a seven-week period (Figure 1).

Fig.1. IELTS Students

The participants were divided into four groups, each comprising 15 students.
Two groups (the experimental groups) engaged in vocabulary learning using the
Wordwall platform (Figure 2), whereas the remaining two groups (the control groups)
followed a traditional learning approach utilizing textbooks and printed handouts
with vocabulary exercises. The instructional interventions were integrated into the
regular language classes.

0:23 26
Look after a child until he Argue with sb and you are
or she becomes an adult no longer friendly with them
B 1of 16 [> g 53 def1s

Fig.2. Vocabulary Activities

Prior to the intervention, all participants completed a pretest administered via
the Socrative platform to assess their initial knowledge and usage of phrasal verbs.
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Throughout the seven-week study, students in the experimental groups utilized Word-
wall for interactive vocabulary practice, while students in the control groups relied on
conventional learning methods. At the end of the seventh week, a posttest was con-
ducted to evaluate students’ progress and compare the effectiveness of the Wordwall
platform with traditional vocabulary instruction.

Results and Discussion

This study investigated the impact of the Wordwall platform on the vocab-
ulary acquisition of intermediate-level students preparing for the IELTS exam. The
research was conducted with 60 first-year undergraduate students enrolled in the In-
troduction to IELTS course at the International Information Technology University
(ITTU). The participants were divided into four groups of 15 students each: two ex-
perimental groups (IELTS Groups 1 & 2) that used the Wordwall platform for vo-
cabulary learning and two control groups (IELTS Groups 3 & 4) that followed con-
ventional teaching methods. The intervention lasted for seven weeks, and students’
vocabulary proficiency was assessed through pre/posttest evaluations to measure the
effectiveness of each instructional approach (Figure 3).
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Fig.3. Results of Pre/Posttests

The pretest results indicated that all four groups had a similar baseline level
of vocabulary proficiency. IELTS Group 1 scored an average of 82, IELTS Group 2
scored 80, IELTS Group 3 also scored 80, and IELTS Group 4 had a slightly lower
score of 77. This suggests that students across all groups started with comparable
knowledge of phrasal verbs before the intervention.

Following the seven-week instructional period, the posttest scores revealed
a clear distinction in vocabulary acquisition between the experimental and control
groups. The experimental groups, which utilized the Wordwall platform, demonstrat-
ed a more significant improvement in their scores. [IELTS Group 1 increased from 82
to 90 (9.76 %), while IELTS Group 2 showed the highest improvement, rising from
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80 to 93 (16.25 %). In contrast, the control groups exhibited more modest progress.
IELTS Group 3 improved from 80 to 87 (8.75 %), while IELTS Group 4 increased
from 77 to 83 (7.79 %).

As illustrated in Figure 3, the experimental groups using the Wordwall plat-
form demonstrated a greater improvement in vocabulary scores compared to the con-
trol groups.

In addition, we would like to point out that to assess the significance of the
observed differences in vocabulary acquisition, a one-way ANOVA was conducted
on the posttest scores across the four groups. The results showed a statistically sig-
nificant difference between the experimental and control groups [F(3, 56) = 5.42, p
< 0.01], indicating that the use of Wordwall had a measurable impact on vocabulary
retention (Table 4).

Table 4. Statistical Analysis of Pre/Posttest Scores in Experimental and Con-
trol Groups

Groups Pretest mean Posttest | Mean difference | Paired t-test
mean
(p-value)
IELTS Group 1 82 90 +8 p <0.001
IELTS Group 2 80 93 +13 p <0.001
IELTS Group 3 80 87 +7 p=0.021
IELTS Group 4 77 83 +6 p=0.045

Furthermore, a paired sample t-test comparing pretest and posttest scores
within each group showed that the experimental groups had significantly higher im-
provements (p < 0.001) than the control groups (p < 0.05). This supports the state-
ment that interactive learning tools such as Wordwall are more effective than tradi-
tional methods in enhancing vocabulary acquisition.

We should also highlight that the interactive activities provided by Wordwall,
such as Matching Pairs, Quizzes, Flashcards, and Sentence Builder, contributed to
higher engagement and retention of phrasal verbs. The gamified nature of Wordwall
activities, including Maze Chase, Whack-a-Mole, and Word Search, may have also
played a role in reinforcing word recognition through repeated exposure in an engag-
ing format.

The lower improvement observed in the control groups suggests that while
traditional teaching methods remain effective, they may not be as engaging or condu-
cive to active recall as digital learning tools. Printed worksheets and textbook-based
exercises, although structured, lack the interactive and multimodal elements that can
enhance motivation and long-term retention.

To sum up, the findings of this study indicate that integrating digital plat-
forms such as Wordwall into vocabulary instruction can be a beneficial strategy for
language learners, particularly those preparing for standardized tests like IELTS. The
significant improvement in the experimental groups suggests that interactive learning
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tools can enhance vocabulary acquisition more effectively than conventional methods
alone.

Conclusion

To sum up, vocabulary mastery is a critical component of language learning,
influencing reading comprehension, writing proficiency, and oral communication.
Traditional methods of vocabulary instruction, such as rote memorization and repet-
itive drills, often fail to engage students or foster long-term retention. In response to
these challenges, digital tools like Wordwall have emerged as promising solutions, of-
fering interactive and gamified activities that make vocabulary learning more engag-
ing and effective. The existing body of research demonstrates Wordwall’s effective-
ness across various educational contexts, particularly at the primary and secondary
school levels. Studies have consistently shown that Wordwall enhances vocabulary
acquisition, retention, and application by fostering student engagement, motivation,
and autonomy. While the platform has shown great promise, there is a need for further
research, particularly at the university level, to explore its impact on older learners
and specialized vocabulary acquisition. Overall, Wordwall represents a valuable tool
for modern language education, aligning with the principles of constructivism and
gamification to create meaningful and enjoyable learning experiences.

Limitations

Despite the growing body of evidence supporting Wordwall’s effectiveness,
several limitations must be acknowledged. First, the majority of existing studies have
focused on primary and secondary school students, leaving a gap in research on its
application in higher education. University students face unique challenges, such as
the need to learn specialized terminology and achieve academic proficiency, which
may require tailored approaches. Second, the successful implementation of Wordwall
depends on adequate technological infrastructure and teacher training. Not all edu-
cational institutions have access to reliable internet, devices, or educators proficient
in using the platform, which can hinder its effectiveness. Third, the effectiveness of
Wordwall may vary depending on students’ age, proficiency level, and learning pref-
erences. For example, while younger students may benefit more from gamified activ-
ities, older students may prefer more structured and traditional methods.

Another concern is the potential risks associated with digital platforms like
Wordwall. Technical issues such as poor internet connectivity or device incompati-
bility can disrupt learning activities. Additionally, not all instructors possess the nec-
essary digital literacy to fully utilize such tools, which may lead to ineffective imple-
mentation. There are also concerns about over-reliance on third-party platforms and
limited customization options, which may not always align with specific curricular
goals.

Also, while working with this experiment, the sample size was limited to 60
students from a single university, which may restrict the generalizability of the find-
ings. Future studies involving a more diverse and larger population across multiple
institutions are needed to validate and expand upon these results. In addition, the sev-
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en-week intervention period may not be sufficient to assess the long-term retention of
vocabulary. Follow-up testing after several months would provide deeper insight into
the sustainability of learning gains achieved through Wordwall.

Finally, some studies have relied on small sample sizes or short intervention
periods, which may limit the generalizability of their findings. These limitations high-
light the need for further research to address these gaps and provide a more compre-
hensive understanding of Wordwall’s potential.

Recommendation

Based on the findings and limitations identified in this review, several rec-
ommendations can be made for future research and practice. First, there is a need for
more studies exploring the use of Wordwall in higher education settings. University
students face unique challenges in vocabulary acquisition, and research should inves-
tigate how Wordwall can be adapted to meet their needs, particularly in specialized
fields such as medicine, law, or engineering. Second, future studies should examine
the long-term impact of Wordwall on vocabulary retention and application. While ex-
isting research has shown short-term improvements, longitudinal studies are needed
to determine whether these gains are sustained over time. Third, researchers should
explore the role of teacher training and support in maximizing Wordwall’s effective-
ness. Professional development programs could help educators integrate the platform
into their teaching practices and create activities that align with specific learning ob-
jectives. Fourth, future research should investigate the impact of Wordwall on diverse
learner populations, including students with different proficiency levels, cultural
backgrounds, and learning preferences. This would provide valuable insights into
how the platform can be tailored to meet the needs of all learners. Furthermore, future
research should also include delayed posttests to measure the long-term effects of
Wordwall on vocabulary retention. Finally, policymakers and educational institutions
should invest in the technological infrastructure needed to support the widespread
use of digital tools like Wordwall. This includes providing access to reliable internet,
devices, and technical support to ensure that all students can benefit from these inno-
vations.
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Abstract. This paper presents a methodological approach to data integration in
transboundary water resources management under climate and demographic change.
A multi-layer architecture is developed to ensure the collection, standardization, and
integration of hydrological, climatic, demographic, and energy data using GIS, sat-
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ellite monitoring, and machine learning techniques. The WAFLEX, WEAP, and cli-
mate-demographic scenario modeling (RCP/SSP) frameworks are applied to assess
water balance, forecast deficits, and optimize resource allocation. Central Asian case
studies demonstrate the potential of multi-agent modeling to reduce interstate con-
flicts and enhance socio-economic benefits. The findings indicate that data integration
and the use of digital technologies significantly improve adaptive management and
the resilience of water systems in a changing climate.
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AHHoOTamusi. B crathe mpeACTaBlieH METOMOJOTHMUYECKUM TMOIXO0d K
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KIIMMAaTHYECKUX M JeMorpaduyuecknx H3MeHeHHMH. PaspaboTana MHOTOypOBHEBas
apXHUTEKTypa, oOecneunBaromas cOop, CTaHAapTH3AlMI0 W HWHTETPAIUio
THUAPOJIOTHYECKUX, KITUMATHICCKUX, TEMOTPaPUIECKUX W SHEPTETHUCCKUX JTaHHBIX
¢ mpumenenueM ['MIC, CIyTHMKOBOTO MOHHTOPHMHTAa W MAIIUHHOTO OOYYEHUSI.
HcnonwszoBansl mogenn WAFLEX, WEAP u kiumaTo-nemorpadudaeckoe crieHap-
Hoe monenupoBanue (RCP/SSP) nns oneHkn BomHOTO OajnaHca, MPOTHO3WPOBAHUS
Jne(HUIMTOB U ONITUMH3AIINN pacTIpeieieHus pecypcoB. B pamkax keticoB LleHTpasb-
HOM A3HWM MPOAEMOHCTPUPOBAHBI BOZMOKHOCTH MHOTOAreHTHOT'O MOJEIUPOBAHUS
JUISL CHUOKEHUS MEXKTOCYJIapCTBEHHBIX KOH(IMKTOB W TIOBBIIICHUS COIUATBHO-
SKOHOMHUYECKOM BBITOJbI. Pe3ynbTaThl MOKAa3bIBAIOT, UYTO HWHTETpAlMs JaHHBIX
U WCTOJB30BaHUE HHU(PPOBBIX TEXHOJOTHHA TMO3BOJSIOT TOBBICHTH aJallTHBHOCTH
VIOPaBICHUS U  YCTOMYMBOCTH BOJOXO3SIMCTBEHHBIX CHCTEM B  YCIOBHSX
W3MEHSIOIIETOCS KIIMMaTa.
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WHTEPECOB.

Introduction

Effective management of transboundary water resources is one of the key chal-
lenges for sustainable development and deals with an interwoven puzzle in the con-
text of integration of multifaceted information from diverse sectors across countries
and different levels of governance (Liu et al., 2020; Rahaman & Varis, 2005). Without
reliable, accessible, and interoperable information on water quantity in terms of both
quality and availability; reservoir operation, use of water, weather and climate chang-
es, and related energy demands, making decisions that benefit all sides is impossible
(UNECE, 2015; Biswas, 2004). Additionally, contemporary water-related conflicts,
scarcity due to droughts, ecosystem degradation, and increasing consumption make
the demand for reliable data essential (Wolf, 2007; De Stefano et al., 2012), partic-
ularly in transboundary basins that may escalate into international scrutiny should a
discrepancy occur.

This is particularly acute in arid and semi-arid regions such as Central Asia,
where water resources are limited, and their utilization is intertwined across many
countries (Kenshimov et al., 2022; ICWC, 2021). In such setups, transboundary riv-
ers — most notably the Amudarya and Syrdarya — are essentially water lifelines serv-
ing sets of more than one state with varied interests in terms of prioritizing water use,
infrastructure capacity, and monitoring. Downstream irrigation and drinking water
needs often clash with the upstream use for hydropower, thus necessitating transpar-
ent and coordinated data exchange mechanisms (UNECE, 2020; Granit et al., 2017).

Nowadays, many of the transboundary rivers and basins have fragmented sys-
tems for their data collection, storage, and exchange. Countries also differ in formats,
monitoring methods, data frequency, and legal obligations, which makes it challeng-
ing to build a comprehensive hydrological map (Sarfaraz et al., 2022; UNEP-DHI,
2016). Nevertheless, experiences realized within international and regional initiatives
provide the opportunity to leverage data integration as a platform on which shared
water governance can be developed. The most important frameworks include: the
UNECE Water Convention (1992), Sustainable Development Goal indicator 6.5.2,
UNECE guidelines, GEF and IW:LEARN programmes, and World Bank and UN-
ESCO guidance — collectively these provide conceptual foundations and technical
pathways for transboundary data harmonization (UNECE, 2023; GWP, 2009; UNE-
SCO-IHP, 2020).

Central Asia provides an especially illustrative case. Over historical and po-
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litical complexities, the region has established a robust architecture of cooperation
involving Interstate Commission for Water Coordination (ICWC), Basin Water Orga-
nizations (BWOs), National hydrometeorological services, Energy operators such as
CDC «Energy», and an array of international partners — UNECE, UNRCCA, GWP,
World Bank, etc. (CAWater-Info, 2022; UNRCCA, 2021). It allows transboundary
balancing protocols and pilot modeling applications alongside satellite and Earth ob-
servation (EO) data integration with the prototype for tracking some of the Sustain-
able Development Goals (SDG)-based reporting (GEF, 2020; WBG, 2021).

This makes Central Asia a good place for understanding the challenges and
opportunities in linking transboundary water data. It provides an example of how
different systems like institutional coherence, IT solutions, and analytical models can
work together in a politically complex and hydrologically dynamic system (Granit &
Lienert, 2020).

This article aims to provide a methodological strategy for data integration in
the context of transboundary water resources management. It is based on the synthe-
sis of international experience, an analysis of real-world practices in Central Asia,
and the development and use of analytical tools (WAFLEX model or Climate-De-
mographic Scenario Model). This study has shown how different data (hydrological,
climatic, demographic, energy use) can be combined well with each other to form an
integrated system capable of supporting coordinated and adaptive decision-making at
the regional level.

Literature Review

Data integration in transboundary water resources management is based on
interdisciplinary concepts that combine hydrology, systems analysis, water gover-
nance, institutional economics, and information technologies (Biswas, 2004; Liu et
al., 2020).

One of the key approaches is Integrated Water Resources Management
(IWRM), promoted by GWP and UNEP, which emphasizes the need to harmonize
data on water quantity and quality, water use, ecosystem needs, and climate change.
Within IWRM, data serves as the foundation for developing balanced management
strategies under competing interests (GWP, 2009).

The TWO Analysis (Transboundary Waters Opportunity), proposed by SIWI
(2008), enables structuring information across social, ecological, and economic di-
mensions to identify “win-win” solutions and shift from confrontation to cooperation.
The methodology focuses on qualitative and quantitative assessment of cooperation
potential, where the availability of reliable and comparable data is a critical factor.

Another relevant concept is Socio-hydrology, which conceptualizes the dy-
namic, reciprocal interactions between humans and water systems (Di Baldassarre
et al., 2013). This requires integrating data on water flows, consumption, governance
institutions, risk perception, and social resilience.

The Adaptive Participatory Integrated Approach (APIA), widely applied in
Southeast Asia, positions data not only as a computational resource but as a commu-
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nication tool among stakeholders (Lautze et al., 2011). It is built on iterative cycles of
data collection, stakeholder dialogue, adjustment, and reassessment.

At the international level, one of the core legal documents for shared data use
is the UNECE Water Convention (1992). Article 6 obliges states to exchange «data
and information» in mutually agreeable formats. Implementation committees under
the Convention have also published guidance on transparency, monitoring, and data
sharing practices (UNECE, 2015; 2023).

In the context of the Sustainable Development Goals (SDGs), Indicator 6.5.2
is used to assess the degree of institutional coordination and mechanisms for data
exchange in transboundary basins. Methodological guidance from UNECE and UN-
ESCO (2020) provides step-by-step frameworks for mapping transboundary waters
and evaluating cooperation, including data sharing, coordination mechanisms, and
joint monitoring systems (UNESCO-IHP, 2020).

Central Asia has developed strong institutional arrangements such as: The
Interstate Commission for Water Coordination (ICWC), Basin Water Organizations
(BWOs) for the Syrdarya and Amudarya Rivers and the Chu—Talas Commission.

All these bodies include elements of joint data collection and analysis, al-
though levels of openness, automation, and standardization vary (ICWC, 2021;
CAWater-Info, 2022).

In transboundary water management, this means using digital technologies to
automate, scale, and ensure the interoperability of modern data integration approach-
es. Some of these tools include Geographic Information Systems (GIS), remote sens-
ing and satellite monitoring, data infrastructures in the cloud, early warning systems,
and hydroeconomic modeling tools among many others (WBG, 2021).

An example is the WaCoDiS platform that uses a modular microservice archi-
tecture to integrate satellite data processing with real-time hydrological modeling and
visual analytics (Rieke et al., 2021). Examples of this sort of solution are in line with
the broader trend toward near-real-time, adaptive water management systems that
Earth Observation technologies provide.

This regional context is one in which several operational platforms and infor-
mation systems have been deployed to support coordinated basin-level water gov-
ernance. CAWater-Info also acts as a regional repository with access to historical
data, current gauging station data, river basin particulars, and water balance reports
(CAWater-Info 2022). The CDC Energy links an energy and water release system for
the Syr Darya cascade by aligning hydropower data with water discharge (UNRCCA,
2021).

In addition, The World Bank has funded the modernization of regional nation-
al hydrometeorological services through the Central Asia Hydrometeorology Mod-
ernization Project (CAHMP), which has supported more effective data quality control
and harmonization as well as enhanced regional interoperability (World Bank, 2016).
Furthermore, new tools are examined, for example, cloud platforms and geospatial
modeling environments together with machine learning algorithms focusing on the
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identification of long-term trends and anomalies in water — both quantity and quality.

One way to interpret data integration in transboundary water management is
by references to various real-life examples, several of which have been well docu-
mented in global and regional studies. A typical example of regional cooperation is
the Mekong River Basin with a strong and independent institution in the form of the
Mekong River Commission (MRC), which also provides support to maintain a cen-
tralized data platform, as well as an agreement for joint scenario modeling based on
shared hydrological datasets (Sarfaraz et al., 2022).

The monitored system in the Danube River Basin (coordinated by ICPDR-In-
ternational Commission for Protection of the Danube River) is one of the most ad-
vanced basin-wide monitoring systems with standardized protocols and open data
visualization facilities (ICPDR, 2018). On the other hand, adaptation co-management
is magnificently illustrated in the case of the Columbia River Basin between the USA
and Canada, by peculiar weather seasonal forecasting, real-time data exchange, and
inter-agency information integration.

Transboundary cooperation is operationalized through Basin Water Organiza-
tions (BWOs) in Syrdarya and Amudarya bases of Central Asia, which allow for data
exchange and joint planning. CAWater-Info supports data harmonization by provid-
ing official river flow records, reservoir status updates, and inter-basin transfer figures
(UNECE, 2020). Regional institutions (such as the Chu — Talas Commission) provide
another example of how coordinated monitoring and bilateral reporting mechanisms
can be successfully institutionalized between parties to a basin.

Yet the governance of shared aquifers read more Evaluations from the recent
rounds of the SDG 6.5.2 reporting framework have further substantiated that despite
a few pockets of information, transboundary groundwater data is generally consid-
ered to be scarce, uncoordinated, and outside most national systems (UNESCO-IHP,
2020).

There is broad discussion on the main challenges holding back transboundary
water data integration, whilst real progress appears visible these arguments remain
relevant within academic and policy-oriented literature alike. A significant problem
is data are incompatible among countries: in data formats they use, how often they
update the data, and what spatial reference system the country uses. This makes data
harmonization within regions and the accuracy of joint assessments challenging.

Data is similarly unevenly available, frequently restricted by national security,
institutional inertia, and the absence of data-sharing protocols. Even in the context
of connectivity projects, a delicate issue is the trust factor among riparian states, es-
pecially in the regions where water has scarcity along with disputes and geopoliti-
cal compulsions. Such uncertainty can dissuade states from opening their data more
widely, particularly in times of hydrological strain or political insecurity.

In addition, this paper also presents k-anonymity techniques for multi-party
data sharing with joint models without cross-border calibrated and validated data-
sets that reduce the credibility of shared datasets. There is also a substantial gap in
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the involvement of academia, civil society, and external users to be engaged in the
data-driven process. Even when data is shared, the exchange usually takes place be-
tween water authorities through collaboration, rather than being openly accessible,
peer-reviewed externally, or enriched by citizen science contributions. Taken togeth-
er, these challenges highlight the call for more robust institutional frameworks, or-
ganically born technologies, and a new brand of data governance that is inclusive to
transboundary water management.

Materials and methods

The developed data integration architecture for transboundary water resources
management (see Fig. 1) is structured as a multi-layer system in which all compo-
nents are interconnected, ensuring a complete workflow from data acquisition to de-
cision-making. The first stage involves collecting data from diverse sources, includ-
ing hydrological stations of the Syrdarya and Amudarya Basin Water Organizations
(BWOs), national hydrometeorological services, Earth Observation satellite systems
(Sentinel-2, MODIS), energy sector data from the CDC “Energy,” and demographic
information from the United Nations (UN DESA). The data then undergoes a stan-
dardization and ETL process, which includes interaction via OGC/REST protocols
and handling of CSV/NetCDF formats, quality control using the Isolation Forest
algorithm, gap filling with the Multiple Imputation by Chained Equations (MICE)
method, and georeferencing to the unified EPSG:4326 coordinate system.

Data integration is implemented through a Spatial Data Infrastructure using
WMS, WFS, and WCS services, with the CAWater-Info hub serving as the central el-
ement. Long-term storage is provided by a dedicated repository combining a time-se-
ries database and a spatial database, supplemented with an ISO 19115 metadata cat-
alog and a version control system. The preprocessing and feature engineering stage
includes decadal data aggregation, evapotranspiration calculation using the Penman—
Monteith method, computation of NDVI and NDWI vegetation indices, and anomaly
detection.

At the modeling level, a registry of mathematical models is maintained, and
computational pipelines are orchestrated with versioning and continuous integration
(CI) capabilities. The final layer of the architecture supports decision-making through
interactive dashboards, a scenario navigator for RCP and SSP pathways, and an alert
system for timely operational response.

A modified version of the WAFLEX hydrological model with decadal time-
step calculations is applied, and the water balance equation describes the reservoir
storage dynamics:

S, =S+HI-R-E-L, (1)

where:

S'is the reservoir storage volume;

1 is inflow;

R is release or withdrawal (including irrigation supply);

E - represents evaporation losses;
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L - denotes conveyance and infiltration losses.
Evaporation is estimated using the Penman—Monteith equation:

Central Asia context: BWO Syr/Amu, CAWater-Info, Toktogul-Shardara cascade
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where:

ET, is the potential evapotranspiration;

A is the slope of the saturation vapor pressure curve;

R is net radiation;

G is soil heat flux;

y is the psychrometric constant;

T means air temperature;

u, is wind speed at 2m height;

e and e are the saturated and actual vapor pressure, respectively.

The transition from potential evapotranspiration to actual crop water require-
ments is carried out using crop coefficients (K ) specified for different growth stages.
Regional adjustments are introduced by incorporating trends in temperature, relative
humidity, and wind speed derived from CMIP6 climate scenarios.

Model calibration and integration with WEAP are performed using Bayesian
parameter estimation via the DREAM(zs) algorithm, with priority given to maxi-
mizing the Nash—Sutcliffe Efficiency (NSE) at control gauging stations. WEAP is
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employed for scenario simulations, including alternative reservoir cascade operation
rules and changes in water demand.

Within the Central Asia case study, a module representing the operation of the
Kerkidan Reservoir (Amu Darya) was integrated into the model, enabling assessment
of its operational impacts on downstream water availability under varying low-flow
conditions.

Climate—demographic scenario modeling (CDSM) is implemented through a
combined RCP/SSP framework, where climate scenarios RCP4.5 and RCP8.5 define
changes in temperature and precipitation, and socio-economic scenarios SSP2 and
SSP3 determine trajectories of population growth and urbanization. For the 2035 and
2050 horizons, changes are calculated for inflow AI(RCPt), irrigation demand via
ET = KclET (RCP;t), and municipal-industrial demand AD,, (SSP,t). These scenar-
i0 parameters are integrated into the WAFLEX and WEAP models, as well as into
the optimization stage. In the Central Asian case, for the Fergana Valley (Syrdarya),
the RCP8.5xSSP3 scenario for 2035-2050 results in a 6-12% increase in irrigation
demand and a 10-20% reduction in inflow compared to the baseline period, which is
factored into deficit calculations and adaptation planning.

Water resource forecasting using machine learning covers both short- and
medium-term horizons. For forecasts of 1-3 months, Random Forest and Gradient
Boosting algorithms are applied, while for seasonal to interseasonal horizons (up to
6—9 months), recurrent neural networks of the LSTM type are used with 1-2 layers
(64—128 units), dropout of 0.2-0.3, and a dense output head. Features include lags
of inflow, precipitation, and temperature, cross-basin indices, NDVI/NDWI values
over irrigated areas, snow cover from Earth Observation data, and ENSO indices.
Validation is carried out via blocked cross-validation by season, and evaluation met-
rics include RMSE, MAPE, and NSE. In the Central Asian case, LSTM successfully
predicted the 2022 low-flow period for inflow into Shardara with NSE~0.87, while
the RF/GB ensemble improved the 3-month horizon forecast, reducing MAPE to
~8-9 %.

Table 1. Model Validation Metrics (Central Asia Case Studies)

Model NSE RMSE MAPE Validation Period
WAFLEX (Syrdarya) 0.88 42.1 m%s |9.8% 2010-2020
WAFLEX (Amudarya) 0.83 574 mis | 12.4% 2010-2020
CDSM (Ferghana Valley) 0.85 - - 2020-2023
ML RF/GB (Shardara inflow) | 0.9 38.5m%s |8.5% 2015-2022
LSTM (Seasonal forecast) 0.87 453 m’/s |110.2% 2000-2022
Multi-Agent Simulation - - - Scenario-based

Multi-agent modeling of interstate strategies is based on a game-theoretic
framework with agents representing Kazakhstan, Kyrgyzstan, Tajikistan, and Uz-
bekistan. Utility functions incorporate weighted components of energy generation,
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irrigation, environmental flow, and penalties for deficits. Constraints include seasonal
limits, minimum ecological releases, and energy demand peaks. Interaction dynam-
ics are modeled as iterative “water—energy” bargaining processes, and equilibrium
search is performed using evolutionary algorithms with penalties for failing to meet
environmental flow requirements. In Central Asian simulations, this approach re-
duced decision conflict by ~40% and increased overall socio-economic gains by ~18
% when flexible interseasonal exchange schemes were introduced.

Stochastic water allocation optimization is implemented as a two-stage for-
mulation under inflow and demand uncertainty. The first stage addresses interstate
allocation of quotas and operating rules, minimizing expected costs and management
penalties across multiple RCP/SSP scenarios. The second stage determines intrastate
allocation between sectors (irrigation, municipal-industrial water supply, environ-
ment) while minimizing sectoral deficit “costs.” The integrated Water—Energy—Food
Security Index (WEF-Index) serves as the main objective, aggregating normalized
indicators of water, energy, and food security, with stakeholder-calibrated weights. In
the dry 2021 scenario, the optimized plan maintained ~92 % of Uzbekistan’s cotton
yield with minimal reduction in hydropower generation in Kyrgyzstan through ad-
justed quotas and optimized interseasonal releases.

Adaptation measures are assessed using multi-criteria portfolio selection.
Measures considered include drip irrigation, canal lining with SCADA integration,
crop switching (e.g., rice to wheat on selected areas), reduction of municipal net-
work losses, and optimization of cascade reservoir operations. Measure effects are ex-
pressed as multiplicative reductions of target components (losses, evaporation, water
use), while costs are calculated using annual OPEX plus annuitized CAPEX. Portfo-
lio optimization is performed via exhaustive search and heuristic algorithms. For the
“severe” RCP8.5xSSP3x2050 scenario, the optimal portfolio includes drip irrigation
and crop switching, which substantially reduced aggregate damages compared to a
no-adaptation baseline, despite increased CAPEX.

Model verification is conducted using NSE, RMSE, and MAPE at key gaug-
ing stations. Validation employs seasonal block cross-validation and a sliding-win-
dow approach for machine learning models. Sensitivity analysis uses the global Sobol
method for parameters such as conveyance losses, release rules, crop coefficients, and
climate deltas. Uncertainty is addressed through bootstrap sampling of climate and
demographic scenarios, ML ensembles, and Bayesian confidence intervals for hydro-
logical model parameters. Stress testing includes extreme drought and flood events,
abnormal winter energy demand peaks, and reservoir infrastructure disruptions.

Data management follows OGC standards (WMS/WFS/WCS) and ISO norms
(19115 for metadata, 19157 for data quality). Access control uses role-based poli-
cies, audit trails, versioning, and data lineage tracking. Confidentiality is ensured via
k-anonymity and pseudonymization for operational data exchange, with aggregation
levels for public datasets. Replication and backup strategies include daily time-series
snapshots with integrity checks.
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The software stack includes Python (pandas, xarray, scikit-learn, PyTorch/
Keras), R (hydromad, airGR), and specialized hydrological models WEAP and WA-
FLEX. Process orchestration is handled by Apache Airflow or Prefect, with databas-
es built on PostGIS/Timescale, and visualization through Grafana and Plotly Dash.
Reproducibility is ensured via Docker containerization, dependency version locking,
and open publication of scenario configurations without restricted data. Code and
model quality control use unit testing, MLflow experiment tracking, and model ver-
sioning.

Regional case studies include the joint optimization of Toktogul-Shardara
reservoir releases considering winter energy peaks and summer irrigation demand,
analysis of Kerkidan Reservoir operations under climate scenarios, and the assess-
ment of Fergana Valley water demand growth and inflow reduction under combined
RCP8.5xSSP3 conditions.

Scenario Modeling: Water Demand under Climate & Demographic Change
(Ferghana Valley Example)

—e— RCP4.5 (moderate warming) ®

27000 _q- RCP8.5 (high warming) -7

----- Baseline demand (2025) e

26000

25000

24000

23000

22000

Water Demand (million m3)

21000

20000

2026 2028 2030 2032 2034 2036 2038 2040
Year

Fig. 2. Scenario Modeling under Climate and Demographic Change

Example based on Ferghana Valley: population growth of 1.3 % per year
combined with climate-induced irrigation demand increase. Under RCP8.5, demand
exceeds sustainable limits by 2040 (+12%), indicating need for water-saving technol-
ogies and adaptive allocation strategies.

Scenario Modeling Example: Climate (RCP) x Demography (SSP). Assump-
tions (illustrative): baseline inflow 10,000 MCM/year; baseline irrigation demand
8,000 MCM; baseline municipal+industrial demand 1,500 MCM. Climate scenarios
change inflow and crop water requirements; demographic scenarios scale municipal/
industrial demand. Results show total demand, projected inflow, and water deficit.
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Fig.4. Average Inflow vs Demand by RCP (SSPs averaged)
Table 2. Scenario Results
Projected | Irrigation Total Deficit
Year RCP SSP Inflow Need Demand (MCM)
MCM) MCM) (MCM)
2035 RCP4.5 SSP2 9500.0 8240.0 1680.0 9920.0 420.0
2035 RCP4.5 SSP3 9500.0 8240.0 1800.0 10040.0 540.0
2035 RCP8.5 SSP2 9000.0 8480.0 1680.0 10160.0 1160.0
2035 RCPS8.5 SSP3 9000.0 8480.0 1800.0 10280.0 1280.0
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2050 RCP4.5 SSP2 9200.0 8400.0 1800.0 10200.0 1000.0
2050 RCP4.5 SSP3 9200.0 8400.0 2025.0 10425.0 1225.0
2050 RCP8.5 SSP2 8200.0 8800.0 1800.0 10600.0 2400.0
2050 RCP8.5 SSP3 8200.0 8800.0 2025.0 10825.0 2625.0

Limitations of this research are linked to sparse ground-based observation
networks, heterogeneous data formats, and institutional barriers to data exchange.
Future developments will focus on integrating seasonal climate forecasts, explicitly
modeling snowpack and channel loss stochasticity, expanding the multi-agent model
to multi-criteria negotiation with auction-based mechanisms, and gradually transi-
tioning toward near-real-time modeling with Al-assisted decision dashboards.

Conclusion

The data integration scheme of transboundary water resources
management, using integrated models (WAFLEX, WEAP, CDSM) and artificial
neu-ral network methods in the study, allows for making a more precise forecast
of the water balance as well as detecting deficits, preventing the development of
adaptive strategies. The planned data aggregation multilayer architecture allows
integrating hydrological, climatic, demographic, and power information in a
common system to reach informed decision-making under the impact of coordinated
operation.

The scenario modeling using the RCP/SSP framework indicates that most of
the critical sectors face more considerable rainfall shortfalls under climate change
and increased populations, especially within the RCP8.5xSSP3 scenario. Adopting
multi-agent modeling and optimization algorithms has been found to minimize state
conflicts and maximize the global socio-economic revenue through flexible water-
en-ergy exchanges. The findings underscore the importance of improving
institutional architecture, unification of formats related to data exchange and
broader accessibility, accompanied by the development and application of
innovative digital tools using artificial intelligence for moving toward real-time
water management.
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Abstract. The article presents the development and implementation of a con-
volutional neural network (CNN) designed to recognize faces and hands in digital
images, as well as analyze their displacements between two consecutive frames. The
proposed method is not limited to the detection task but is supplemented by calculat-
ing the magnitude of the movements of recognized objects, which allows recording
the dynamics of poses. To train the model, a specialized dataset of 1200 images was
created, containing about 1800 faces and 2400 hands marked in the Pascal VOC for-
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mat. MobileNetV2 with an SSD head was chosen as the architecture, training was
carried out in the Keras framework using data augmentation techniques. Experiments
showed the result mAP@0.5 = 0.76 on the test set and the accuracy of displacement
classification of 82.5 %. Compared with existing solutions (OpenPose, MediaPipe,
TensorFlow Object Detection API), the proposed approach provides an optimal bal-
ance between accuracy and computational efficiency, complementing the functional-
ity with the ability to analyze displacements. This method can be applied in real time
to tasks of gesture recognition, human-machine interaction and video surveillance.

Keywords: convolutional neural network, object detection, face recognition,
hand recognition, bias analysis, Keras, MobileNetV2
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AnHoTanus. Makanana mudpiblK KeCKIHAEpAeTI OSTTep MEH KOJIapibl Ta-
HyFa, COHJai-aK oNapAblH €Ki JOMeKTI KaJp apachblHAarbl BIFBICYBIH TajjayFra
apHaJIFaH KOHBOJIOIUSIBIK HeHpoHABIK skeliHi (CNN) o3ipiey jkoHe iCKe achIpy
KapacThIpbl-Najbl. YCHIHBUIFAH OMiC TEK JETeKIUS MIHJIETIMEH MIEKTeIMEH,
COHBIMEH KaTap Ta-HbUIFaH OOBEKTIIEP/iH OPBIH aybICTHIPY IIAMAChIH €CeNTeyMEH
TOJBIKTBIPBIIAIBI, OYJT KaJIbIIT JMHAMHUKACHIH TIpKeyTre MYMKIHIIK Oepeni. Moaenbi
okpITy ymriH mramamen 1800 Ger men 2400 komman TtypatbiH, Pascal VOC
dbopmateiaga TanOananFan 1200 cypeTTeH KypaifaH apHaibl JEepeKTep >KUHAFbBI
)kacanapl. Apxutektypa petinae SSD-6aceiMen MobileNetV2 tanmansl, alt OKbITY
Keras ¢peliMBopkiHAEe JepeKTepli ayrMEHTalusiay  OJICTEpiH  KOJAaHy
apKbUIBl  KYPri3uiai. DKCHEPUMEHTTIK HOTHOKENIep TECTUTIK TaHaamaga mAP@0.5
= (.76 xoHe BIFBICY KIACCU(PUKAUACHIHBIH Hoairi 82,5 % JeHreiiH KepceTTi.
Konpansicrarer  menmimaepmen  (OpenPose, MediaPipe, TensorFlow Object
Detection API) canmbICThIpFaHaa YCHIHBUIFAH TOCILT JANJIIK TI€H  €CemTey
THIMAUTITIHIH OHTaWIbl TEHrepiMiH KaMTaMachl3 eTelll JKoHe (DYHKITMOHAIIIBI
BIFBICY TalJAaybIMEH TOJBIKTBIPAAbl. OJIC HAKTBl YaKbIT PEXUMIHAE bIM-
unIapaTTapJpl TaHy, aJaM MEH MallliHa apachblHAAaFbl ©3apa OpeKeTTecy >KOHe
OcitHeOaKpLTay MIHJIETTEPIHIC KOJITAHBUTYbI MYMKIH.

Tyitinai ce3aep: KOHBOJIOIMOHIBI HEHPOHIBIK JK€Ji, HBICAHJIBI aHBIKTAY,
OeTTi TaHy, KOJIIbI TaHy, Kuramn Tanjaay, Keras, MobileNetV?2
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AHHoTanms. B cratee npencraBiena pa3paboTka U peanu3aius CBEpTOUHOM
HeiiponHoit cetn (CNN), npeqHa3sHauyeHHON [UIs paclo3HaBaHUS JHML M PYK
Ha LUGPOBBIX H300paKEHUSX, a TAKXKE aHAIU3a HUX CMEIIECHHH MEXAy IBYyMs
IIOCJIEIOBATEIbHBIMU KaapaMHu. [IpeoxkeHHblii METO HE OTpaHUYMBAETCA 3aaueh
JETEKIUH, a TONOJIHAETCS. BBIYMCIEHUEM BEIUYMHBI MIEPEMEIICHUNA PaCIO3HAHHBIX
00BEKTOB, UTO MO3BOJAET (PUKCUPOBATH TMHAMUKY 1103. {151 00ydeHus: moaenu Obut
CO3JlaH CHelHaIn3upoBaHHblid natacet u3 1200 uzoOpaxkeHuid, conepKaliuii OKoJIo
1800 nun 1 2400 pyk, pazmedeHHbIX B popmare Pascal VOC. B kauecTBe apXUTEKTy-
psl BeIOpana MobileNetV2 ¢ SSD-ronoBoii, o0ydeHre mpoBouiIock Bo GpeiMBOp-
ke Keras ¢ mpMEHEHHEM TEXHUK ayIMEHTALUN JaHHBIX. DKCIEPUMEHTHI IIOKa3aIx
pe3ynbraT mAP@0.5 = 0.76 Ha TecToBOil BBIOOpKE M TOUHOCTH KiIacCU(DUKAIMU
cmemienuit 82,5 %. Ilo cpaBHenuto ¢ cymectByromuMu pemenusimu (OpenPose,
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MediaPipe, TensorFlow Object Detection API), npeayioskeHHBIH Moax0/] 00ecTeurnBa-
€T ONTUMAJbHBIN OalaHC MKy TOYHOCTHIO M BBIYUCIUTEIHHON 3()(hDeKTUBHOCTEIO,
JOTONHASL (YHKIIMOHAT BO3MOXKHOCTBIO aHaiHM3a CMeHIeHuid. MeTol MOXKeT
MIPUMEHSTHCS B PEaIbHOM BPEMEHHU ISl 3a7iau Pacrlo3HaBaHMsSI JKECTOB, YEJIOBEKO-
MalIMHHOTO B3aUMOJECHCTBYS U BUICOHAOTIOACHHUS.

KiloueBble cjioBa: cBepTOouHash HEWPOHHAs CETh, JIETEKIUS OOBEKTOB,
pacrno3HaBaHUe JIUII, paclio3HaBaHKUE PYK, aHanu3 cMmelieHui, Keras, MobileNetV2

das murupoBanusi: JI. Kypmanrasuea, O. ®unauk, B. Maxarosa, /l.
KynabaeBa, A. Maparynsl. CBepTouHasi HEHpOHHAsi CETh JUIsl PAcMO3HABAHUS U
OTCJIC)KUBAHUS CMELIEHUH 00beKTOB//MeKIyHapOIHBIH KypHAT MH(POPMAIIMOHHBIX
U KOMMYHHKAIMOHHBIX TexHojorui. 2025. T. 6. No. 23. Crp. 202-221. (Ha asnr.).
https://doi.org/10.54309/1J1CT.2025.23.3.012.

bnazooapnocmu: Hccneoosanue 6vinonneno npu QuUHAHCOB0U N00OepicKe
Amuipayckoeo ynusepcumema umenu X. /{ocmyxamedosa 6 pamkax 0ozosopa Ne2
om 01.04.2025 no nayunomy npoexmy «Hcnonv3zoeanue memooos UcKyCcCmeeHH020
UHmMennekma OJisk CO30AHUSL CUCTEM NOO0OEPHCKU NPUHAMUSL peLueHUll 051 YIPAGIeHUs
obvekmamu HeghmenepepabomKuy.

Konguaukt wmHTepecoB: aBTOpHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
HUHTEPECOB.

Introduction

Modern computer vision methods are actively used to analyze images and
video streams, solving problems of recognizing faces, gestures and human move-
ments. One of the key areas is the development of algorithms that can not only identi-
fy objects in an image but also track their changes over time. Existing systems such as
OpenPose, MediaPipe And TensorFlow Object Detection APIs demonstrate high ef-
ficiency in pose and object recognition tasks. However, they have several limitations:
high computational complexity (OpenPose), limited custom capabilities additional
training (MediaPipe), or considerable time costs for training (TensorFlow Object De-
tection API). In applied tasks where it is necessary to track only certain classes of
objects (for example, a face and a hand), such solutions turn out to be redundant or
too resource intensive. This paper proposes a method based on a convolutional neu-
ral network with the MobileNetV2 architecture and SSD, implemented in the Keras
framework. Unlike traditional detectors, it is supplemented with an algorithm for
analyzing object displacements between images, which allows recording movements
and interpreting the dynamics of poses. A specialized dataset with face and hand
markings, including 1200 images, was created for training. The aim of the study is to
develop and implement a model that combines high speed, the ability to retrain your
own data, and advanced functionality for bias analysis. The results confirm that the
proposed approach provides sufficient accuracy with moderate computational costs
and can be used in real applications: video surveillance systems, human-machine
interaction, and gesture recognition.
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Materials and Methods.

Artificial Neural Network Development Environment.

The artificial neural network development environment is a complex and
multifunctional toolkit designed to simplify and speed up the process of developing,
testing, and implementing machine learning models. Such an environment combines
many components and capabilities that help developers create efficient and accu-
rate models that solve a wide range of applied problems (Anarbekova at.al, 2024).

Key elements of the development environment include tools for visual design
of neural network architectures, libraries of ready-made modules and layers, power-
ful computing power for training models, and an intuitive interface for monitoring
and debugging. Visual tools allow you to model complex neural networks, connect
nodes, and adjust parameters without having to write extensive program code. This
allows you to expand the range of users of the platform to include specialists who are
not experts in programming (Aitim at.al., 2025).

In addition, advanced artificial neural network development environments
provide tools to automate many stages of development, including data preparation,
hyperparameter optimization, and model testing and validation. This allows devel-
opers to focus on research and creativity, minimizing routine tasks and increasing
productivity (Atkinson, Tatnall, 1997).

Most modern development environments include support for popular frame-
works such as TensorFlow, Theano, PyTorch, and Keras, providing flexibility and
power when creating and deploying models. These environments often support inte-
gration with cloud services and can leverage distributed computing resources, which
is especially important when handling big data and complex tasks that require signif-
icant computing power (Bakytnur at.al., 2022).

— TensorFlow, developed by Google Brain, is an open-source framework that
is actively maintained and developed by the community. An important feature of Ten-
sorFlow is its ability to process calculations on various platforms, including pro-
cessors, graphics accelerators, and specialized TPU (Tensor Processing Unit) chips.
TensorFlow provides the flexibility to build neural networks of any complexity, from
simple perceptrons to complex convolutional and recurrent models (Dyusembaeyv,
2001).

The system also offers a visualization tool, TensorBoard, which allows you to
analyze model graphs, track changes in training parameters, and visualize loss curves.
This makes TensorFlow especially useful for research projects where visualization
and understanding of the training process are key.

— Theano, created at the University of Montreal, was one of the first deep
learning frameworks with automatic differentiation. Theano has the unique ability to
optimize computational processes, allowing users to efficiently use available hard-
ware resources, such as graphics processing units (GPUs). Although its development
ceased in 2017, many modern tools and libraries still use Theano’s work.

Theano allows you to define and optimize mathematical expressions, includ-
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ing multidimensional arrays. This library has helped lay the foundation for future
developments by providing developers with a powerful tool for forming and testing
their hypotheses and models in the context of deep learning.

— PyTorch, developed by Facebook AI Research, stands out for its intuitive
and flexible interface that is focused on research and prototyping. Unlike TensorFlow,
PyTorch offers dynamic graph construction, allowing the model structure to be modi-
fied at runtime. This makes it easier to debug and experiment with new ideas, making
PyTorch popular among researchers and engineers looking for rapid prototyping.

PyTorch actively supports machine learning on GPUs and CPUs, as well as
integration with other systems, including C++ and scripting languages. This makes
it a powerful tool for developing complex models that require high performance and
flexibility.

— Keras is an open-source Python library that serves as the primary framework
for developing artificial neural networks. Its flexibility and ease of use make it pop-
ular among both beginners and experienced machine learning developers. It allows
for rapid prototyping, experimentation, and implementation of various deep learning
models (Dyusembaev at.al., 2017).

One of the key features of Keras is its high-level API, which simplifies the
creation of complex multi-layer neural networks. It is designed to interact with well-
known frameworks such as TensorFlow and Theano, providing flexibility and scal-
ability of the final solution. Thanks to this, Keras can use graphics processing units
(GPUs), which significantly speeds up the training of models, especially when work-
ing with large data sets.

Keras implements a variety of layers, including Dense, Dropout, Convolu-
tional, and Recurrent, which can be easily combined and customized to achieve better
results. This allows developers to focus on high-level problems and innovative ideas
rather than getting bogged down in implementation details. Moreover, Keras supports
many concepts such as backpropagation, gradient descent optimization, and weight
regularization, making it a powerful tool for Al research and development. (Dyusem-
baev at.al., 2013; Liao et al., 2018).

In addition, Keras has extensive documentation and a large community of us-
ers who share useful examples and developments. This provides users not only with
access to knowledge and best practices, but also with ongoing support when solving
complex problems.

Thus, modern artificial neural network development environments are becom-
ing an integral tool in the arsenal of machine learning specialists, providing the neces-
sary resources and supporting the entire development cycle from idea to implementa-
tion into industrial operation. At the same time, today TensorFlow, Theano, PyTorch
and Keras provide a wide range of opportunities for the implementation of artificial
neural networks. Each of them has its own unique features and advantages that satisfy
the diverse needs and preferences of developers (Dyusembaev at.al, 2013). Thanks
to these tools, the process of creating and implementing neural networks has become
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much more accessible and efficient, which contributes to further discoveries and in-
novations in the field of artificial intelligence (Naumov, 2017).

Problem.

Statement.

Two images are given. It is necessary to use a neural network to recognize
hands and faces of people in them and determine whether the positions of the recog-
nized objects in the first image have changed with the positions in the second image
by a given amount. If the position has changed, it should be reported to the program
(Hornik at.al., 1989). This task can be considered as a motion detector for given ob-
jects and further improved to capture images from cameras and compare two consec-
utive frames. A suitable tool for this task is a convolutional neural network (CNN),
which copes well with image analysis due to its ability to detect complex patterns and
structures (Jindal at.al., 2007).

Choice of the Development Environment.

Tensorflow was planned to be used for this project. object detection API. For
its operation, it is necessary to select the most suitable one in terms of speed and
recognition accuracy from the already provided pre-trained networks. It is also neces-
sary to create a dataset containing labels of input images with the positioning of each
recognizable object (LeCun at.al., 1998). To create a dataset, the labelimg program
is used, with the help of which xml files with marking of hands and faces of people
in the image are created. After that, these files are converted using a Python script
into recording files used by Tensorflow object detection API. This program provides
a wide range of neural networks to choose from, which differ in their architecture.
As an example, it was planned to use a convolutional network called “ssd_mobilen-
et v2 coco”. It is the fastest of all available in speed, but the most inaccurate in ob-
ject recognition. In most cases, it is used to recognize objects in real time on mobile
phone cameras. This network comes with a configuration file for setting it up, where
you can specify parameters such as learning speed, neuron activation functions, and
a neural network training method. After setting up, the training process was launched
through the command line on data that had been previously prepared using labelimg.
Even though all training parameters were set for minimal computer resource con-
sumption, the neural network training process, according to calculations, could take
a long time. Each step of neural network training took an average of 60 seconds. For
normal functioning of the neural network, approximately 20,000 steps were needed,
which would take approximately 330 hours, therefore, this implementation method
was not suitable for the task (LeCun at.al., 1998).

Based on this, to create a program, you should use the Keras framework for
Python, which allows you to create a neural network and avoid problems with an
extended period of its training.

At the first stage, the use of TensorFlow Object Detection API and pre-trained
models (e.g., ssd_mobilenet v2 coco) was considered due to their ready-made train-
ing and inference infrastructure. The advantage of the approach is the high detection
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speed on mobile devices, but the expected duration of training on local hardware
turned out to be excessive: with an average step duration of ~60 s and the required
~20,000\ approx 20{\,}000=20000 steps, the total time would be about 330 hours,
which is unacceptable for the project deadlines.

Considering the limitations of computing resources, the Keras framework
(TensorFlow /Keras) was chosen for implementation, allowing:

— build a compact CNN model from scratch or retrain a lightweight detector on

a limited dataset;

- flexibly manage the input data pipeline (augmentations, normalization);
- make it easier to experiment with architecture and hyperparameters.

Labellmg with Pascal VOC (XML) markup format is used to prepare the data.
The resulting XML files are converted to the internal dataset format (e.g., JSON/CSV
or TFRecord). Augmentations (random rotations and reflections, brightness/contrast
changes, scaling with preservation of classes) are used to improve the generalization
ability of the model.

The base detector model is a lightweight convolutional architecture with a
MobileNetV2-level backbone and a head for predicting bounding boxes and class-
es (a single-stage scheme like SSD/ RetinaNet in a lightweight configuration). This
compromise provides acceptable accuracy with moderate training and inference re-
quirements.

Description of the Implementation Algorithm.

Any image can be represented as a two-dimensional array, the indices of
which are the coordinates of the image pixels, and their values are an array consisting
of 3 elements (R, G, B), in the range 0-255. Thus, each point of the image uniquely
corresponds to three numbers that determine its color.

In the future, using the Keras library, it is planned to create a Sequential con-
volutional neural network model , which will be trained on a training sample created
in the labelimg program, which simplifies the work of selecting objects in an image.
After training the neural network using the OpenCV library (a computer vision li-
brary), the image data will be converted and loaded into the computer’s RAM. The
images will be passed to the input of the trained neural network, which will select the
specified objects. These objects will be stored in an array, each element of which will
have a position x and y, height and width h and w, respectively. By placing the data
of the second image in the array in the same way, all positions of the objects will be
compared with the positions of the first image, and their class will also be considered.
If, element by element, the positions of objects in the first and second images are
compared, the condition is met:

2 2
\/(xz_x1) +(y2_y1) > E (D
where x , y , are the coordinates of the object in the first image, x |,y  are
the coordinates of the same object in the second image, E is the maximum deviation

of the object.
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If this condition is met, it will mean that the object has been moved.

Thus, in general, it is possible to describe a sequential algorithm for imple-
menting the given task:

Initially, both images undergo a pre-processing stage, where normalization
and scaling are performed to unify the input data. This helps improve the accuracy
of subsequent recognition. The images are then fed to the input of a neural network
trained on the corresponding dataset to identify hands and faces.

Each recognized face and hand is extracted and marked using bounding box-
es, after which their coordinates are recorded. This process is carried out separately
for both images. The obtained data on the positions of faces and hands in both images
are then compared to determine whether there is a shift.

A specially developed algorithm analyzes the change in coordinates along the
X and Y axes for each object. If changes in the positions of objects exceed a specified
value, the system records these movements as significant.

The result of the analysis is displayed in the form of a table or graph, which
provides information about each recognized object, the increase or decrease in its
coordinates and its compliance with the specified shift value.

Overall, this method allows not only to detect changes in the poses of objects,
but also to automate the entire analysis process, making it a reliable tool for many
applications in computer vision and image analysis. And the Keras library is a useful
tool that can speed up the process of developing and testing models. Its simplicity
makes learning more accessible for both beginners and experienced developers, of-
fering flexibility, ease of use and good speed.

Problem Statement. The aim of the work is to develop a software mod-
ule that, based on two images I' and I2, identifies objects of the classes “face” and
“hand”, compares identical objects in these images and determines the fact of their
displacement relative to a given threshold.

Let a set of objects be formed for each image after detection:

ONKk) = {(bi"(k), ci(k))},1=1...Ni, k € {1,2}

Where, ¢ € {face, hand}, and the bounding box b = (x, y, w, h) is given by
the coordinate of the upper left corner (x, y) and the dimensions w and h.

We will designate the center of the frame as:

m(b)=(x+w/2,y+h/2)

For each class c, it is necessary to construct some correspondence:

n:0_c (1) — O_c (2) between objects in the first and second images and
calculate the displacement vector.

The displacement vector for an object is calculated using the formula:

Ami=mbrn(i))-m(;?)

Where m(b) are the coordinates of the frame center.

An object is considered to be displaced if the following condition is met:

IAmil>EorlAmil./D>¢

Where:
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— E >0 - the specified displacement threshold in pixels;
— D=V(W:?2+H? — image diagonal;
— ¢ - standardized threshold (usually 0.01-0.03).
The result of the module’s work is a list of objects with their coordinates in
both images, the displacement value and the binary feature “displaced/not displaced”.
This task can also be considered as a special case of motion detection for
selected classes of objects and expanded to streaming processing of video stream
frames in real time.
Description of the Implementation Algorithm.
Image presentation.
Any RGB image I ER"HxWx3) is considered as a tensor with integer chan-
nel values from 0 to 255.
Before feeding into the model, linear normalization to the range [0,1] or stan-
dardization for backbone statistics is performed.
Conveyor stages:
1. Input preprocessing
Scaling images to a fixed size (e.g., 320x320 or 416x416), followed by nor-
malization. Augmentations are additionally applied during training.
2. Object detection
Keras model returns for each image a set of predictions of the form {( bi, ¢l
si)}, where:
— bi- coordinates limiting frames;
— ¢l - class object;
— sl - confidence predictions.
non-maximum) is used for selection suppression ) with an IoU threshold Tyms
(e.g., 0.5). All predictions with probability si <'s ni, are discarded.
3. Structuring the results
For each image, a list of objects O (1) and O”(2) is formed. For each ob-
ject, a description is saved: (X, y, W, h, ¢) and the coordinates of the center m(b).
Matching Objects Between Images.
Matching Function.
For each class ¢, a matching problem is solved. A two-criterion cost function
is used between the frames b; ~( 1) and bj*(2):
cost(i,j)=a-(1-IoUDdi*1),b;?*2)+ (A -a) - (Im;"(1))—m(b ;
2))l2/ D)
Where:
- a € [0,1] - weight coefficient ;
- IoU (bi ~( 1), bj(2)) - indicator intersections framework (Intersection over
Union);
- m ( b ) — coordinates of the frame center;
- I'm (b; *( 1)) —m ( b; (2))l> - Euclidean distance between the centers of the
frames;
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- D is the image diagonal used for normalization.

Next, the Wenger—Kuhn algorithm (Hungarian method) is applied to find the
minimum matching with a cutoff at the maximum allowable cost.

In a simple version, matching can be done in a greedy manner - by the high-
est IoU value, provided that:

IoU >1,

where 1 is a given threshold (e.g., 0.3-0.5).

1. Calculation of Bias and Binary Solution.

For each pair of corresponding objects i «» n(i), the displacement vector is
calculated:

Ami=m®b*n(1))—m(b';)

Where,

m(b) — coordinates of the center of the object’s bounding box.

An object is considered to be displaced if one of the following conditions is
met:

IAmil2>EorlAmil./D>¢

Where:

I Am ; |- — Euclidean norm of the displacement vector (the magnitude of the
shift of the frame center);

E > 0 — displacement threshold in pixels;

e D =1(W2+H ?)— diagonal of the image with width W and height H;
e ¢ is the normalized bias threshold (usually selected within the range of
0.01-0.03).

The threshold E or ¢ is selected empirically on the validation sample for the
target metric, for example, using the F1 measure for the “shift” event.

2. Generating a Report.

The results are presented in a table: object ID, class, coordinates/dimensions
on both images, Ax , Ay, | Am I, the “shifted” feature. If necessary, a graphical over-
lay of frames and offset arrows is constructed.

Pseudocode of matching and decision logic:

for ¢ in {face, hand}:

O1 = detections(imagel, class=c)

02 = detections(image2, class=c)

M =build cost matrix (O1, O2) # by IoU and/or centers matches = hungar-
ian_with_threshold (M) # either greedy comparison By loU

for (i, j) in matches:

d = euclidean (center(O1[ i ]), center(O2[j]))

moved = (d > E) or (d/ diag (image) > eps)

write _row (id=1, class=c, b1=01[ 1 ], b2=02][j], dx, dy , d, moved)

Layout and format. Labellmg generates VOC-XML; for training it is conve-
nient to convert to a single CSV/ TFRecord /JSON. It is important to store the original
frame dimensions for inverse scaling of predictions to pixels.
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Augmentations. Horizontal reflections (for hands), moderate rotations £10°,
random crop / resize, brightness/contrast change (jitter ) - increase resistance to pose
changes.

Hyperparameters. NMS threshold t.ms € [0.4, 0.6], confidence threshold smin €
[0.3, 0.5], IoU matching threshold t € [0.3, 0.5]. The threshold E can be normalized:
E =¢D, where € € [0.01, 0.03].

Training metrics. For the detector — mAP@0.5 and PR curves by class; for
the final task — precision, recall, and F1-score of the event “shifted” on a pair of
images.

Optimization of computations. Using a lightweight backbone (MobileNetV2/
V3) and freezing early layers during additional training significantly reduces the re-
quired training time compared to training from scratch.

Practical Notes on Implementation.

Markup and format. Labellmg generates VOC-XML; for training, it is conve-
nient to convert to a single CSV/ TFRecord /JSON. It is important to store the original
frame sizes for inverse scaling of predictions to pixels.

Augmentations. Horizontal reflections (for hands), moderate rotations =10°,
random crop / resize, brightness/contrast change (jitter ) - increase resistance to pose
changes.

Hyperparameters. NMS threshold T.ms € [0.4, 0.6], confidence threshold smin €
[0.3, 0.5], IoU matching threshold t € [0.3, 0.5]. The threshold E can be normalized:
E =¢D, where € € [0.01, 0.03].

Training metrics. For the detector — mAP@0.5 and PR curves by class; for
the final task — precision, recall, and F1-score of the event “shifted” on a pair of
images.

Optimization of computations. Using a lightweight backbone (MobileNetV2/
V3) and freezing early layers during additional training significantly reduces the re-
quired training time compared to training from scratch.

The figure shows two consecutive frames with a girl to show the work of the
algorithm for recognizing and fixing the displacement of objects:

Left: A girl sits on a sofa, raising her right hand. The image has frames with
the captions “face” and “hand” (hand). For the hand, the offset is specified to be +17
pixels down.

Right: the same girl, but her hand is lowered. The face has the “face” frame
again, and the hand has the “hand” frame. The face has an offset of (-6, 21) pixels
(i.e., slightly to the right and down).

Thus, the image illustrates how the system:

1. finds a face and a hand,

2. calculates their coordinates,

3. compares positions between two frames,
4. and records changes in pixels.
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L

Fig. 1. Demonstration of the Operation of the Algorithm for Recognizing and Recording the Displace-

ment of Objects:

That is, the picture is visualization of the neural network’s operation for
detecting objects and measuring their displacement. Volume and composition of the
dataset. To train and test the model, a specialized image dataset was created contain-
ing two classes of objects:

- face,
- hand

The dataset included:

1200 images in original JPEG/PNG format;

the markup was done manually in the Labellmg program with the annota-
tions saved in Pascal VOC (XML) format;

Number of marked objects: about 1800 faces and 2400 hands (some frames
contain several objects at once).

The data were divided into three subsamples:

- training sample — 70 % (=840 images),
- validation sample — 15 % (=180 images),
- test sample — 15 % (=180 images).

Random stratification was used in the splitting to maintain class proportions.

Data Preprocessing Stages and Training Parameters.

Data Preprocessing Stages.

Before feeding images into the neural network, the following steps were
taken:

1. Scaling all images to a fixed size of 320x320 pixels.

2. Normalize pixels to the range [0,1].

3. Augmentations (only on the training sample):
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— random horizontal reflections;

- rotations in the range [—-10°, +10°];

- change brightness and contrast (£15%);
- random crops with subsequent resizing.
- Formation of batches (batch size = 16).

These operations helped to increase the diversity of training data and reduce
overfitting.

Model Training Parameters.

Keras framework (TensorFlow) was used for implementation. backend).
Main parameters:

- Architecture: convolutional neural network based on MobileNetV 2 (back-
bone) + SSD- “head”.

- Loss function: categorical cross - entropy with smooth component L1 loss
for coordinate regression.

- Optimizer: Adam with initial parameters:

learning speed rate = 0.001;

B1=0.9,p2=0.999.

Number of eras: 50.

Batch size: 16.

Scheduler: Reduced learning rate by a factor of 0.1 if there is no improve-
ment in validation over 5 epochs (ReduceLROnPlateau).

Validation and Testing

Validation was performed on a separate sample (15 % of the data), while
tracking the mAP@0.5 (mean Average Precision at [oU = 0.5) and F1-score. Testing
was performed on a set of delayed samples not involved in training and validation.

Measuring the Accuracy of the Model.

To assess the quality of detection, the average accuracy (mAP) indicator and
the derived metric accuracy for the task “object shifted/not shifted” were used. At the
detection stage:

- IoU was calculated (Intersection over Union) between predicted and reference
frames:

IoU = Area(B_pred N B_true) / Area(B_pred € B_true). The prediction was
considered correct if [oU > 0.5. mAP on the test sample was 0.78 (78 %).

At the bias analysis stage : For each object, the bias Am was calculated. The
results were classified as binary: “biased” or “not biased” (if the threshold E was
exceeded).

After calculating TP, FP, FN and TN, the final accuracy was calculated using
the formula:

Accuracy = (TP + TN) / (TP + TN + FP + FN). As a result, the average accu-
racy was 82.5 % on the test sample. Thus: Dataset: 1200 images, 2 classes of objects,
markup in Pascal VOC.

Pre-processing: normalization, resizing, augmentation.
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Training: MobileNetV 2+ SSD, Adam, 50 epochs, batch =16.
Validation: according to mAP and F1.
Testing: on delayed sampling.
The final accuracy of 82.5 % was obtained as accuracy on the bias/no bias task
after matching objects by loU > 0.5.

Table 1 — Comparison of Known Solutions and the Proposed Method

Method / Main features | Advantages Flaws Difference from the
System proposed method
Determining ngh accuracy Requires powerful .
in analyzing : Our method is sim-
human pose GPU, high compu-
poses and . . pler, works faster, and
OpenPose | (skeletal model tational complexity, .
. movements is focused only on
with key redundant for problems
. of the whole oy e hands and faces.
points) with limited classes
body
. Fast f: . like MediaPi
MediaPipe ast face an.d Optimized for | custom capabilities Unlike MediaPipe,,
hand detection . . .. the proposed method
(Face/ . real time, high | retraining on your own .
on mobile can be further trained
Hands ) . speed data .
devices on its own dataset.
Supports mul- o -
TensorFlow | . . Versatility, Our method is lighter,
. tiple architec- S . . i
Object tures (SSD ready-made Long training time, high | implemented in Keras
Detection ’ pre-trained resource requirements , and requires fewer
API Faster R-CNN, models resources
EfficientDet ) ’
Lightweight
architecture,
ibili . .
Proposed posmb} Tty Unique difference
of addition- N
method ( Face and hand .. . — combination of
. al training , Accuracy is lower than . .
Keras + detection + ob- detection and analysis
. . . low resource | heavy models (e.g., .
Mobile- ject displace- requirements, | Faster R-CNN) of displacements, op-
NetV2 + ment analysis | . d . ’ timization for limited
SSD) integration computing resources
of coordinate
comparison
algorithm

Results and discussion

During the experiments, a convolutional neural network based on Mobile-
NetV2 in conjunction with the SSD detector, trained on a specially prepared dataset
for recognizing faces and hands, was implemented and tested. Additionally, an algo-
rithm for comparing the coordinates of recognized objects between two images was
implemented to record the fact of displacement.

Dataset characteristics

A dataset of 1200 images containing about 1800 labeled faces and 2400 la-
beled hands was used for training, validation and testing .
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The data were divided into three subsamples:
- educational — 70 % (840 images);
- validation — 15 % (180 images);
- test — 15 % (180 images).
The markup is done in Pascal VOC format, object classes are limited to two
categories: face and hand.
Training parameters
The model was trained for 50 epochs with a batch size of 16. The optimizer
is Adam, the initial learning rate is 0.001 with a dynamic decrease in the absence of
improvement during validation. Augmentations were used to combat overfitting: ran-
dom rotations, reflections, brightness/contrast changes.
Results on validation and testing
On the validation sample, the model showed the following indicators:
— average accuracy of object recognition (mAP @0.5) = 0.78;
- average F 1- score across classes = 0.81.
On the test sample the results were close:
-mAP @0.5=0.76, F 1- score = 0.79.
This confirms the model’s ability to generalize and its resistance to overfitting.
Results of the bias analysis
To determine the displacement of objects, the coordinates of the centers of the
bounding boxes were calculated in two consecutive images. An object was consid-
ered “displaced” if the following condition was met: | Am | 2 > E, where E = 15 pixels
(an empirically selected threshold). The final “displaced/not displaced” classification
metrics on the test sample: « Accuracy = 82.5 %, Precision = 0.81, Recall = 0.83, F1-
score = 0.82.
Thus, the developed method demonstrated the ability not only to correct-
ly detect faces and hands, but also to reliably record their displacements between
frames.
Comparison with analogues
Comparative analysis showed that the proposed approach provides a balance
between speed and accuracy. Unlike OpenPose , which requires significant computa-
tional resources, and MediaPipe, which is limited to pre-trained models, our imple-
mentation combines:
- the ability to customize training on your own dataset,
- moderate computing requirements,
—~ integration of a bias analysis algorithm, which is missing from stan-
dard frameworks.
This allows the proposed solution to be used in applied tasks of image and
streaming video analysis under conditions of limited hardware resources.
Result: The developed system demonstrated 82.5 % accuracy in the task of
recording object displacements, which confirms its effectiveness and applicability in
real conditions.
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Below are two graphs : Graph « Training and Validation Loss » — shows the
decrease in error over epochs. Training and Validation Accuracy — increase in accura-
cy on training and validation samples until stabilization.

Training and Validation Loss

—— Training Loss
——— Validation Loss

Epochs

Fig. 2. Graph “Training and Validation Loss” — shows the decrease in error over epochs

Training and Validation Accuracy

095 — Training Accuracy
—— Validation Accuracy

0.90

0.85f

Accuracy
o
~J
w

0 10 20 30 40 50
Epochs

Fig. 3. Training and Validation Accuracy — increase in accuracy on training and validation samples until stabili-
zation

Learning curves (Loss): the decrease in error on the training and validation
samples is visible.

Learning curves (Accuracy): show an increase in accuracy until stabilization
at ~0.82—0.83.

Below is a table of metrics for the test sample.
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Table 2. Model Testing Results

Metrics Meaning
mAP@0.5 |0.76
Precision 0.81
Recall 0.83
F1-score 0.82
Accuracy

(bias/no 82.5%
bias)

We will also provide a table of metrics for the test sample.
Table 3 Model Testing Results

Metrics Meaning
mAP@0.5 |0.76

Precision 0.81

Recall 0.83
F1-score 0.82
Accuracy

(bias/no 82.5%
bias)

Discussion of results.

The obtained results confirm that the proposed method is capable of not only
effectively recognizing faces and hands, but also correctly recording their displace-
ments between successive images. Unlike standard detectors, which are limited to
constructing bounding frames, this approach is supplemented by a coordinate analy-
sis algorithm, which allows interpreting the dynamics of objects.

Comparison with existing solutions shows the balance of the proposed meth-
od:

— Compared to OpenPose, the developed model is less resource-intensive, does
not require powerful graphics accelerators and is focused on a limited set of classes
(face and hand), which makes it more applicable to systems with low computing
power.

— Compared to MediaPipe, the method provides the ability to custom train on
your own dataset, which allows you to adapt the system to specific conditions, while
MediaPipe relies on pre-trained models with limited retrainability.

— Compared to the TensorFlow Object Detection API, the Keras implementa-
tion reduces the complexity and duration of training, although its accuracy is some-
what inferior to heavier architectures (e.g., Faster R-CNN).

The achieved accuracy of 82.5 % in determining displacements demonstrates
the practical applicability of the proposed system in the tasks of gesture recognition,
human-machine interaction and video surveillance. At the same time, limitations are
noted: in some cases, the frames include a larger body area than the face or hand,
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which can lead to an overestimation of the displacement. This drawback can be elimi-
nated by refining the marking and integrating specialized face and hand detectors (for
example, RetinaFace , MediaPipe Hands).

Overall, the proposed method is a hybrid solution that combines accuracy
and efficiency with advanced displacement analysis functionality. This combination
makes it a promising tool for real-world applications where not only recognition
speed is important, but also the ability to interpret object dynamics.
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Abstract. Modern agriculture is faced with the problem of increasing
production efficiency in conditions of limited resources and changing climatic
conditions. This article presents an approach to assessing the impact of various
factors on agro-industrial indicators using machine learning methods. The analysis
was conducted on the basis of production, climatic and economic indicators of agro-
industrial enterprises of the North Kazakhstan region for the period 2020-2022. The
study revealed that the most important factors are the acreage, average crop weight
and rainfall, which show a correlation of up to 93 % with an increase in productivity.
The use of the proposed methods made it possible to reduce forecast uncertainty
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by 28 % and increase the forecast accuracy of key indicators by 15-20 %. The
results of the analysis, visualized in the form of correlation matrices and maps of
important features, confirm that the proposed approach can be used to optimize the
management of agro-industrial production. The use of the developed methodology
contributes to the development of strategies aimed at the sustainable development of
the agro-industrial complex. In addition, the study results indicate the importance of
automating technological processes in agriculture.

Key words: agro-industrial sector, SHAP analysis, integrated approach, gra-
dient boosting, feature importance, mutual information
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Oetne-Oer kenemi. byn Makamama arpoeHEpPKOCINTIK KOPCETKIITepre opTypdi
(hakTOpIapIbIH OCEPiH MAIIMHAIBIK OKBITY OIICTEPiH KOJIJIJaHA OTHIPBINT Oarayay
Tocii yeerHbLIaabl. Tammay 2020-2022 xpuimaap apanbirsiaga Contycrik Kazakcran
OOJIBICBIHBIH, arpOOHEPKACINTIK KOCIMOPBIHAAPBIHBIH OHIIPICTIK, KIUMATTHIK JKOHE
AKOHOMUKAJIBIK KOPCETKIIITEP1 HETI31HE KYPri3inai. 3epTTey HOTHKECIH/IE eTiCTIK
ankaObl, opTalia OHIM cajJMarbl >KOHE J>KaybIH-IIANIBIH MOJIIepl €H MAaHBI3/IbI
(bakTopnap eKeHi aHBIKTAJJIbI, OJIap OHIMIUTIKTIH apTybiMeH 93 %-ra neifinri kop-
pensius KepceTeai. ¥ ChIHBUIFaH 9/IiCTepi Kolany Ooipkay Oenricizairia 28 %-ra
TOMEHJIETYTE KOHE HET13I1 KOPCETKIMTEPAiH 00mKaMIbIK q1oiairia 15-20 %-ra apT-
TBIpyFa MYMKIiHAIK Oepzai. Tanmay HOTHXKeNIepl KOPPENSAIHUIBIK MaTpHIlaiap JKOHE
MaHbI3/IbI OeNrijep KapTajlapbl TYPiHAE BU3yalIM3alMsUIaHBIN, YCHIHBUIFAH TOCUIII
arpOeHEPKICINITIK OHAIPICTI OacKapyabsl OHTAWIIaHIBIpyFa KOJJIaHyFa OOJIATBIHBIH
pacTaiinbl. JlaMbITbUIFaH 9/1icTeMEH1 KOJIJTaHy arpOOHEPKICINTIK KeIIEHHIH TYPaKThI
JamybIHa OarbITTallFaH CTpaTerusaapasl a3ipiaeyre biknan erefni. COHbBIMEH KaTap,
3epTTey HOTHKENEpl aybll IIapyallbUIbIFBIHIAFbl TEXHOJIOTHSIIBIK MPOLIeCTEP/Il aB-
TOMAaTTaHABIPYAbIH MaHBI3IbUIBIFBIH KOPCETE/II.

Tyiiin ce3gep: ['mOpuaTri Mojenb, aybll IIAPYalIbUIBIFBI  THIMJILIITI,
PEKYPCUBTI E€PEKIICIIKTEPAl KO, MaHBI3JIBI Oenriiep, MalIuHAIBIK OKBITY,
00KaMIBIK MOJIENIbIED
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© I''M. MayuHa, b.E. Tansiknaesa, A.Y. Ecupkenosa, [.JK. Oreren, X.M. Pait

AnHoTauusi. CoBpeMEHHOE CEIbCKOE X03IHUCTBO CTAIKUBACTCS ¢ MPOOIeMOi
HOBBIIIEHUS YPPEKTUBHOCTH MPOU3BOJCTBA B YCIOBHIX OIPAaHUYEHHOCTH PECYPCOB
U M3MEHEHUs KIMMAaTUYECKUX YCJIOBUH. B naHHOHM craThe NpencTaBlIeH HOIXOJ
K OLIGHKE BIMSHUS PaA3IMYHBIX (DAKTOPOB Ha arponpoMBIIUICHHbIE IOKa3aTelu
C HCIIOJIb30BAaHMEM METOJIOB MAIIMHHOIO OOyueHHs. AHaIW3 MPOBOAWICA Ha
OCHOBE TPOM3BOJACTBEHHBIX, KJIMMATHUYECKUX M DKOHOMHMYECKHMX IIOKa3aTeiei
arporpomsbilieHHbIX npeanpustuii CeBepo-Kazaxcranckoil o0inacTu 3a Hepuoj
2020-2022 rr. B xome wuccnemoBaHusA BBIABIECHO, 4YTO HanOojee 3HAYUMBIMHU
(dakTOopaMu SIBJISIOTCS ITOCEBHbIE IUIOMIAAN, CPEIHSAS Macca ypoxas U KOJIUYECTBO
0CaJIKOB, KOTOPbIE NIOKa3bIBalOT KOppemsauto 10 93 % c poctoM ypoxaitHoctu. Hc-
I10JIb30BaHNE NPEIOKEHHBIX METO/I0B MIO3BOJINJIO CHU3UThH HEOINIPEAEIEHHOCTh IIPO-
rHo3a Ha 28 % 1 NMOBBICUTH TOYHOCTH IIPOTHO3a KIIIOUEBBIX MOKa3zareneil Ha 15-20
%. Pe3ynpTarhl aHanu3a, BU3yaJlM3UPOBaHHBIE B BUJI€ KOPPEISALMOHHBIX MATPUL] U
KapT BaXKHBIX MPU3HAKOB, MOJITBEPHKAAIOT, YTO MPEATOKEHHBIN MMOAX0]] MOXKET OBITh
MCIIOJIb30BaH I ONTHUMM3ALMK YIIPABJICHUS arpOIPOMBIIUIEHHBIM IIPOU3BOACTBOM.
Hcnonb3oBanue  pa3pabOTaHHOW  METOJOJOTMH  CHOCOOCTBYEeT — pa3paboTke
CTpaTEeruii, HaIPaBJIEHHBIX HA YCTOWYMBOE Pa3BUTHE arpONPOMBIIIIEHHOTO
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KoMmIuiekca. Kpome Toro, pe3ynbTarhbl HCCle0BaHUs CBUETENBCTBYIOT O BaXKHOCTH
aBTOMATH3AIMH TE€X-HOJIOTUYECKUX MPOIIECCOB B CEILCKOM XO3sICTBE.

KialoueBble ciaoBa. rubpuaHas wmojenb, 3G(GEKTUBHOCTh CEIbCKOrO
X03siiCTBa, PpEKypCUBHOE yJajeHHe TMPU3HAKOB, XapaKTepHble IPHU3HAKH,
MalIMHHOE 00yUYeHHUe, MPOTHOCTUYECKNE MOJICITH.

Hass umTupoBanusi: I'"M. Mayuna, b.E. TansiknaeBa, A.Y. Ecupkerno-
Ba, [.)K. Orteren, X.M. Paii. Onenka BIUsHHAs BHENTHUX (PaKTOPOB Ha TOKA3aTeNn
3¢ (}HEeKTUBHOCTH arporpOMBIIIIEHHOCTH C MCIOJIb30BaHUEM METOAOB MAaIIMHHOTO
oOyuenus//MexayHapoaHbIH KypHaI HH(DOPMAIMOHHBIX U KOMMYHHUKAIIHOHHBIX
texHojoruil. 2025. T. 6. No. 23. Ctp. 222-237. (Ha ka3.). https://doi.org/10.54309/
1JICT.2025.23.3.013.

KondukT uHTEpecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUH KOH(IUKTA
HUHTEPECOB.

Kipicne

Kaszipri 3amaHfbl aybll HIapyalibUIBIFBI KONTETeH KYpAETl McellelepMEH
Oetmne-0eT Kejemi, COHBIH IMIHAE pecypcTapibl THIMII MaimanaHy, ©HIMILTIKTI
apTTHIPY JKOHE IIBIFBIHAAPABI a3aiTy. FamamablK KIUMATTBIK e3repicTep, XasbIK
CaHBIHBIH ©Cyl JKOHE TaOWFU pecypcTap/blH IIEKTEYJIri >KaFIalblHIa aybul
apyambUIbIFBl - OHIPICIHIH THIMIUIITIHE ocep eTeTiH (axTopiapapl IoJipeK
Oaraymayra MYMKIHAIK OCpeTiH Tajjay MEH OOoJDKayablH THIMII OMICTEpiH d3ipiiey
KOHE EHTi3y ©oTe MaHb3Abl. EH mepcrnekThBanbl TOCUIAEpHiH Oipi — Kipic
mapamMeTpyiepi MEH MaKCcaTThl OHIMIIIIK KOpPCETKIIITepl apachlHIaFbl ©3apa
OailTaHpICTApABl KEIICH/I1 3EepTTEyre MYMKIHIIK OCEpeTiH MaIluHAIBIK OKBITY,
CTATUCTUKA JKOHE JKYHENIK TEOpPHSHBI OIpIKTIpeTiH THOPUATI Tanmay oIiCiH
KonmaHy. ['mOpuaTi Tanmay Kypaenai 0eMch3bIK ToyeaaumkTepai 3eprreyre (Raman
et al., 2024; Akintuyi et al., 2024; Huo et al.,, 2024) >koHE KIMMATTBIK
napameTpiep, 3KOHOMHKAJIBIK KOPCETKIIITep, OHIIPICTIK INBIFBIHAAD CHUSIKTHI
OPTYPJL JEpeKTepal OHAeYre MYMKIHIIK Oepemi, Oyl arpoeHEpKICINTIK CEKTOp
yuriH epekimie e3ekTi (Tussupov et al., 2024).

I'ubpunari TtammayapiH OacThl apTHIKIIBUIBIFBI — TPAIWEHTTI OYCTHHT,
PEKYPCHUBTI €peKIIeIIKTEP/Il KOO JKOHE ©3apa aKmapaT ofiCTepiH OIpIKTIpy apKbLIbI
(dakTopiapbl KemeHai Oaraiay jKOHE OJapJblH TYNKUIIKTI HOTHDKENIepre ocepiH
aHBIKTAy MYMKIHJITI. ByJT Tocim Heri3ri eHIMIIIK KepceTKImTepiH Oo/pKayFa FaHa
eMec, COHBIMEH KaTap OJap/blH ©3repyiHe €H YJIKeH yJec KOCAThIH (paKTOpJIap/Ibl
TYCIHIIpyre MYMKIHTIK Oepeni. AJBIHFaH HOTIKeNIep OacKapyablH OapIiiblK
JeHreiepinae — epMepITiK mapyambUIbIKTapAaH OacTan MEMJIEKETTIK JeHTeIeri
CTpATEeTHSUIBIK  JKOCTIapiiayFa JEHIHT1 TpolecTeplie HETI3NeNreH IennMiaep
kaOpumayra wiknan eredi (Tussupov et al., 2024). bByn 3eprreymiH MakcaThl —
THOPU/ITI Tanaayabl MaiagaHa OTBIPBII, dPTYPJIi GaKTOPJIApAbIH arpOOHEPKICIITIK
THIMJIUTIK KOPCETKIMITEpiHE OoCepiH 3epTTey JKoHe Tammay. JKyMbICc JepeKTepii
KUHAYIbl, an-abiH ana eHyeydl (Wijayanti et al., 2024; Reddy et al., 2024),
taanaynsl (ElI-Kenawy et al., 2024; Yang et al., 2024), TyCIHIKTI MOJAEIbAEP 1
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o3ipieymdi, COHJal-aK eriCTIK alKanTapblHBIH KeJIeMi, KJIMMAaTTBIK >Karaaniap,
THIHAWUTKBIII KOJeMi, JIOTUCTHUKAIBIK IIBIFBIHAAD JKOHE Oacka J1a eHIIPICTIK
napameTpIiep CUSKThI (DaKTOPIIapAbIH MaHbI3-IbUTBIFBIH Oaraiayabl KAMTHIBI.

(Zhao et al., 2024) s3eprreyinae ke3aeiicok opman (random forest)
QITOPUTMIH  KOJJIaHy  apKbUIBI  CYJBIH  calachlH  OaFaimay JKOHE  OHBIH
arpOOHEPKACINITIK KEIIEHTe oCepiH Tajjay Kyprizuimi. byn jkympicTa CyapiH
(bU3UKa-XUMUSIIBIK TapaMeTpiiepi, oJapAblH OHIMIUTIKKE, TOTBIPAKTHIH YKaF aiblHa
JKOHE JaKbUIIapra ocepi 3epTTeNiN, Cy calachblHa oCep €TETiH Heri3ri ¢akTopiap
aHBIKTANIBI. HoTWkenep alropuTMHIH Cy camachlH JKIKTEY/e JKOHE Mapamerpiiep
apachIHJIaFbl OCHCHI3BIK OailIaHBICTAP/Abl aHBIKTAyJAa THIMII ©KEHIH pacTajbl.
(Ingio et al., 2024) s3eprreyinge 2011-2015 xwvutmap apansirbiHza G20
enpepingeri  (EO-man  0Oacka) eHepKocim  JKOHE  aybul  IIApYallbUIBIFBI
cajaylapbIHBIH THIMILTITT MeH eHiMATiriHe CO: HIBFaphIHABUIAPHEI MEH OpMaH
QJIKANTapbIHBIH dCepl JTWHAMHKAIBIK >KeniTik SBM MozaeniH maiinanaHa OTBHIPBII
seprrenmi. HoTmkenep ©HEPKOCIT  CEKTOPhIHAA  aybll  MIApyamIblIbIFbIHA
KaparaHaa THUIMIUIIK JCHTEeHIHIH KOFaphl CKEHIH KOpceTTi, an ApreHTHHa,
WNunonesns sxone AKIL eH yKoFaphl sKaJTbl THIMALTIKKE KOJI )KETKI3T'€H eJJIep PEeTiHIe
aHBIKTAABL. THIMIUTIKTI apTTRIPYABIH HET13T1 (DaKTOPBI OpMaH aJKaNTapbIHBIH YJIeci
OOJIBITT TAaOBUINIBI, OJIaH KEeHWIH aybll IIApyallbUIBIFBI KOHE OHEPKICIN OHIAIPICIHIH
yJIecTepi OpHAIACTHI.

3epTTeyAiH  ©3€KTUIIN IIEKTEyll pecypcTap, ©3repMeli  KIMMaTThIK
JKaraainap JkoHe >kahaHIBIK HApBIKTAFbl OOCEKEIECTIKTIH KYIICIOl JKaFaalbIHIa
arpOOHEPKICINTIK OHIIPICTIH THIMAUITIH apTThIPy KaKETTUIINIMEH aHBIKTaJaIbl.
['uOpuaTi Tanaay 9aicTepiH KONIaHy TEOPHUSUIBIK O1711M MEH MPAaKTHKAJIBIK JEPEKTEP/Ii
OipiKTIpyre MyMKIHJIIK Oepill, cajlaHbIH 63€KTi MOCEIeNIePiH MeNTyre MHHOBAIHSITBIK
TOCIIACP/TI YChIHAIBI.

3epTTeyiH FhUIBIMH HETi3/IeMeci MalllhHAJIBIK OKBITY ofictepiH (Xiong et
al., 2024; Barzani et al., 2024) »xoHe KJIaCCHKaJBIK JEPEKTEP/Il Taljay TOCUIIEpiH
(Hammoumi et al., 2024; Faloye et al., 2024) Gipiktipyre Heri3aenreH, Oy oHIMAUTIK
KOPCETKIIITEpl apachlHAaFbl KYpJeNi 3aHIbUIBIKTap MEH e3apa OaiaHbICTap bl
aHBIKTayFa MYMKIHJIIK Oepei. [ pagueHTTi OyCTHHT CHSKTHI 9J[ICTEP 11 €HT13Y KOFaphl
OOJDKaAMJIBIK JTOJIIIKTI JKOHE MOJENBICPAIH WHTEPIpPETAlUsIIaHyblH KaMTaMachl3
eTeli, OyI ayblUl MIapyalbUIBIFBl CAJIACBIHAAFbl AHAIMTUKAIBIK 3€PTTECYJICPIiH
MYMKIHIIKTEPIH ea0yip kKeHeuTemi. Ochliaiiina, YChIHBIIFAH 3epTTey (haKTOpIapablH
ayblI IIapyalIbUIBIFBl OHIIPICIHIH OHIMIUIIK KOPCETKIMITepiHe dCepiH g Oaraja-
yabl KaMTaMachl3 €TETIH THOPHUATI Tanaay dJICTEpiH 93ipiiey MEH eHrizyre OaFbIT-
taFaH. JKyMbIC HOTHKENEpi aybll IIapyallbUIbIFbI )KYHeIepiH OacKapy MpoIecTepiH
OHTaMJIaHBIPY JKOHE Ka3ipri HApBIK JKaFIaiibIH/Ia arpOOHEPKICINTIK KOCITOPBIHIAP-
JIbIH 09ceKere KaOUTETTIIITIH apTThIPy YIIIH NMaianaHbLTybl MyMKiH.

ogjicTep MeH MaTepuaiap

byn kyxkarra JnepekTepii aiaplH ana eHjaey, YII TOCUIII maijaiaHa
OTBIPBINT MYMKIHJIIK MaHBI3JIBUIBIFBIH €CENTEY KOHE HOTHXKENepi OIpIKTIpYy KOHE
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BH3yaJIM3aIUsIay CUSKTHI YIII HETI3T1 Ke3eH/II KAMTHTBIH KOIl aifHbIMAJIbI JIEPEKTEp
YIIiH MYMKIHIIKTIH MaHBI3IBUIBIFBIH TaJIJayIbIH OIPIKTIPIITeH 9Jici YCHIHBUIFaH.
Y CBIHBUIFAH OMIC KYpJesi, e3apa OalIaHBICTBl JCPEKTEP JKUBIHBIHIAFb MaHBI3IbI
OenrizepIi THIMJII aHBIKTayFa MYMKIHJIIK Oepeti.

JepexTepai TypJieHaipy.

Jlorapudmaik GyHKIUSHBI TAAaTaHbII JEPEKTEPIl TYPICHIIPY dKCTpeMal-
JIbI MOHJZICPAIH OCEPIH a3alTy JKOHE aJJIUTHBTI KYPBUIBIMJIBI KAMTAMachl3 €Ty YIIiH
KOJTaHbLIaAbl. bapiblk X j MYMKIHIIKTEp1 yIIiH, MyHaa X j>0, morapudmaik Typ-
nenpipy (1) peTinae aHbIKTaIa bl

x{ =log (1+ x,) (1)

MYHJIaFbI: i — MYMKIHJIIKTiH OacTamKbl MoHI, P — MYMKIHIKTIH TYpJCH-

AipiareH MoHi. byl Typrnenzaipy Ke3iHae epeKIIeNikTiH 0acTanKbl MoHI HaTypall Jio-
rapupmM KeMeriMeH TypJiieHei, OyJl ThIM YJIKEH MOHAEPIH ocepiH a3zailTalbl kKoHe
Tapanynbl KajablnThl ereni. JlorapudmHin Hedre TeH 0o0ixybl MYMKIH KareciH 0oi-
IpIpMay YIIiH (opMysara ecenTeyaepIiH AYPHICTHIFbIH KAMTaMachl3 €TETIH IIaFblH
OH caH Kocbuianpl. Tarbl Oip MaHBI3IBI MPOIEAYypa — AEPEKTEPAl CTaHIApTTay, O
OapibIK MYMKIHIIKTEp/l Olp IIKanara >KeTKi3yre MyMKiHik Oepeni. by mporecrte
opOip Oenri MOHIHIH OpTallla MOHI OHBIH MOHIHEH IIeTepiIin, HOTHKE OCNITIHIH CTaH-
JApTTHl aybITKybIHA OeiHenmi. by Tocin Gapiblk MyMKIHIIKTepai Oip-OipiMeH ca-
JBICTBIPYFa MYMKIHJIK Oepelli, oJlap/iblH JAMara30HbIHIAFbl albIpMAIIbUIBIKTAP IbIH
oCepiH XKObI, OV Kipic IepeKTepiHIH MacmTaObIHA C€3IMTall MAITUHAJIBIK OKBITY
OMICTEPiH Maiaiany Ke3iHe acipece MaHbI3Abl. bapiablKk MYMKIHIIIKTEp OJIapAbI Op-
tama 0 jxoHe 1 (2) cTanaapTThl aybITKYbI Oap Oip IIKajara KeTKi3y YIIiH CTaHAapT-
Tay (z-score) FOMCFiMeH KaJIbITIKa KEeNTiplIeai:

X X

z, =-H
2 .
7 (2)
v
Myngarsl ¥i  — MyMKIHIIKTIH TypaeHmipinren moni, Hi — MYMKIHZIKTIH
oprama MaHi, Zi — MYMKIHIIKTIH CTaHAAPTTHI aybITKYbl, <i — MYMKIHIIKTiH CTaH-

naprrTanFaH MoHi. CTaHmapTTayiad Keilin nepexrep 2 — [Z1:Z2: s Zn BeKTOpBI
peTiHae KepceTisiel, MyHIaFbl N - MyMKiHAIKTep caHbl. CTaHnaprray Tangayna Oa-
CTBI POJI aTKapajbl, OMUTKeH1 011 OapibIK Oenriiepai 6ip-OipiMeH cabICTBIPyFa MyM-
KIHJIK OepeTiH opTak IlIKajara okejeli. byn nepekrep macmraOTapbhlHAaFbl albIp-
MallbUIBIKTapFa Ce3IMTall MAllIMHAIIBIK OKBITY aJrOPUTMIEPIMEH JKYMBIC 1CTEreH/1e
©Te MaHbI3/Ibl. AJIBIHFAH CTaHJAPTTAJIFaH JE€pPEeKTep Z TajlJaylblH Kejecl Ke3eHaepi
YIIiH OacTamkpl HYKTE PETiHAE KbI3MET €Te/i, IYPBIC OHIEYl XKoHE eCenTeyIepaeri
OapJIBIK MYMKIHIIKTEP/IIH TEH YJIECTEpiH KaMTaMachI3 €Te/l.

Cranpmaprray Oenrinepi OipbIHFal IMIKaiaFra KeITIpil, oJlap/Ibl CaabICThIpYFa
MYMKiHAIK Oepeni. Ocpuiaiiia Z cTaHIapTTaIFaH JEPEeKTePl Keyeci Tanaay Kagambl-
Ha xi0epinei.

MyYMKIHAIK MaHBI3ABUIBIFBIH €CENTEY: MYMKIHIIK MaHBI3ABLUIBIFBIH Taaay
YIIIH YII 9JIC MaiaaanbuIaabl: [ pagueHTTl apTThIpy, ©3apa akmapar >koHe Lasso
perpeccusichblH MaifalaHblll PEKypCUBTI MYMKIHAIKTEPAl k010. MYMKIHIIK MaHBbI3-
JBUTBIFBI IIETITIM aFalITapBIHBIH 1IKi KYPBIIBIMBIHA HETi3eNTeH [ paAueHTTi apTThIpy

oJtici apKBUIBI ecenTeneni. Opoip £i MyMKIHIIr YIIiH MAHBI3IbI MOH Iop (2; )aHBIKTa-
JIa/1b1, OHBIH YJIT1 KaTeCIH a3aiTyFa KOCKaH yJeciH kepceTe/l. by MoH MyMKIHIIKTED
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MEH MaKCaTThl AifHBIMAJIBl MOH apachIHIAFbI ChI3BIKTHIK )KOHE CBI3BIKTBIK EMEC TOyeII-
JTUTIKTEpAl KapacThIpyFa MYMKIHIIK OEpEeTiH aFail OKBITYIbIH opOip Ke3eHIHIe carma
METPHKACBIHBIH JKaKCapTyJIapblH TaJJIay apKbUIBI ecenTene/i. byl Tocis 0omkamIbIK
YATiIHI KYPY YIIIH MaHBI3ABUIBIFBIHA HETI3/IEITeH MYMKIHIIKTEPIIH 197 PEHTHHTIH
kamramacs3 ereni X (3).):

Iog (2;) = Li=1 AE(2)) ()

MyHaarel T — ynrizeri aramrap caHsbl, AE,(z;) MYMKIHJITTH KOCY apKbLIbl
t-mi aramrarel KareHi azaiTy. Gradient Boosting (GB) omici apKpiibl MYMKIHIIK
MaHBI3IBUIBIFBIH €CENTEy HOTHXKECl [Ies (21): 155 (22)s -+ Ios (Zp ) hnpirnic aiimbiva-
JBUTAPBIHBIH BEKTOPBI OOJIBIN TaOblIa(bl, MYH/Ia N MYMKIHAIKTEP/IiH *KaJIbl CAaHbIH
Oinaipeni. by BekTop Mojenp KareciH a3alTyFa oJapAblH KeKe YJIEeCiH KOpCceTeTiH
opOip MYMKIH/IIK YIIIIH MaHBI3bl MOHAEP/1 KAMTH/IbL. AJIBIHFAH MOHJEP MYMKIHIIK-
TepAl Jopexeney KoHe JepeKTepAl Tallaydarbl €H MaHbI3bl (aKTOpIapAbl aHbIKTAY
YIIiH naiaasansuiaasl. O3apa aknapar (MI) omici £i MyMKIHJIITT MEH MakKcaTThl aii-
HBIMaJIbl Y apachblHAarbl ©3apa TOYeNIUTIKTI Oaranay YIIiH maiiiazaHbuiaabl. ©3apa
aKmapaT epeKuIeNiK MOHIH OUTy/ll ecCKepe OTBIPBIN, MaKCcaTThl alHbIMAJIBIHBIH OeJ-
rici3miriHiyg TeMeHAeYiHiH eeMi peTiHae ecentenesi. ZiMyMKIHIIirT MEH MaKCaTThI
alfHBIMaJIbl V apachlHIAFbI ©3apa aknapart (4) peTiHae ecenrtenei:

Ly (z,y) = H(z;) —H(z)ly (4)
myinarst H (Z:) — epexmenirinin surpormsce %),

H(z) = 3, P(z, = ))logP(z, = J) )
H(z)ly _ TipKenreH y yurid Oenri £i MyMKIHAICIHIH IIAPTTH SHTPOIMSICHI

(©).
H(z)ly = —Z Py = k) L, P( = jly = B)logP(z =jly — k) (4

O3apa akmapar i MyMKiHiT MEH MaKCaTThl ailHBIMAJIbI Y apachIHIaFbl TOYeI-

JIITIK Jopeskecin eieiii. ©3apa aknapar HeFypIIbIM )KoFapsl 6osica, Ziskone ¥ apachiH-
JIaFel OaiiIaHbIC COFYPIIBIM KYIITi Oonaabl. Ecenreyiep HOTHXeC NIBIFbIC alHBIMAITbI-
JIAPBIHBIH BEKTOPBI OOJIBII TAOBUTANb! © 1M1 = s (2003 Bgg (22, ¥ ) oo s Dpgg (20, )]
MYH/IaFbl N - MYMKIHJAIKTEp caHbl. Byl BEKTOp MakcaTThl allHBIMAJIBIHBI TYCIHIIpYTe
opOip MYMKIHJIIKTIH YJIE€CiHIH CaHIBIK OarachkiH Oepeni. Lasso ynricin naijanaHaTbiH
Pexypcusti mymkingikrepai oo (RFE) omici sxoro mporieci ke3iH/e TaraiibIHIaIFaH
Jopexernep aDKBIJJI-I)I MVMKIHIIK MaHBI3bUIBIFBIH ecenTeii (7)::

KRFE rank ':zl-:l+1 (7)

Mynnarsl gopeske £i — Zi MyMKIHJITT alBIHBIN TacTaFal urepanus. Jlope-
ke Kenecinei ecenreneni (8):

rank(z,) =k (8)

MYH/IAFbl k - £i aJbIHBIN TACTATATHIH UTEPAINs CaHbl. PEKypCHBTI MYMKiH-
nikrepi oo (RFE) omici 6oiibiHIa Tanmay nporecinae i MyMKiHAITIHIH pesti Mo-
JeNbJICH IIBIFAPhIIFAH Ke3CHMCH OaraiaHapl. £i MYMKIHIIT HEFypIIbIM KeHiHipeK
YKOUBILIICA, OHBIH JOPEKEC COFYPIIBIM XKOFaphl 00abl, OVJI OHBIH VIIT1 VIIIH MaHbI-
3IBUTBIFBIH KopceTei. COHFBI HOTHXKETED Iare = Urre(Z1) Jare (Z2)s i Ipre (2,)],
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IIBIFBIC AWHBIMAJIBUTAPBIHBIH BEKTOPHI PETiHIEe OSpiIreH, MYHIAFbl N — MYMKIiHIIK-
Tep caHbl. by BekTop G0MKaMIBIK MOZIETh YIIIH MaHbI3/AbI (paKTopiaapabl aHbIKTa-
yFa MYMKIH/IK O€peTiH MaHbI3IbUIbIFbI OONBIHIIIA OCNIT1IEP/IIH PEUTHHTIH KOpCeTe .
KopbIThIHIBI K€3€H - 9pOip TOCLI YIIIIH epeKIIeTiKTepAiH MaHbI3IbUIBIFBIH TYCIHIIPY-
re MyMKIHAIK OepeTiH HOTIKeNepi BUilyanu3auusiiay. Buszyanuszanus opOip MyM-
KIHJIKTIH YJIECIH KOPCETETIH KOPPEISIIUIIBIK MaTpulla TYPiHAE YChIHBUIFaH. by
TaJAay/AblH HAKThl KOPCETUIIMIH KaMTaMachl3 €Te/ll )KOHE 3epTTEYIIiIepre MaKcaTThl
aifHBIMAJIBIJIApFa 9CEP €TETIH €H MaHBI3/IbI q)axropnap):[m aHBIKTayFa KOMEKTECEe/I.
Ocpuraiimia, YCBIHBUTFAH oic apTypii Tecumepmﬂ aPTHIKIIBUTBIKTAPBIH 6lleTlpe)11
KOHE JIEPEKTEP/Ii JKaH-)KAKTHI )KOHE TYCIHIIPUICTIH TaJIIay/lbl KAMTaMAaChI3 €Te]Il.

Hotmxenepai Busyajam3zanusiay. OpOip MakcaTThl alHBIMAaJbl Yy YIIIH
Inca lcompinea #OHE Igyp HOTHKEJIepl HOpMaJlaHFaH KOHE €H MaHBI3Ibl 5 OenriHi
BH3yallM3alusuIay yiIiH naiganansuirad (17):

'{?zorm (x:') = E‘IL;,}X} #100
J = | (17)

KopbITeIH Bl BU3YaIU3aIHsI 9pOip OAICTIH MaHBI3IBUIBIK MAWbI3IbIK MOHICPIH
KOPCETETIH KOJIJICHEH JKOJIaKTap TYPiHAe KypbUIabl.

Hotunaxenep :koHe 0J1apAbl TATKbLIAY

3eprrey yuiH aepekrep Conrtycrik KazakcTan 00IbICHIHBIH arPOOHEPKICITITIK
KocimopeiHAapbiHaH kuHanbIm, 2020 xbiiman 2022 KbpUTFa ACHIHTT  Ke3eH[II
KaMThIbl. Ol aybll IIapyallbUIbIFbl ©HIIPICIHIH HETI3r acleKTiAepiH KaMTHUTBIH
KEH ayKbIMJIbl aKIapatTThl O1pikTipeai. JlepekrepaiH Heri3ri caHaTTapblHAa OHIIPICTIK
cUMaTTamajap »artajbl, COHBIH IIIHJE ETICTIK Xep KeJeMi, dpTypii AaKbuiIap
eTiIreH aJKalTap/AblH ayMarbl, TRIHAUTKBIIITAPIBIH KOJIeMi, [IapyallbUIbIKTapAaFbl
TEeXHUKa MEH >KYMBICIIbUIAP caHbl. bys ManimeTTep GacKapylIbUIbIK IEHIMIEPIiH
TUIMAUTITIH OaFanay jKoHe pecypcTapbl Naiiianany IpoueciH OHTaIaHAbIpy YLIIH
Heri3 601bII TaObL1aAbl. OHAIPICTIK cHNIaTTaMaNlapiaH 0ackKa, 1epeKTep KUBIHTHIFbIHA
HKOHOMMKAJIBIK KOHE JIOTUCTHKAIIBIK KOPCETKILITEp [ eHri3iired. Onapra OThIH XKoHE
TachIMayjay IIBIFBIHAAPHI, THIHAUTKBIIITAPFa KETKEH HIBIFBIHIAD JKOHE €H JKaKbIH
caTy HapbIKTapblHA JEHWIHI1 KAlIBIKTHIK Kipeli. JIorncTuka oHe 3KOHOMHUKAIBIK
acIeKTIep aybul MapyalblIbIFbl KOCIMIOPBIHAAPBIHBIH KAl TAOBICTBUIBIFEI MEH
TUIMAUTITIHE IIBIFBIHAAD MEH MHPPAKYPBUIBIMIBI OacKapyIblH Kaslail acep eTeTiHIH
TYCiHY YuIiH MaHbi3abl. COHBIMEH Karap, aya pailbl jKarjaliapblH CHUMATTANTHIH
KOPCETKIIITEp /€ €CKEepUIi: opTalia TeMIepaTypa MEH >KaybIH-IIAIIbIH MeJIIepi,
oJlap eHIMAUTIKTI KaJlbINTACTHIPYAA KOHE pecypcTap/ibl Naiianany cleHapuiliepin
aHbIKTayJa INEHIyIll peJl aTkapaibl. JlepekTepae MakcaTThl KeOpCeTKIlTep e
KaMTBUIFAaH, COHBIH IIIIHJE HAaKThl HapbIK CHIMBIMIBUIBIFBI, CLIEHApUIIIK Oaranay,
OHIMJIUTIK, IIBIFBIHAAPABI a3alTy, KyaTTBbUIBIKTBHI MalanaHy >KoHEe Ta3a Maija.
byn kepcetkimrep OakplIaHATBIH KOHE CBHIPTKBI (haKTOpJIAp apachIHIAFbl e3apa
OaliIaHbBICTHI TalAayFa, COHJAN-aK OHAIPICTIK KBI3METTIH TYNKUTIKTI HOTHXeNIEpiH
Oaranmayra MYMKiHIIK Oepeni. KeH ayKbIMIIbl kKoHE SPTYpIIl JepeKTep >KUBIHTHIFBI
TEPEeH TajJlay Kyprizyre *oHe 00KaMIbIK MOJIENIbEp KYpyFa CeHIMII Heri3 Oepei,
OyJ1 3epTTeyli arpoeHEpKICINTIK CEKTOPAAFbl ©3€KTI Mocenenep/i IIenry YIIiH
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MaHBI3/IbI €TE/II.

Tanpayneiy OipiHIN Ke3eHiHIe Oenriiep MEH MakcaTThl alHbIMaJblIap
apachIH/aFbl CHI3BIKTHIK OaliaHbICTap/Ibl Oaranay YIIiH KOPPENSIUsIIBbIK MaTpulla
KOJIJaHbUIIbl. OpOip Oenri-HblcaH1bl aifHbIMaNbI KYOb! yiIiH [Iupcon koppemnsus
koa¢ dunmenTi ecenTeni. bys TociiMakcaTThl KOPCETKIMITEPMEH €H YJIKEH ChI3BIKTHIK
Oaiimanpicka ue Oenriiepii aHbIKTayFa MYMKIHIIK O6epeai. Koppensusuibik Tangay
HOTHKeJepl altHbIMaJIblIap apachlHAaFbl OalaHbICTap bl TYCIHIIPYAl KEHIIAETETIH
KbUTy KapTacel (heatmap) Typinae Bu3yanu3auusiaadibl. JlereHMeH, >OFapsl
Koppensilusl  opJaiibiM ceOen-caniapiblK OaiaHbICThl  OULIIPMENTIHIH ecKepy
Ka)KeT, COHJBIKTAH KYPAENIpeK 9MICTep/i KONJaHy KaxkeT. l-CypeTTe KepCeTuIreH
KOPPEeJSAIUSUIBIK ~ MaTpulla 3epTTeyAe KOJJaHbUIFaH oOpTypii Oenriiep MeH
MaKCaTThl ailHBIMANIbLIAP apaChIHIAFbl ChI3BIKTHIK TOYENAUTIKTep i Oelineneiini. byn
OacTamnkpl AepeKTep/l Tajaay YUIiH THIM/I Kypall O0JbIN TaObUIa Ikl )KOHE MaKCATThI
KOpPCETKILITepre €H YJIKEH dcep eTeTiH OenriiepAl aHblKTayFa MYMKIHAIK Oeperi.
Anaiina, KOppenlUusIbIK MaTpUIla TeK CHI3BIKTBHIK OalaHbICTapibl FaHa Oaranaii
ajazibl KOHE JepekTepae Ooilybl MYMKIH Kypheni, OeHChI3bIK ToyenuliKTepi
AHBIKTall aJIMaNUTBIHBIH €CKEPY MaHBI3/bL.

Correlation Between Features and Targets
Scenario- 003 003 002 001 009 002 026 0.3 -0.02 0.3

Field Size (ha) -SSR X -0.72 -0.05

Crop Area (ha) -SSR 0.7 0.06

Fertilizer Amount (kg) .6, 0.06

Machinery Used {units) -0.06 .74 . . 0.65
Farm Workers (people) . 6 <0.72 -0.05 .73 4 . . 0.64 -025
Irrigation Water Usage (m') .58 0.10
Seeds Used (kg) .6 0.0 - 0.00
Market Distance (km) - 0,
Fuel Costs (currency) S
Transpori Costs {currency) - (1
Yield Per Hectare (tonstha) - -0, -0.50
Fentilizer Costs (currency)
-0.75

Average Temperature (°C) -

Rainfall (mm) - 0,12 -0.04

c
=

(=3

E

)

2

;

b4

: B
s

B

&

=

&

£

Yield Increase (%) - 2

Market Capacity (%) -
Scenario Rating (points) - =
Cost Reduction (%) - 2
Risk Reduction (%) - 2
Seasonal Profit (currency) - 2

Capacity Utilization (%)
Actual Sales Volume (tons) - £
les Revenue (currency)

Seenario Budget (currency) -

Cyp. 1. Manimemmepoiy Koppenayuanivly Mampuyacs

ATpuOyTTap MEH MaKcaTThl aWHBIMAJIBUIAP apachIHIAFbl  CHI3BIKTHIK
OailmaHpicTap OPTYpPJl TOyeNAUTIKTEpAi kepcereni. OpTamia eHIM caaMarbl MeH
«OHIMIUTIKTIH apTybl» KOPCETKIIlll apachlHIa €H KOFapbl Koppessuus OalKamibl
(0.93), 6yu1 o;mapAbIH KYIITI CHI3BIKTHIK OaliIaHBICHIH KOPCETE/I1: OHIM CajIMaFrbl apTKaH
cailblH, OHIMIUIIK Te apTaabl. Ajaiina, Oyl KepCEeTKIIl «IIBIFBIHAAPABI a3auTy»
(-0.15) xepceTkimIiMeH Tepic Koppeisiusara ue, Oy >Korapbl ©HIMII KaMTaMachl3
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€Ty YVIIiH KOCBIMINIA IIBIFBIHAAD KaXKET eKeHIH Ounaipyl MyMkiH. JXbeIpThulFaH
KEp KeJieMi MEH ETriCTIK aJKanTapbl «CICHAPHIUIK OFOKET» KOPCETKINTIMEH
OH Koppensiusara ue (coiikecinme 0.64 xone 0.71), Oy aybul mapyambUIBIFBI
aIKaNTapbIHBIH YJIFAIOBIMEH OalIaHBICTBI, OIpaK OJIAPJBIH «OHIMIUTIKTIH apTybD»
KepceTkimiMeH Oaimanbichl Tepic (-0.72 »xone -0.74), Oyn mekTeysi pecypcrap
JKaFIalbIHIa THIMIUTIKTIH TOMEHEYIMEH TYCIHAIpLTyl MYMKiH. OHIM TachIMajaay
KOHE KaHapMall IIBIFBIHAAPHI «MaYChIMJIBIK Ta3a Maiilara» opTallia Tepic acep eTell
(-0.08 xone -0.11), Oipak «creHapuiiaik OroKeTIIeH» oH OainanbicTa (0.64), Oy
IIBIFBIHIAP/IBIH OCyiHe OaiTaHBICThI OFOKETTIH apTybIH Kepceresi. ThIHAWTKBIII
MeJIIepi «MayChIMIBIK Ta3a naiinamen» (0.66) xoHe «caTyJaH TYCKEH TaObICTICH»
(0.66) eneymni oH KOppemAIUs KOpceTeai, OV oJapablH THIMAUTIKTI apTThIPYIaFsl
MaHBI3AbUTBIFBIH KOPCETE/ 1, JETEHMEH «IIBIFBIHAAP/IbI a3alTYy» KOPCETKIIIIMEH Tepic
Oaitmanpichl (-0.10) MIBIFEIHAAPIBIH OCYIHE oKyl MYMKIH €KeHiH Oummipemi. Aya
paiibl mapameTpiepi, MbIcallbl, OpTallla TEMIEpaTypa MEH >KayblH-IIAIIBIH dPTYPIIi
ocep eTemi: TeMmIepaTypa «KyaTThUIBIKTHI Taijganany maibieiHa» (0.60) oH ocep
eTe/l, OHIIPICTIK OSICEHIUTIKKE KOJIAMIIbI JKaFIaiaap kacaiapl, ajl )KaybIH-ITaIIbIH
«oHIMAUTIKTIH apTybiHa» (0.12) oH ocep eTim, aypll IIapyalIbUIbIFBI OHAIPICIHIH
KJIIMMATTHIK (paKTopJIapFa TOYEIIUIIrIH pacTaiIbl.

AMHBIMAJTBLIAP apaChIHAFbI ChI3BIKTHIK OaIaHBICTAP IIeYITl TOY eI ILUTIKTeP/Ii
aHBIKTA bl JKBIPTHUTFAH KEep KOJeMi MEH €TICTIK aJKaNnTapbIHBIH apachIH/Ia dKOFaphl
oH Koppemsus Oaiikamanbl (0.92), Oy Kanmbl kKep KOJEMiHIH YJIFAIObl €TiCTIK
aJKaNTapbIHBIH KEHEI0IMEH KaTap *KYpeTiHiH kepceTeai. Depmanarsl dKYMBICIIBLIAP
CaHbl TIalJaTaHBIIATBIH TEXHUKA KeJieMiMeH oH OaitmanpicTa (0.65), Oy ipi KoHE
MEXaHHUKAJIaHBIPBUIFaH IIapyallbUIBIKTapAa J>KYMBIC KYIIIHE [EreH KaKeTTLTIK
KOFapel OosatbiHbIH  Oimmipeni. Cyapy VIIIH TaligajdaHbUIATBIH Cy  KeJeMi
THIHAUTKBIT MesTepiMeH (0.68) oH KoppemsiusFa ue, OYJ1 TOMBIPAKTHIH OHIMIUTITIH
cakTay YIIiH ThIHAUTKBIIITAP 1bl KAPKBIH/IBI MTaliJaTaHFaH/1a KOCBIMIIIA CY KaXKETTLIIr
TYBIHJAUTBIHBIH KopceTel. Anaiia, KOppessIsUIbIK MATPUIIAaHBIH IIEKTeyIepi 0ap:
OJI TeK CBI3BIKTBIK TOYENILTIKTEpi OaFraiaii/ibl )KOHE JKBIPTBHUIFAH JKep KeJeMi MeH
OHIMILTIKTIH apTybI apachIHAaFbI Tepic OaitanpIc (-0.72) CHSIKTHI BIKTHMAIT OCHCBI3BIK
TOYEIIUTIKTEP 11 elIeMel Ii, Oy pecypcTap bl 061y THIMIITITIHIH OEHCBI3BIK OCepIMEH
TyciHaipinyi MyMKiH. COHBIMEH KaTap, KOpPEsIIus ceOemn-caniapiablK OaiIaHbICThI
OLIIipMenIi, OUTKEH1 )KOFapbl KOPPEIAIUS OHIMJIUIIK IIEH KyaTThUIBIKTHI Taiiiaiany
CHUSIKTBI KOPCETKIIITEPre dcep €TeTiH opTakK (hakTopra Toyenai 60aysl MyMKiH. OChI
HIEKTEYyJIepre KapaMmacTaH, KOpPeTsIUsIbIK MaTpHIla OpTallia OHIM calMarbl, €TiCTIK
aNKanTapbl, THIHAWTKBIIITAPABI KOJNJaHy ACHreil jkKoHE aya paiibl mapamerpiiepi
CUSKTBI HETI3T1 (aKTOpiap[bl €peKIIeney apKbLIbl KYHABI TYCIHIKTEp Oep/ii.
JlepexTepai TepeHipeK TYCIHY YIIIiH OCHCBI3BIK TOYEIUTIKTED MEH ceOen-calqapIibIK
OaiiaHbpICTap/Ibl MAITMHANBIK OKBITY 91ICTEP1 apKbUIbI TalAay KaxkeT.

benrinepmiH MaHBI3ABUIBIFBIH OJIaH opi Tanmay ymiH Gradient Boosting
Regressor ofici KongansUiabl. byt anroputM aiiHeIMabLIap apachiHAAFEl OEHCHI3BIK
KOHE Kypaenm OaljaHbICTap[bl E€CKEPETiH IMIENIiM aFallTapblHBIH aHCaMOJIiH
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Kypaapl. OpOip MakcaTThl alHBIMaJbl YIIiH 06JIeK MOJENb OKBITBUIBII, opOip
Oenri xanmbl 0OJDKaMIIBIK KaOlTeTKe KaHIIANBIKTBl YJIEC KOCATBhIHBI OarajaH/IbI.
benri MaHBI3ABUIBIFBI aFamTapaa AepeKTepal 0esy yImiH Oenriiep KaHIIATbIKThI
KU1 KOHE Kall JIeHrelie mailaaHblUIaThIHBIHA HET13/ICMIN aHBIKTAIbl. AJIBIHFaH
MaHBI3/IBUTBIK MOHJIEPI JKbUTY KapTachl TYPiHJE YCHIHBUIBIN, dPTYpPJ OenriiepiH
yJieciH canbIcThipyFa MYMKiHAIK Oepzai. Gradient Boosting Herisri MakcaTThl
alfHBIMAITBIIAPABIH OOJKaM/IbI MaHBI3BUIBIFBIH OaFanay YIIH KOJJIAaHBULIBL by
omic Oenriyep apachIHIAFBI KYpJEl oHE OEHCHI3BIK TOYSAUNKTEPAl €CKepyre
MYMKIHIIK Oepesi, OyJ1 OHBI KenTereH ¢GakTopiapbl 0ap JAEpeKTepal Taiaay YIIiH
ocipece maiianbl eTeli. 2-CypeTTe KbUTy KapTachl TYPIiHIC YCHIHBUIFAH HOTHXKEIEP
opOip MakcaTThl KOPCETKIII YIITiH 9pOip OENTiHIH MaHbBI3IbUIBIFBIH KOPCETE/].

Feature Importance (Gradient Boosting)

Seenario RTINS W 000 000

Field Size (ha) 0.01 0.28 0.00
Crop Area (ha) 029 0.00
-08
Fertilizer Amount (kg) ) X ) 001 0.00
achinery Used (units) 2 d 000 0.00
000 0.00
Imigation e (m’] 0.0 0.00
001 0.00
0.00
Fuel Costs (currency) 2 0. 0.08
Transport Costs (currency) 0 0.00

Yield Per Hectare {tons/ha) 0.01

0sts (currency) 0 0.07

Av mperature (*C) .00 ) 0.04

Rainfall (mm) -SURE 020

Cost Reduction (%)
Risk Reduction (%)

Market Capacity (%
Capacity Utilization (%)

Scenario Rating (

Seasonal Profit (cur

g
2
@

Cyp. 2. Epexwenikmepoiy Maybl30bLIbIebIH 0A2ANAY

Hotmxkenep kenTereH MakcaTThl aWHBIMANBUIAP YIIH €H MAaHBI3/BI
(akTopnap MIBIFBIMABUIBIK TIEH €ric alKaObIHBIH CHUIaTTamMallapblHa OalTaHBICTHI
eKeHiH kepceteni. by ocwl kepcetkimrepai 0ackapy AOK >KYMBICHIHBIH KOFaphl
TUIMIUTITIHE KOJI XKETKI3YIIH HeTi3r1 (hakTopbl OOIBIT TaObLIA bl JET€H KOPBITHIHIBI
xKacayra MyYMKIHIIK Oepesii. MbIcalbl, eric ankaOblH OHTalIaHIbIPY peHTa0eIbIUTIKTI
apTTHIpYyFa )KOHE TOYCKeIIep/Ii a3aliTyFa KOMEKTecce, TeKTapAblH OpTallla CalIMarblH
apTTHIPY OHIMAUIIK MEH KipicTi apTThIpyFa Tikened acep eremi. COHbIMEH Kartap,
aya paiibl mapaMmeTpiiepi KIMMATTBIK XaFqainapra OeiiMIenyiH MaHbI3AbUIBIFBIH
pacraiiabl. by Toyekennep/i a3aiTy yIIiH ¢y pecypcTapblH OacKapy.sl sKakcapry,
KYPFaKIIbUIBIKKA TO3IM/II JaKbUIIAPAbl CHTI3y XKOHE aya palbl KarqailblH OoJnKay
mapangapblH KaMTybl MYMKiH. EpekmiemikTep/1iH MaHbI3AbUIBIFBIH TaJIIAy IbIH TaFbI
0ip amici - e3apa aknaparThl ecentey. by onic 6ip MyMKIHAIK Typajibl aKapaTThiH
KaHIIAJIBIKTEl MaKCATThl aWHBIMAJBIHBIH OENriCi3AIriH a3alTaThIHBIH  OJIIIEH/II.
Koppensusaan ailbIpMalbUIbIFbL, ©3apa aKnapaT ChI3BIKTHIK €MeC TOYeIIUTIKTepl
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aHBIKTall anajbl, OYJ OHBI KOINTEreH TOYeNJUTIKTep KypJeni OOoJbIN TaObLIaThiH
arpoOM3HEC CEKTOPBIHBIH JIEPEKTEPIH Tajljaay YIIiH ocipece maiansl eTeni. O3apa
aKnmapaTThIK Oarajay HOTWIXKEJEepl JKbUTy KapTachl pETiHAE JIe YCBHIHBUIIBI, Oy
OJIapJbIH BHU3YQJIM3alUsChl MEH HMHTEPIPETAIUACHIH KEHUAECTTI. MYMKIHIIKTED
MEH MaKCaTThl allHBIMAJIBLIIAP apaChIHAAFbI 3-CYPETTe KOPCETUINCH 03apa aKIapaTThl
Oaranay ChI3BIKTHIK €MeC TOYEIAUTIKTep Il aHbIKTayFa KaOiIeTTi Tanaay oici 60mbIn
TaObLUIAIBI.

Mutual Information Between Features and Targets

Scenario 1.09 1.09 0.70 043 (] 09 -435
Field Size (ha) - 4. . . 332 2.10
Crop Area (ha) - 4.61 4.61 4.61 210 4.61 4.61 4.61 4.61 4.61 40
Fertilizer Amount (kg)- 4. A . ¥ 2.10
Machinery Used {units)
Farm Workers (peaple) -
Irrigation Water Usage (m') -
Seeds Used (kg) -
Market Distance (km) -
Fuel Costs (currency) -
Transport Costs (currency) -
Yield Per Hectare {tons/ha) -
Fertilizer Costs (currency) -
Average Temperature (°C) -

Rainfall {(mm) -

Risk Reduction (%6) -

Market Capacity (%) -
Yield Increase (%)

Scenario Rating (points) - &

Capacity Utilization (%) - &

Actual Sales Volume (1ons) - 2
Sales Revenue (currency) -

Scenario Budget (currency) - &
Seasonal Profit (currency) - &

Cyp. 3. O3apa aknapammur bazanay

O3apa aKnapaTThIK 9/11C KOPPEISALHSIBIK TalAay apKbLIbI €CETKE aTbIHOANTHIH
TOYENIUNKTEpl aHbIKTay KaOUleTiH KepceTTi. MakcarThl alHbIMaJIbLIapIbIH
KOIIIUIITHIH HEri3ri ¢akTopiapbl €ricTiK alaHbl, aya paibl HmapaMeTpiiepi >KoHe
reKTap¥Fa opTallia ©HiM cajiMarbl 00JIIbl. byt HOTHOKEep aybuIIIapyanibUIbIK OH I PiCiH
OHTaWIaHIBIPy YUIIH OaKbUIaHATHIH (QakTopiapAbl (MbICAIbI, €TICTIK aaKaObIH)
CBIPTKBI JKarjaiimapMeH (MbICalibl, KIUMATTBIH €3repyi) OIpiKTipy KaKeTTUIIriH
KepceTeni. Aya paiibl mapameTpiiepi MEH MakKCaTThl allHbIMAJbLIAD apachIHIAFbI
JKOFaphl ©3apa aKnapaT oJiapJblH KIUMATThIH e3repyiHe Oeiimeny clieHapuiliepin
o3ipJiey JKOHE pecypcTapibl TYpakThl Oackapy YIIiH MaHBI3IbUIBIFBIH KOPCETEII.
4-cyperte Jlacco perpeccust o/1ici apKbUIbI allbIHFAH HOpMallaHFaH Ko3(dduimeHt
MaTpuiiacel kepceruireH. Jlacco perpeccusicel onapiblH KodhdunueHTTepin
’azasiay apKbUTbl €H MaHBI3]Ibl CPEKIICITIKTEP/Il OOIIIN KOPCETY apKbLUIbI MOACIbACP i
perTeyre MyMKiHIIK O6epeai. by aHarypisiM MaHBI3ABI eMec OenriiepiH 9CepiHiH
TOMEH/IeyiHEe HEMece TIMTi Olapbl MOJETBICH allblll TacTayFa SKeneadl, Oy acipece
TYCIHAIPY JKOHE apThIK COMKECTEHIPY/ a3alTy YILIiH MaHbI3/IbI.
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Lasso Feature Selection (Normalized)

Scenario- 0.62 062 062 062 062 062 062 062 062 062

Field Size (ha) - 0.62 m 062 062 062 062 062 066 062 K0

Crop Area (ha)- 062 072 062 062 062 062 062 063 062 072

Fertilizer Amount (kg) - 0.62 065 062 062 062 062 062 062 062 065
Machinery Used (units) - 0.62 062 062 062 062 062 065 062 m
Farm Workers (people) - 062 059 0.62 062 062 062 062 062 062 059
Irrigation Water Usage (m") - 0.62 059 0.62 062 062 062 062 062 062 059
Seeds Used (kg)- 062 0.60 062 062 062 062 062 062 062 060

Market Distance (km) - 0.62 0.62 062 062 062 0.62 062 062 062 062
Fuel Costs (currency) - 0.62 [N 062 062 062 ve2 062 o056 o6 [EXOY
Transport Costs (curreney) - 062 0.63 0.62 062 062 0.62 062 0.62 062 0.63
Yield Per Hectare (tonstha) - 0.62 0.64 0.62 0.62 062 0.62 0.62 062 062 0.64
Fertilizer Costs (currency) - 062 0.61 062 062 062 062 062 062 062 06l
Average Temperature (°C)- 0.62 0.64 0.62 062 062 0.62 062 062 062 0.64
0.59 0.62 0.62 062 0.62

1.0

e
o

=
=

Features
Lasso Coefficients (Normalized)

e
=

Rainfall (mm) -

L
o
[}

=]
&

=y &
= =

rency)

Cost Reduction (%) - g

Market Capacity (%) - g
Budget (currency) -
Yield Increase (%) -

Scenario Rating (points)
Risk Reduction (%)
o
Capacity Utilization (%) - 3
Sales Revenue (currency) -

Seasonal Profit (

]
2

o
<

Scenario

Targets

Cyp. 4. Hopmanoanzan Lasso MymKiHOIeIH mayoay mampuyacsl

Kenrteren MakcaTThl aifHBIMAJIBUIAP YIIIH €H >KOFapbl MaHbI3ABUIBIK «ETicTik
IKaOBIHBIH KeusieMi (ra)» OenriciMeH kepcerineni, oHbIH «CIeHapuiIiK OIKeT
(BaymoTa)» aHBIMANBICH YIIIH HOpMananraH Ko3dduuuenti 1-re Ten. by erinren
Kep KOJIEMiHIH YKOHOMHKAJIBIK JKOHE OHJIIPICTIK KOPCETKIIITEPAl KalbIITaCThIpyFa
KymTi ocep ereTiHiH kepcereni. ConbiMeH Karap, «KonmaHbUTFaH TEXHUKA CaHBI
(Gipnik)» OipHemie MakcaTThl alHBIMaNbUIApFa, acipece «CueHapuillik OrKeT
(BaymoTa)» KOpPCETKILIIHE eNieysli acep eTTi, OHbIH HopMananraH MoHi 0.88. by
aybll INApyallbUIBIFBl TPOLECTepiH Oackapyda TEXHUKAIBIK >KaOIbIKTay IbIH
MaHBI3IBLIBIFBIH KopceTei. KpI3bIKTh HoTHKE — «YKaHapMail IIbIFBIHAAPHI (BATIOTA)»
OenriciHiH KeNTereH MaKcaTThl alHbIMallblIapFa KaThICTBl K03 duumeHTinin
IaMaMeH HeJyire TeH Ooiybl. bys Oenri ChI3BIKTBIK MOJENb KYpPy KOHTEKCTIHIE
aKnapaTTHIK Ma3MYHBIHBIH TOMEH €KEHIH KepceTe/i, ce0ebi ol He a3 e3repMeni, He
0acka aifHpIMabLIapFa s)kaHama acep ereni. CoHbIMeH Katap, «I eKTapra maKKaHIaFbl
OHIM/IUTIK (TOHHA/Ta)» koHe «Opramia temneparypa (°C)» 6enrinepi «CrieHapHitTiK
Oaranay (ymai)» KepCeTKilll YIIiH opTamia MaHBI3IbUIBIKTEL Kepceredl (0.64),
OYJ1 oylapAbIH OPTYPJ OHAIPICTIK CICHAPUHIEPAIH TUIMIUTITIH Oaranayra KOCKaH
yJieciH pactaiiibl. MaTpunia conmaii-ak « KayblH-IIaIbIH MeIIIepi (MM)» CHSIKTBI
KIIMMATTBIK (paKTOpIapblH pelliiH kepcerei, ol «KyarTeuibkTel maiinanany (%)»
CHSIKTBI MaKCaTThl alHbIMAJIbUIApFa OpTalua acep eredi. byn nepekrep eHIipicTiK
MIPOLIECTEP/I1 )KOCTIapiiay Ke3iHe aya paiibl KarJailiapblH €CKEPYIiH MaHbBI3bLUIBIFbIH
kepcereni. Lasso oxici Heri3ri Oenrinepre Hazap ayJapyFa, MaHbBI3AbUIBIFEI TOMECH
allHBIMABIIAPBI AJIBII TacTayFa MYMKIHIIK Oepesi, Oy Mozenbaep/i oHailmaTyra
YKOHE OJIap/IbIH MHTEPIIPETALUACHIH KaKcapTyra kemekreceai. CyperTe YChIHBUIFaH
HOTIDKEJIEP OCBI TOCUIIIH arpOeOHEPKACINTIK KOpCEeTKIITepre (hakTopiaapabIH dCepiH
Oaranmayqarbl THIMIUIIMIH KepCeTeli >KOHEe OHTailsibl 0ackapy cTpaTerusiapbiH
93ipJiey YIIiH HeTi3 KaJIbIMTACThIPAIbL.
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KopbIThIHABI

JKyprizinren 3epTrey arpoeHEpKICINTIK KOPCETKIMTEpPre ocep eTeTiH
daktopnapasl Oarajayga MAaIIMHANBIK OKBITY OICTEPIH KOJJIAHYJBIH KOFapbl
THIMJUIINIH pacTaapl. ['pagueHTTi OYCTHHT, €3apa akmapaT >XKOHE PEeKYypCHBTI
EPEKIICTKTEPAl JKOI0 OJICTEpiH KAMTHUTBIH THOPUATI Tanjgayabl TaijaiaHy
OHIMJIUTIKKE, TaOBICTBUIBIKKA KOHE PecypcTapbl MaiganaHyFa ocep €TETiH Herisri
(dbakTopnapabl aHBIKTayFa MYMKIHIIK Oepzai. EH MaHBI3IbI mapaMmeTpiep — ericTiK
ankaObl, opTalia eHIM caliMaFbl KOHE KIMMATTHIK Karjainap Oonbin TaObLIaJbL,
ojlap MakcaTThl KepceTkimTepMeH 93 %-ra NOeliHrT KOppensiusHbl KaMTaMachl3
TTi. ¥ CBIHBUIFAH 9MicTepAl KomaaHy OoipkaMmIblK Oenricizmikti 28 %-Fa TOMEH-
JETyTe koHe OomkammapAbiH 1aairin 15-20 %-ra apTThIpyFa MYMKIHIIK Oepi.
Koppensuusiplk MaTpuiiagap MeH JKbULy KapTajapbl TYpiHJIE BU3yalu3allusIaHFaH
HOTWIKENEep MaITMHAIBIK OKBITY SIICTEPIH IOCTYPIIl AEPEKTEPi TaIIayMeH OipiKTIpy
JOMIPEK JKOHE TYCIHIKTI HOTHIKENEp allyFa MYMKIHIIK OepeTiHiH KepceTTi. 3epTTey
HOTI)KEJIEP1 arpOOHEPKACINTIK KICIMOPBIHIAP/IbI OacKapyabl OHTAMIAHABIPYFa, OHBIH
IriHae AaKpUIAApIbl KOCMapiay, pecypcTapabl 0ackapy KoHE e3repMeni KIMMaT
XKaraaibiHaa OeiliMaeny cTpaTerusiiapbiH 93ipieyre KOJAaHbUTybl MYMKiH. bonamak
3epTTeyJep/iH MePCIeKTUBAIBI OaFbIThl — (haKTOpIap apachIHIaFbl OEHCHI3BIK JKOHE
ceben-caapiiblK OaimaHbpICTapAbl €CKEePETIH OO0DKaMIBIK MOICIBACPIl 93ipIiey.
¥ CBIHBUTFAH TOCUIACP aybUl MIAPYyaIIbUIBIFEl JEHIeHIHET] HeniMaep KaObuiaay bl
KOJ1/1ay KOHE MEMJIEKETTIK CTPATETHsUIBIK KOCTIapiIayAbl XKY3ere achlpy YIIiH CeHIM/II
KYypaJs peTiH/Ie KbI3MET €Till, arpOOHEPKICINTIK KEIICHHIH TYPaKThl JaMybIHA BIKITAIT

ereql.
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Abstract. The research project unites intelligent air-traffic-management sys-
tem development with the strict mathematical evaluation of control-action coordi-
nation interfaces between pilots and controllers. The controller—pilot interface must
receive formal specifications just like flight-control software since it represents a uni-
fied reactive system. Every system interaction receives probabilistic timed automaton
modeling because it represents both real-time operational constraints and the random
occurrence of human errors and equipment breakdowns. The Z formal specification
language enables writing contracts that link observable external actions to their re-
quired pre-conditions and post-conditions which humans and machines can verify.
The system interface modules that represent human operators and graphical displays
and underlying avionics logic and supervisory safety agents are connected to perform
weak branching bisimulation which proves behavioral equivalence under timing un-
certainty. The model demonstrates that the controller commands along with machine
feedback and supervisory vetoes and pilot acknowledgements can be represented with
twenty global states in a model that includes every significant timing and fault scenar-
i0. The automated verification system measures a low probability of mission success
as well as operator slips that increase overall risk and identifies critical time-diver-
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gent execution paths that reveal hidden design vulnerabilities. Interface engineers
can modify timing guards and revise visual cues and embed cognitive-load adapta-
tions without disrupting the existing formal proofs because the graphical display and
hidden logic have been proven equivalent. The study transforms the controller-pilot
interface into an air-traffic-management ecosystem component which receives math-
ematical certification and sets the stage for future interfaces that adapt to workload
data while providing safety guarantees that machines can verify.

Keywords: probabilistic timed automata, human-machine interaction, inter-
face verification, air traffic control, bisimulation
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AnHotanusi. byn 3eprrey koOackl dye KO3FAJIBICHIH  0OacKapyblH
WHTEJUICKTYaJ/Ibl JKYWECIH d31piiey/1i YIIKBIIITap MEH JHUCIETUepiIep apachiHIarbl
Oackapy opekerTepiH yiiectipy wuHTepdeilcTepiH KaTaH MaTeMaTHKaJbIK
OaranmaymeHn OipikTipeni. «/lucnetuep—ymkpinn uHTEpdeEiici OipbIHFAll PEeaKTHUBTI
KyWeHi OelHeNeHTIHIIKTeH, oJ yily Oackapy OaraapiaMalblK >KacaKTaMachl
CUSKTBl Qopmanasl crenubukanusaaapra e O6omysl THic. JKyileniH opbip e3apa
OpeKeTTecyi HaKThl YaKbITTaFbl ONEPAIUSUIBIK MICKTEYJIEpIIl XKOHE agaM KaTelepi
MEH Ka0JIBIKTBIH ICTCH IIBIFYBIHBIH KE3/ICHCOK TYBIHJAYbIH OCHHEICHTIH yaKbITTHIK
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BIKTUMAJIJII aBTOMATIICH MOJICNIbJIeHe 1. Z GopManasl crieruuKaIys Tiji aJaMHbIH
Ja, MaIllMHAHBIH Jla TEKCepe ajaThlH IMapTTap MEH caijapiiapra OalaHbICTHI
OaKplIaHATBIH CHIPTKBI OPEKETTEP i cUNaTTayFa MyMKiHik 6epesi. OnepaTopiaap/sl,
rpaduKanblK AUCIUICHIEpAl, 1MIKI aBHOHUKAHBI JKOHE Kajaranay Kayilci3ik
areHTTepiH OeitHenelTiH nHTepderc MOTyIbepl YaKbITTHIK OCNTICI3IIK KaF IaibIH 1A
MiHe3-KYJIbIK SKBUBAJICHTTUIITH I9TENICHTIH oJICi3 TaApMaKTalIaThIH OMCUMYJISIUSHBI
OpBIHJAY YUIIH OipikTipineni. Monens aAucreTdep KOMaHAalapbIHBIH, MallTMHAHBIH
Kepi OalIaHBICBIHBIH, KaJlaFaliay BETO MICHIIMAEPIHIH JKOHE YIIKBIII pacTaylapbIHbIH
Oap bIK MaHBI3bl YaKbITTHIK JKOHE ICTEH IIBIFY ClIEHApHilIepiH KAMTUTBIH JKUbIpMa
xahaHJBIK KYHe KOpCeTUTyl MyMKIH €KeHIH JoNeNAei /1l. ABTOMAaTTaHAbIPbUIFaH Be-
puduKaIms )KyHeci MUCCUSHBIH COTTI asgKTaTy bIKTUMAJIIBIFGIHBIH TOMEHIIT1H, YKaJl-
MBI TOYEKEN Il apTThIPAThIH OMEepaTop KaTelepiH TIPKEiIl *KoHe >KachIphIH Kobanay
OCaNIBIKTAPbIH aHBIKTAUTBIH YaKBITTBHIK JUBEPTEHTTIK OPBIHAAY KOJJIAPbIH alKbIH-
naitnel. UaTepdeiic nHkeHepsepi YaKbITTHIK IIAPTTApAbl ©3repTe anajibl, BU3yabl
Oenrinep/i KaiiTa Kapail anmaabl )KoHE KOTHUTUBTIK JKYKTeMere OerimMaemyiepai eHri-
3¢ aJlaJibl, O TKEHI rpadUKaIbIK TUCTIIICH MEH KaCBhIPBIH JIOTHKAHBIH SKBUBAJICHTTIT]
pecMu TypZe AdJenieHreH. by 3epTTey «aucneryep—yIKsiin uHTepdecin Mare-
MaTHKaJIbIK cepTU(UKaTTayFa ue OONMaThiH 9ye KO3FaJBICHIH 0acKapy IKOKYHEeCiHIH
Kypamaac OeJlirine aiHaJIIbIpaIbl )KOHE )KYMBIC KYKTEMeCi JAepeKTepiHe Oerimie-
neTiH Oonamak WHTepQEHCTEpaiH HETi31H KaJaiapl, COHBIMEH KaTap MalldHajap
TeKcepe allaThIH KAYIMNCI3IIK KeMUIIIKTepiH KaMTaMachl3 eTe/i.
Tyiliin ce31ep: yakbITTBIK BIKTHUMAJJbl aBTOMAaTTap, aJaM—MallliHa e3apa

opekerrtecyi, unTepdelicTi Bepudukarusiiay, oye Ko3ralbIChIH OacKapy, ONCUMY SIS
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AHHOTauusi. B mpencraBieHOM HCCIEIOBAaTENBCKOM IPOEKTE OOBEIUHSIOTCS
pa3paboTKa MHTEIUIEKTYaIbHOM CUCTEMBI YIIPABJICHUS BO3IYLIHBIM JBIKEHHEM M CTpOrast
MaTeMaTH4yecKasl OLEHKa HMHTep(deiicoB KOOPAMHALMM YIPABISIIOIMX JEHCTBUM MEXIy
MWIOTaMH U aucrerdepamu. MHTepdeiic «ancneryep—nuior» 10DKeH UMETh (opMalIbHbIC
crneunUKalMy Tak ke, KaKk U IpOrpaMMHOE 00ecIliedeHHE CUCTEM YINpPaBJICHHS MOJIETOM,
IIOCKOJIBKY OH IIPEICTaBIIsIeT COO0M e IMHBIN peakTHBHBIN KoMIUIeKe. Kaxoe B3anmoeiicTeie
B CHCTEME MOJACIHMPYETCS C IIOMOLIbIO BEPOSTHOCTHOI'O aBTOMAaTa C BPEMEHHBIMH
OTPaHMUYCHHUAMH, YTO OTPAKACT KaK peajbHble SKCIUTyaTallMOHHbIC OrpaHUYCHUS, TaK U
cllyyaifHoe BOSHMKHOBEHHE OIIMOOK oreparopa u cooeB 00opynoBanusi. SI3bIK (popMabHBIX
cneunpukauii Z mno3BoJsleT (OPMUPOBATh KOHTPAKTBI, CBS3BIBAIOLINE HaOII0aeMble
BHEIIHHUE JEHCTBUS ¢ NX HEOOXOJUMbBIMU IPEAYCIOBUSAMH U IIOCTYCIOBUSIMU, KOTOPBIE MOTYT
MIPOBEPATHCS KAaK YEIOBEKOM, TaK M MaMHOH. Monynu uHTepdeiica, MpeacTaBisIOLe
OIIepaTopoB, rpadUuecKue AMCIUICH, BHYTPEHHIOO AaBHOHUKY M HAA30PHBIX arcHTOB
0e3011acHOCTH, COSANHSIOTCS AJIS BBIMOJIHEHNS c/1a00ii BeTBsIIIeHcss OMCUMYIISILIIM, KOTOpast
JIOKa3bIBACT IOBEJCHYECKYI0 SKBUBAJICHTHOCTh IIPY HAJTMUUH BPEMEHHON HEOIIPEIeIEHHOCTH.
Mogenb 1oKa3bIBaeT, YTO KOMaH/Ibl AUCIETYEpa, OOpaTHas CBS3b OT MALIMHBI, HAA30PHbIC
BETO W TOATBEPXKIEHHUS IMWJIOTa MOTYT OBITH NPEICTABICHBI JBAJLATHIO IJIOO0ATbHBIMU
COCTOSIHMSIMU B MOZEJIM, OXBAThIBAIOLIECH BCE 3HAYMMbIC BPEMEHHbIE U OTKA3HBIC CLICHAPHUH.
ABTOMAaTH3MPOBaHHAs CUCTEMa BepUPHUKaLNU (PUKCUPYET HU3KYIO BEPOSITHOCTD YCIICITHOTO
3aBEPILICHNS MUCCHH, a TAKXKE OIIMOKH OIepaTopa, MOBBIILIAIOIINE OOLINI PUCK, U BBISIBIISCT
KPUTHYECKHE BPEMEHHbIC TUBEPICHTHbIC ITyTH BBINOJHEHUS, OOHAPYKUBAIOIINE CKPBITHIC
YSI3BUMOCTH HPOEKTHpOBaHMA. MHkeHepbl HMHTEp(PEHCOB MOTYT H3MEHSTH BPEMEHHBIC
yCIIOBUSI, IEPECMATPHUBATh BU3yaJIbHbIC TIOACKA3KH U BHEAPSTH aJalTald K KOTHUTUBHOM
Harpyske Oe3 HapylICHHMs CYyLIECTBYIOIIMX (OPMaIBHBIX JIOKA3aTEIbCTB, HMOCKOJBKY
rpadMuecKUil JUCIUIEH M CKphITasi JIOTHMKAa OBIIM JOKa3aHbl SKBUBAJICHTHBIMHU. [laHHOE
nccienoBanme TpaHchopMupyeT HHTEp(Enc « IMCIeTIeP—HUIOT» B KOMIIOHEHT 3KOCHCTEMBI
yHOpaBJIeHUs BO3IYLIHBIM ABMKCHHEM, MHOJTYyYaIOMIMH MaTeMaTHYECKYI0 CEpPTH()UKAIIIO
1 3aKJIaABIBAIOIIUI OCHOBY Ul Oyaymux MHTep(eiicoB, afanTHPYIOUIMXCS K JAaHHBIM O
paboueil Harpy3Kke Ipu COXpaHEHUH TapaHTHH 0€301aCHOCTH, IPOBEPSEMbIX MALTMHAMH.

KnroueBble cjioBa: BEpOSTHOCTHBIC ABTOMAaThl C BPEMEHHBIMH OTPaHHUUYCHHSIMHU,
B3aMMOJICHCTBUE YeIOBEK—MaIllnHa, BepupuKanus nHTepdeiicos, ynpaBieHue BO3IyLIIHbIM
JBIDKEHUEM, OUCUMYJISILIHS
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Introduction

The tightly coupled socio-technical environment of civil aviation requires split-sec-
ond coordination between ATCOs and flight crews for system-wide protection. The control-
ler—pilot interface (CPI) serves as the technological core that transforms aircraft state changes
into human-interpretable alerts and clearance cues within tight time constraints. The interface
must display actual system dynamics beyond being intuitive since automation systems be-
come more complex and time-sensitive probabilistic behaviors increase in avionics systems.
Such guarantees are typically absent from conventional human—machine interfaces especial-
ly during infrequent system faults and unexpected mode transitions (Zamarrefio Suarez et al.,
2024).

Several high-profile incidents have recorded the effects of this mismatch between
system requirements and actual conditions. Ground controllers maintained precise trajectory
information about the Germanwings 9525 disaster, but they lacked the ability to detect the au-
tomated mode that let the pilot disable safety limits before controllers could step in (Zamar-
refio Sudarez et al., 2024). The flight-control cables on Air Astana KC 1388 were mis-rigged
which forced the aircraft into fallback modes that confused the crew because no diagnostic
feedback showed on the displays (Nandiganahalli et al., 2017; 0345). During the Qantas
A380 uncontained engine failure the cockpit became overwhelmed by many improperly sort-
ed alerts that prevented critical decision-making now of greatest need (Pérez et al., 2024).
During the Aktau episode with Azerbaijan Airlines the crew found themselves without possi-
ble actions because on-board computer failures remained unannounced (Smailes et al., 2021:
209-219). These incidents demonstrate that interfaces must receive specifications based on
mathematical system behavior instead of human-centered design.

The formal language Probabilistic timed automata (PTA) provides both real-time
semantics of timed automata and transition probability distributions for specifying require-
ments (Sproston, 2021: 20—44). Aviation benefits from this dual approach since stochastic
disturbances together with hard timing constraints affect safety margins (Jantsch et al., 2020;
423-439). The verification tool Weak branching bisimulation enables observation of whether
the abstract user view matches the concrete avionics model (Lee et al., 2015: 1-32). The com-
bination of PTA with bisimulation enables researchers to demonstrate through formal proofs
that all symbols together with colour codes and auditory signals precisely represent aircraft
probabilistic time-evolution.

The analysis of large-scale systems requires analysts to use backward reachability
for removing unreachable zones together with interval-protected arithmetic to handle float-
ing-point errors and optimistic value iteration to calculate probability bounds without com-
plete enumeration (Hartmanns et al., 2022: 3—17; Hartmanns, 2022; 88—110; Hartmanns et
al., 2020: 3-22). The development of quantitative bisimilarity metrics allows engineers to
evaluate how well simplified interfaces match full systems during cases where exact equiv-
alence is impossible (Lanotte et al., 2019: 303—321). The new methodological techniques
now appear in aviation case studies where drone-geofencing controllers use automata-based
formalism to define real-time safety corridors and Probabilistic Timed ATL adds probability
and clock boundaries to temporal logic for requirements like «within N seconds with at least
P certainty» (Jamroga et al., 2025).

The design requirement consists of two parts: formal soundness and usability. Inter-
faces need to support the operational limitations of their operators. Modern EEG-based tests
show how ATCO workload can be predicted in real time (Li et al., 2024) and traffic-density
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graph models indicate workload increases with a delay of minutes (Pang et al., 2023). The
inclusion of empirical indicators in PTA rewards systems creates rewards that stop display
automation while maintaining human interpretability.

This research uses a four-layer PTA framework to build on established insights.

e User Model — abstracts perceptual-motor loops and occasional slip errors,

e Machine Model — captures stochastic mode transitions and timing faults,

1. Supervisor Model — enforces global safety objectives such as conflict-free trajecto-
ries (Hartmanns et al., 2021: 89—-107),
o Interface Model — mediates inputs and outputs while guaranteeing semantic equiva-

lence to the machine layer via weak branching bisimulation.

The verification of the complete system demonstrates that no dangerous or unclear
interface state becomes reachable despite the presence of uncertain timing and probabilistic
system failures. The resulting CPI design targets the fundamental causes of past accidents and
lowers pilot workload during anomalies to achieve system-wide improvement in resilience.

The implementation of formal methods combined with human-factor metrics based
on empirical data and analysis of real incidents should guide the development of adaptive
interfaces that are both intelligible and provably correct for aviation applications.

Literature Review

Probabilistic timed automata (PTA) enable precise mathematical representation of
systems which must meet rigid real-time requirements alongside unpredictable disturbances
that are common in air-traffic-management software today. The early research worked on
maintaining decidability while keeping fidelity at a certain level by introducing clock-de-
pendent probabilities through Sproston’s one-clock model which maintains polynomial-time
reachability for man—machine-interface studies that usually have one reaction timer as the
dominant factor (Sproston, 2021: 20—44). The symbolic model checking method for mul-
ti-clock PTA was introduced by Kwiatkowska et al. which enabled industrial-scale analysis
of systems with numerous timing variables (Kwiatkowska et al., 2007: 1027—1077). The re-
search moved ahead by improving algorithmic methods that enhanced both performance and
numerical stability. Optimistic value iteration reduces paths with small probabilities while
maintaining sound bounds which results in major performance boosts for large models (Hart-
manns et al., 2020: 3-22) and this method has been independently confirmed to enhance
tool chain trust (Hartmanns et al., 2022: 3—17). Hartmanns showed that basic floating-point
operations break probabilistic invariants thus he introduced interval-based numerical guards
which guarantee accurate calculated bounds (Hartmanns, 2022: 88—110). Lanotte and Tini
established linear-programming metrics for quantitative bisimilarity that enable state-space
reduction when the metric falls below a chosen tolerance level (Lanotte et al., 2019: 303—
321) while Hartmanns et al. proved that minor PTA modifications can produce equivalent
behaviour with a simpler abstraction that simplifies subsequent verification tasks (Hartmanns
etal., 2021: 89-107).

The proof of behavioural equivalence becomes essential because interfaces present
only specific internal system states to users. Lee and de Vink proved that Rooted branching
bisimulation functions as a congruence for probabilistic transition systems according to the
gold-standard relation (Lee et al., 2015: 1-32). The development of specification logics has
followed the needs of designers who require strategic reasoning beyond reachability since
Jamroga et al. added probabilistic timing operators to Alternating-time Temporal Logic which
allows the definition of statements like «the controller can force safe separation within ten
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seconds with probability at least 0.99» (Jamroga et al., 2025). The fundamental mathematical
structures that underpin these logics have reached a stable foundation through work by Vakar
and Ong who established s-finite kernels for modeling probabilistic programs (Vakar et al.,
2018: 791-810) while Affeldt et al. implemented those results within Coq and Hirata et al.
developed a program logic in Isabelle’lHOL which translates high-level probabilistic code to
PTA models (Hirata et al., 2023).

The application-oriented research demonstrates how these techniques remain appli-
cable for aviation operations. The intent-based PTA model checking method has identified
previously undetected mode-confusion situations on flight decks which shows how pilots’
mental frameworks differ from automation systems. Smailes et al. compiled a list of prac-
tical attacks against CPDLC systems while PTA models helped them determine the quanti-
tative impact of countermeasures. The research conducted by Krichen in UPPAAL showed
how timed-automata controllers can enforce no-fly zones for drones around critical areas
which translates directly to controlled airspace management. The science-mapping analysis
by Zamarrefio Suarez et al. combined thirty years of workload research to show that no for-
mally verified workload-adaptive interfaces exist. The research to bridge this gap includes
Pérez Moreno et al.’s evaluation of air-traffic complexity metrics as well as Li et al.’s EEG
sensor-based workload detection system and Pang et al.’s conformal graph-learning method
for predicting controller load levels which all enable PTA reward structures and probabilistic
guards to receive real-time input (Zamarrefio Suarez et al., 2024; Nandiganahalli et al., 2017;
0345; Pérez et al., 2024; Smailes et al., 2021: 209-219; Krichen, 2024; Li et al., 2024; Pang
et al., 2023).

The diagnosis systems along with explainability methods have shown significant en-
hancements. Baier’s group created “minimal witnesses” which are short execution segments
that reveal the source of property fulfilment or non-fulfilment thus making PTA results under-
standable for interface engineers. The use of s-finite-measure semantics allows systems to be
analysed when their probability mass changes over time. These advances create an environ-
ment where quantitative results become both dependable and usable in practical applications
(Affeldt et al., 2023; Jantsch et al., 2020; 423-439).

The research still needs to address multiple unmet demands. Current aviation case
studies deeply analyze the avionics systems and network protocols, yet they do not explicit-
ly model the controller—pilot interface which creates uncertainty about how cockpit signals
correspond to the probabilistic timing of automated systems. A critical requirement exists
to merge live human-state data obtained from EEG-based workload indices into formally
verified control systems because continuous-reward domains have been proposed yet remain
underutilized. The increasing requirement from certification authorities for replication pack-
ages is not met by studies except Hartmanns and Kohlen’s replication report which lacks the
necessary artefacts for independent evaluation. The solution to these knowledge gaps re-
quires a combination of PTA theoretical frameworks with bisimulation and workload models
and industrial-level tooling which this research project aims to achieve.

Theoretical Foundations of Probabilistic Timed Automata

The section describes the formal background required for PTA creation and analysis.
The document covers basic concepts from measure theory and probability alongside classical
and timed automata and their probabilistic extensions. The formal definition of PTA syntax
and semantics is followed by the addition of reward structures and labeled transition systems
as well as real-time verification algorithms. The theoretical framework includes essential
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verification properties which include property reduction along with reachability and expected
value computation to support the following models.

Probabilistic and Timed Foundations for Human-Machine Interfaces

The evaluation of both probabilistic behavior and real-time constraints plays a vital
role in safety-critical systems like air traffic control. The foundations of probability and meas-
ure theory enable the modeling of uncertainty as well as the analysis of rare events and ex-
pectation calculations for controller—pilot scenarios. A probability measure working together
with a measurable space allows the creation of event space models.

Expectations like:

{(EM)T] = [[(x),u(dx)

6]
capture quantities like average workload or reaction times.
The Law of Large Numbers (LLN) ensures convergence of empirical means:
lim P(‘i n X, —_u‘ >e)=0 Ve>0
n—+oo n (2)

Monte Carlo methods can verify interfaces under uncertain conditions thanks to this
approach (Hirata et al., 2023). The Radon-Nikodym derivatives enable researchers to convert
probability measures into alternative probability measures while performing conditional ex-

pectation calculations:

dv

d

’ 3)

These mathematical instruments help developers model human reactions to proba-
bilistic stimuli accurately and convert empirical reaction data into formal state transitions
(Vakar et al., 2018: 791-810; Affeldt et al., 2023)

Real-time Verification Through Probabilistic Timed Automata and Their Extensions

Timed Automata (TA) serve as the formal basis for studying systems affected by
timing constraints and probabilistic factors which occur in both pilot-controller systems and
safety-critical avionics. TA combine state transition systems with clock mechanisms to ex-
press real-time protocols. A timed automaton is formally defined as:

A=(L L, X CE)

4)

Where:

L:
° Locations (states),

L,SL
° : set of initial states,

X
° : set of real-valued clocks,

C
° : clock constraints,

E
° : transitions (guarded edges with resets) [59].

To extend TAs with stochastic behavior, Timed Probabilistic Systems (TPS) introduce
probability distributions over transitions. A TPS is defined as:
TPS = (5, TSteps, L)
(5)
Where:
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5
° . states,

TSteps S S X R > 0 X Dist(5) o
o : timed probabilistic steps,
o : labeling over atomic propositions.

£
Each path  in TPS is an infinite sequence:
w=s, 35 =Fos, =P L

(6)
t, >0
with delays and next states sampled from a probability distribution. This al-

lows accurate modeling of real-time decisions influenced by both timeouts and random dis-
turbances.

Combining both aspects, Probabilistic Timed Automata (PTA) are defined as:

PTA = (L,X,inv,prob,Llabel)

Where:
inv:L — Zones(X) N
° : invariants for clock conditions,
prob C© L x Zones(X) x Dist(L x 2%):
o probabilistic transitions,
label . . . . ..
° : labeling function assigning atomic propositions.

A PTA transition might look like:
x = 5 =0.9:S5uccess + 0.1: Fail

(7
x=<5

This defines a guard , with two possible outcomes. In real-world terms, it may
reflect a 90 % chance of a pilot acknowledging a command within 5 seconds, and a 10 %
chance of delay or mistake.

For verifying such systems, Probabilistic Timed Computation Tree Logic (PTCTL)
is used. A sample property is:

P = 0.99 [acknowledged < 5s] )

The system must guarantee a 99 % probability of receiving acknowledgment within
a 5-second timeframe according to aviation command system requirements.

The integration of timed automata with probabilistic modelling allows for exact
mathematical verification of real-time user—machine interactions while accounting for un-
certainties.

Reward Structures, Reachability, and Model Checking

PTA uses reward structures to evaluate system performance together with user error
under probabilistic timing conditions. Through reward structures we can create formal meth-
ods to assign costs penalties and metrics like delay duration and number of mode-confusion
cases and unsafe state duration.

A reward structure over a PTA includes:

:5 =R

o State rewards
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- n:5XA—>R
° Transition rewards

The expected total reward over a path " is:

En [Reward(m)] = m € Paths Y, P(m) - Reward(m) ©

This is essential for analyzing average pilot response time, supervisor override fre-
quency, or penalty costs in confusion states (Hartmanns et al., 2021: 89—107; Jantsch et al.,
2020; 423-439).

To check properties over PTA models, we rely on probabilistic temporal logics like
PCTL and PTCTL. Example specifications include:

° Probability bounds:
P., ]
(10)
° Expected reward bounds:
R., [C=*]
’ (11)
Here, 1is a path formula using temporal operators such as:
X
° (next),
F
° (eventually),
° (always),
° and reward conditions like “accumulate < k before deadline”.

Model checking tools like PRISM, STORM, and UPPAAL use these formalisms to
verify timing constraints, user input correctness, and safety recoverability in real-time sce-
narios.

Furthermore, for quantitative reachability, the Bellman equation defines expected
value from a state:

V(s) =min,, X u(s' |1sa)-(r(sa) +V(s)) 1)

This is solved iteratively via Optimistic Value Iteration (OVI) [10], allowing scalable
approximation of performance metrics under uncertainty.

Novelty of the research

This study presents the first complete modelling pipeline which combines a Z-spec-
ification with an explicit abstraction mapping and a four-layer Probabilistic Timed Autom-
ata (PTA) stack for controller—pilot interface (CPI) verification. The Z schema defines the
acceptable observable actions together with timing windows and the two identified error
categories; the concrete PTA layers User, Machine, Supervisor, Interface-View enforce this
contract through abstraction mappings that conceal their internal t-steps. The mapping cor-
rectness is verified through *weak branching bisimulation which maintains safety properties
when dealing with internal choice and time-divergent stuttering and remains sound for both
probabilistic branching and real-time urgency.

The authors introduce a slip-error generator based on EUROCONTROL read-back
data while setting the stochastic supervisor-veto channel to 1% and providing an open-source
verification pipeline that uses interval-sound value iteration with minimal-witness extraction.
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The symbolic engine examines 2.3 x 10° reachable global states, and computation shows
that mission completion is inevitable (P = 1.0000), and the worst-case slip probability does
not exceed 0.10. The mode-confusion PTA model of Nandiganahalli et al. examines 1.6 x10*
states with a 0.18 error bound while the CPDLC security model of Smailes et al. covers =6.5
x 10* states with a 0.23 attack success bound. Our model exceeds previous state-space scales
by more than three times while reducing the maximume-risk envelope.

The authors present the initial encoding of real-time workload predictors as clock-de-
pendent rewards and show that only 4.95 % of traces fulfill the ten-tick service objective,
which reveals supervisor confirmation as the primary latency contributor. The unified artefact
combines qualitative guarantees (deadlock-freedom, supervisor—plant coherence) with quan-
titative envelopes (expected cycle = 22.1 ticks, slip < 2.101) and provides complete replica-
tion capabilities through script distribution to the avionics-verification community.

Methods and materials

The computational experiment starts by structuring requirements capture that trans-
forms each data transfer between controller systems and flight crew systems and avionics
systems and supervisory logic systems into a finite alphabet of broadcast actions. The ATCO
clearance (input) together with flight-deck read-back (feedback) and u_done (crew execu-
tion) and force done (external deadline) make up the single synchronization mechanism
in the model. The nine communicating PRISM modules operate over the defined alphabet
which enables the creation of a finite Markov decision process that represents a probabilistic
timed automaton (PTA) through clock interpretation of global countert.

The user module serves to describe the perceptual motorcycle of the flight crew.
At the beginning of its idle state, the module receives clearance but enters a waiting state
with 0.95 probability for correct intent or directly moves to premature termination with 0.05
probability to model involuntary slips or lapses. The crew will return to idle state when the
feedback broadcast is received. The interface-view module shows cockpit display symbolic
status indications that switch between idle and busy states based on input and feedback. The
interface-logic module represents the transformation layer which connects view elements to
avionics variables but remains hidden from pilots’ views.

The plant module implements flight-management computer mode-logic by progress-
ing from ready to processing on input and from processing to done only when u_done match-
es the internal feasibility condition of the commanded track. A reference plant of identical
structure exists only for weak-branching bisimulation evaluation through on-the-fly assess-
ment because plant-reference divergences cause the label bisim ok to become false.

The supervisor module functions similarly to airborne safety nets TCAS and AFCS
monitor functions through its internal Boolean rule set to prevent specific transitions from oc-
curring. The supervisory veto probability is set to 0.01 based on the highest observed supervi-
sory intervention rates in dense upper airspace. The user-error generator produces two sepa-
rate error types through mis-keypress and time-out mechanisms which occur at equal rates of
0.05 per clearance while mirroring Eurocontrol read-back deviations at their upper quartile.
The watchdog module activates force done when the global timer t reaches twenty to simu-
late the ICAO clearance life-cycle time limit of thirty seconds since each tick represents one
and half seconds which keeps the system in integer arithmetic while separating radio latency
from aircraft movements. The finish module accepts both u_done and force done signals to
determine global termination.

Two additive reward structures refine the qualitative model. Each step that occurs
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increases the reward 11 by one unit, so its conditional expectation under completed equals the
average terminal time in ticks. When the user-error generator fires the reward, r» provides an
additional point while creating an expected number of slips until completion. Time and errors
combine to measure both performance delays and system reliability factors.

Sixteen PTCTL formulas using PRISM’s property language examine all vital aspects
including unconditional reachability of completion and reachability of any operator error
and minimal and maximal conditional expectations of 11 and r> and bounded-time reachabil-
ity under the ten-tick service objective and the post-completion safety invariant and perma-
nent bisimulation and the impossibility of plant-supervisor conflict. The computation of each
property produces extremal scheduler values that create conservative envelopes which cover
all possible strategic choices.

The breadth-first state-space generation method completes after 23 iterations with
358 materialized states that connect through 946 probability-labelled transitions. The Bell-
man equations for reachability and reward expectations get solved through value iteration
until the maximum residual reaches a level lower than 10°°. A dump to.tra/.sta enables ex-
ternal analysis. Through Kosaraju’s algorithm, the directed graph reveals three operational
SCCs which include a wait loop controlled by the user and a confirmation loop managed by
the supervisor and a final dispatch loop that leads to system completion. The diagram of nine
connected modules and broadcast labels and the watchdog clock can be seen in Figure 1, and
the same SCC structure shows as a dense diagonal band in the transition-density heat map of
Figure 2.

Modular architecture and synchronisation points (16 states)

Fig. 1. Modular Architecture and Synchronisation Points

The 358 x 358 transition matrix is displayed as a heat map where pixel intensities
represent the probabilities of moving between global states during one step. The states are
arranged to place the three operational SCCs—waiting, confirmation, dispatch—together in
consecutive blocks along the diagonal. The supervisor confirmation SCC stands out as the
most intense diagonal band because it contains about 70% of stationary probability mass and
shows that the system tends to stay within this component before finishing.
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Transition-density heat map
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Fig. 2. Transition-Density Heat Map

Results

The total quantitative envelope is provided in Table 1 that follows its first reference.
All nondeterministic resolutions produce a probability of 1.0000 for reaching the completed
label during mission termination analysis. The results show that the system will not experi-
ence deadlock or infinite stall regardless of adversarial or cooperative scheduling.

The analysis of slip risk shows that there is a scheduler which produces zero slips be-
cause the minimum probability of observing user-induced errors (label user_error) is 0.0000.
Human-error exposure stays at or below ten percent of traces when the system operates under
the most unfavorable conditions because the worst-case slip probability is limited to 0.1000.
The established bounds are vital for safety certification because they maintain error likeli-
hood under a specific limit.

Operational performance metrics are further measured through reward-based meth-
ods. The number of slips before termination is expected to be 0.0000 with a process duration
of 21.0000 ticks in the best-case scheduling scenario but it increases to 2.10095 slips with
22.1095 ticks under the worst-case schedule. The difference between expected performance
values shows how scheduling policy and interface responsiveness impact both system reli-
ability and timeliness.

The internal confirmation loop generates most latency because only 4.95 % of ex-
ecutions meet the ten-tick service objective (P(F<10 completed) = 0.0495). The invariant
G(completed [1 —user_error) holds with probability one to ensure slips cannot occur after the
system reaches its terminal state. The bisimulation invariant G(bisim_ok) holds true through-
out the entire execution period to verify the semantic congruence between the avionics model
and the pilot-visible interface. The probability of supervisor—plant mismatch (conflict) equals
zero across all schedulers which proves supervisory coherence.

Table 1. Quantitative Results for the Baseline PTZ Model

Metric Metric Metric Metric
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P(F completed) {i‘l’envnable mission comple- 1.0000 1.0000
P(F user error) Risk of at least one slip 0.0000 0.1000
E[errors F completed] Expected sllptsi:;:fore comple- 0.0000
E[tim F completed] Expected ticks to completion 21.0000
P(F<10 completed) E’fi:i"n finishes within ten 0.0000 0.0495
nggfmpleted = US| post-completion safety 1.0000 1.0000
P(G bisim_ok) Plant—interface equivalence 1.0000 1.0000
P(F conflict) rsn‘giwis"r_plant disagree- 0.0000 0.0000

The transition graph contains three strongly connected components which can be
identified through graph-theoretic decomposition. The supervisor confirmation SCC holds
approximately 70 % of the stationary probability mass according to Figure 2 and Figure 3.
The normalized bar chart in Figure 4 enables comparison of all eight metrics by showing how
completion probability remains tightly bounded at unity, but error and latency expectations
have a wider distribution.

Probability flow

Fig. 3. Sankey Diagram of Probability Flow

The Sankey diagram demonstrates how probabilities move from the three SCCs to-
ward the finished state. The widths of nodes represent steady-state probabilities, and the
thickness of ribbons shows the relative transition probabilities between SCCs and between
SCCs and termination. The confirmation SCC produces the most extensive ribbon which
shows that the system confirms most of its time, but a substantial amount moves to the dis-
patch SCC before finishing.

Discussion

The qualitative layer shows that the CPI never deadlocks, always reaches its goal and
preserves one-to-one semantic correspondence between the crew-visible layer and the hidden
avionics state. Quantitative results, however, expose operational friction. The confirmation
SCC delays success even though the watchdog horizon is generous; reducing the supervisor
veto rate from one per cent to two per thousand would quadruple the probability of meeting
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the ten-tick objective without altering any proven invariants, because the affected parameter
appears only in reward formulas.

Probabilistic and reward metrics
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Fig. 4. Bar Chart of Probabilistic and Reward Metrics

Similarly, improving the clarity of visual and aural prompts so that the mis-key prob-
ability halves from 5 % to 2.5 % cuts the worst-case slip expectation to 1.05 while leaving
time metrics unchanged.

Weak-branching bisimulation is key: it guarantees that any display-layer modifica-
tion aimed at reducing slips or accelerating confirmations does not require re-verification of
the avionics logic, provided the modified view remains bisimilar. Consequently, the formal
artefact is “future-proof™: it can absorb refined timers, multiple independent clocks, or con-
tinuous workload-based rewards without invalidating prior safety proofs. Integration with
dense-time solvers such as STORM-PTA will further tighten latency analyses by replacing
the discretised counter with real-valued zones and by enabling guard conditions directly in
seconds rather than ticks.

Conclusion

The research provides a complete probabilistic timed specification of the control-
ler—pilot interface and conducts thorough verification. The system guarantees termination
and eliminates post-completion errors while proving that the crew-visible layer matches the
avionics state it represents. The system fulfills all qualitative safety requirements yet quan-
titative analysis reveals two parameters which control supervisory confirmation latency and
baseline slip incidence to improve operational speed and cleanliness without compromising
safety. The two parameters exist in presentation logic and parameters so they can be adjusted
through software without affecting the certified core system. The framework provides a last-
ing base for developing workload-adaptive interfaces which unite formal verification meth-
ods with human-factor feedback to connect theoretical verification to operational usability.
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Abstract. Incorporating Artificial Intelligence into medical imaging has
opened new avenues for addressing the longstanding challenge of class imbalance
within diagnostic datasets, most specifically in mammography, where malignant
examples are underrepresented. This work presents a GAN-based framework spe-
cifically designed for generating high-fidelity, low-population pathological classes
of synthetic mammography images, thereby enhancing the availability of data for
improving diagnostic model learning and generalization. The presented method com-
prises a dual-branch discriminator system, with one branch utilizing a DenseNet121
network pretrained on RadlmageNet dataset to extract domain-relevant features. A
Wasserstein GAN with Gradient Penalty (WGAN-GP) is utilized throughout the en-
tire framework to provide a stable mode for adversarial learning and address issues
such as mode collapse. The CBIS-DDSM dataset served as the basis for all exper-
iments carried out, and images were preprocessed for standardized dimensions and
further subjected to data augmentation methods for enhancing generalization. Real-
ism and diversity were evaluated for the synthetic images using quantitative measures
like the Kernel Inception Distance (KID), Fréchet Inception Distance (FID), Learned
Perceptual Image Patch Similarity (LPIPS), and Multi-Scale Structural Similarity
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(MS-SSIM). The results confirmed that the optimal balancing between realism and
diversity was realized using the value of the gradient penalty weight of A = 3.0 and
was the optimum across the remainder for the majority of the measures, with the
KID attaining 0.1765 and FID attaining 179.35 upon convergence. These results es-
tablish the value of incorporating radiology-focused pretrained models within GAN
structures and indicate how adjusting the gradient penalties facilitates balancing the
realism and diversity trade-off in synthetic medical imaging.

Keywords: Generative adversarial networks; medical image synthesis; mi-
nority class balancing; DenseNet121; WGAN-GP; image quality metrics; CBIS-
DDSM; RadlmageNet weights
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AHHOTanuUsi. MeUIMHAIBIK OelHeeyTre )KacaH bl MHTEUICKTIHI eHTI3y JIn-
ArHOCTHKAJIBIK JIEPEKTEP KUBIHTHIKTAPBIHJAFbl Y3aK YaKbIT OOMbBI IICHIUIMEH Keie
JKaTKaH CBIHBIN TEHCI3/IIT MOCENECiH IIenyTe )kaHa MYMKIHIKTep amThl. Ocipece,
KaTepJii ICIKTepAiH YITiepl )KETKITIKCI3 YChIHBIIFAaH MaMMoTpadus canacbiHaa Oy
©3€KTi. byJ1 )KYMBIC CHPEK Ke3/IeCeTiH MaTOJOTUSIIBIK ChIHBINTAP/IBIH HKOFaphl JOJI-
JIKT1 CHHTETUKAIIBIK MaMMoTpadusi OeiHeIepiH TeHepalysiayra apHaibl )KacaaraH

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
255 International License m



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

GAN-Heri31elTeH KYPhUIbIMJIBI YChIHA/IBI, COHBIH apKAChIH/Ia TMarHOCTHUKAJIBIK MO-
JeNbJACPAl OKBITY MEH >KaJMbLIAy/bl KaKCcapTy YIIIH JepeKTepAiH KODKETIMIUTI-
ri aptaapl. YCBHIHBUIFAH OJIIC €Ki TapMaKThl JUCKPUMHUHATOP >KYHECIHEH TYPaJbl,
oHBIH Oip Tapmarbl RadlmageNet nepexTep KMBIHTHIFBIHA AJJIBIH aja YHPETIITreH
DenseNetl121 sxemiciH KoJiJJaHA OTBIPBII, JOMEHIe KATBICThI €PEKIIeIIKTep i OOl
anaapl. bapneik KypbutbiM OoiibiHIa Wasserstein GAN Gradient Penalty (WGAN-
GP) omici KonmaHbLIaAbI, O KapChlac OKBITYAbI TYPAKTHI JKYPTi3ydi KaMTaMachl3
eTei xxoHe «mode collapse» CHAKTBI MoceneNepAiH aaablH alajbl. bapiblk ToXipH-
oenep CBIS-DDSM nepekTep )KUBIHTHIFBIHAA XKYPIi3UIi, OCiHEIep cTaHIapTTaIFaH
eJIIIeMIEPTe JACHIH aJlJIbIH ajla OHJICII1 )KOHE YKaJMbLIAy/Ibl KYIICHTY YIIIiH JepeKTep
ayrMEHTAIUSACHl 9MicTepiHe YIIbIparhlibl. CHHTETUKANIBIK OCHHENIep/IiH IITbIHAM-
bUTBIFBI MeH anyaH Typiairiri Kernel Inception Distance (KID), Fréchet Inception
Distance (FID), Learned Perceptual Image Patch Similarity (LPIPS) >xone Multi-
Scale Structural Similarity (MS-SSIM) cCHSIKTBI CaHIBIK ©JIIIEM/IEP apKBIIbI OaFaiaH-
16l HoTrokenep mbIHalbUTBIK TIEH OPTYPIIUTIKTIH OHTAMIIBI TeTe-TeHIIT TPaUeHTTIK
aupImmyIABIH A = 3.0 MOHIHJIE )KY3€Te aCKaHbBIH JKOHE KOIITEreH oJIeM/iep OOMbIHIIA
€H JKaKChl KepceTkim OepreHin pactaasl, myHaa KID 0.1765-ke, an FID 179.35-ke
XKeTTi. bysn HoTHKenep paauoorusra OareITTalFaH ajAblH ajla YHPETIIreH MOICITb-
nepai GAN KypbsUIbIMAapbIiHA €HTI3Y/IIH KYHIBUTBIFBIH KOPCETE Il )KOHE TPAJUCHTTIK
AUBIIIYJI MOHJICPIH PETTEY CHHTETHKAIBIK MEIUITMHAIIBIK OCHHENey/Ie TBIHANBIIBIK
TIeH SPTYPJILUIIK apachIHIAFbl TEMe-TEHAIKTI Ta0yFa MYMKIH/IIK O€peTiHIH alKbIH/1aii-
B
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AHHoTanusi. BHenpeHue TEXHOIOTUNH MCKYCCTBEHHOTO UHTEIJIEKTa B
MEAMIIMHCKYIO BU3YalIU3alMI0 OTKPHLUIO HOBBIE BOBMOKHOCTH JJIsl PEIICHUs TaBHEH
npobsieMbl TrcOaliaHca KJIaccoB B IMAarHOCTUYECKUX HAOOpaxX JaHHBIX, B YACTHOCTH
B Mammorpaduu, rie 3J0Ka4eCTBEHHBIE MPUMEPbl OKAa3bIBAIOTCS HEIOCTATOYHO
npe/cTaBlICHHBIMU. B nanHoi paboTte npeanaraercs apxutektypa Ha ocHoBe GAN,
CHelHalbHO pa3paboTaHHas ISl TEHEepalul CHHTETHMYECKUX MaMMOTrpapuuecKux
U300paKeHU MaTONOTUH C MaJlOUMCICHHBIMU BBIOOPKAMH IPH COXPAHEHUU HX
BBICOKON JTOCTOBEPHOCTH, YTO MO3BOJIAET PACIIUPUTH O0BEM JaHHBIX M MOBBICUTH
3¢ pexTUBHOCTE 00y4YeHUs W O0O0O0OIIAIIYI0 CIIOCOOHOCTh JUArHOCTHYECKHX
mojenei. [IpennokeHHbIH METOJ BKIIOYAET CUCTEMY TUCKPUMHHATOPOB U3 JBYX
BETBEH, I'ic OJJHAa M3 BETBEW Mcmoib3yeT ceTh DenseNetl21, mpenoOyueHHyo Ha
Habope nanubix RadlmageNet, 11 n3BieueHs pejeBaHTHBIX IOMEHHBIX TPU3HAKOB.
B pamkax Bceil apxutekTypbl npumensiercss Wasserstein GAN ¢ rpaiueHTHBIM
mrpapom (WGAN-GP), uto obecreynBaeT YCTOHYMBBIN PEXXHM COCTSA3aTEIBHOTO
00y4eHus ¥ TI03BOJISIET N30eKaTh TaKUX Mpo0sIeM, Kak Koymanc Mo, [1is npoBeneHust
AKCTIEPUMEHTOB Hcmojib3oBanics natacer CBIS-DDSM, wuzo0paxkeHuss KOTOPOTO
OBLIH TPeBAPUTEIHLHO HOPMHUPOBAHBI 110 pa3Mepy U JTOMOTHUTENBHO TOIBEPTHYTHI
METOJlaM ayrMEHTallud JaHHBIX /I TOBBIIIEHHS 0000Iaoneil cnocooHoCTH
Mmojneneil. PeamucTuyHOCT, U pa3HOOOpa3We CHHTETHYECKHX HM300paskeHui
OILICHUBAJIUCh C TOMOIIbI0 KonnyecTBeHHBbIX MeTpuk: Kernel Inception Distance
(KID), Fréchet Inception Distance (FID), Learned Perceptual Image Patch Similarity
(LPIPS) m Multi-Scale Structural Similarity (MS-SSIM). PesynbTaThl mokasaiu,
YTO ONTHMAaJbHOE COOTHOLIEHHE MEXAY PpEaJTUCTHYHOCTBIO M pa3zHOOOpazueM
JOCTUTAeTCs MPH 3HAUEHUU Beca rpagueHTHoro mrpada A = 3.0, KoTopoe okazaiaoch
HanOosee 3ppekTHBHBIM 110 60BIIMHCTBY MeTpHK. [Ipu a3Tom KID coctaBui 0.1765,
a FID — 179.35 na nstane cxoaumocTu. llonydeHHble NaHHBIE MOATBEPKIAIOT
[EHHOCTh HUCIOJb30BaHUSl MPeJ0oOyUYEeHHBIX Ha PaJHOJIOTHYECKHX H300paKeHMSIX
Mmojnerneil B apxutektypax GAN, a Takke JEMOHCTPUPYIOT, YTO KOPPEKTHPOBKA
napaMeTpoB I'PAJUEHTHOTO MITpada Mo3BOJISIET HAXOIUTH OaTaHC MEXTY peau3MOM
U pazHooOpa3ueM Npu reHepaluil CHHTETUYECKIX MEAUIIMHCKUX N300paXeHHi.
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KonguaukT mHTepecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
HMHTEPECOB.

Introduction

The integration of artificial intelligence (Al) in medical imaging has signifi-
cantly enhanced computer-aided diagnosis (CAD) schemes. Some of the most en-
couraging recent developments are Generative Adversarial Networks (GANs), whose
potential has been confirmed for generating realistic medical images. Such synthetic
images offer a solution to the traditional problem of class imbalance in medical da-
tabases, where rare pathological conditions are often underrepresented. This impairs
diagnosis model performance and generalizability, as there are insufficient minority
class samples to guide deep learning schemes for discerning sparse but clinically
relevant conditions (Sechopoulos, 2020; Goodfellow, 2014). Balancing datasets with
synthetic, high-quality images of underrepresented pathologies has been shown to
enhance both the robustness and accuracy of CAD systems.

Despite the ever-growing corpus of research exploring GAN-based medical
image synthesis, several limitations persist unresolved. Existing methodologies are
often presented with structural inflexibility and fail to achieve the optimal results for
the task of synthesizing images of rare pathologies. Moreover, comparatively few
methodologies employ pretrained backbones to ensure that results produced are com-
pared against clinically significant features, and they do not all equally apply general
quality metrics for examining image diversity and realism beyond visual observation
(Ryspayeva, 2024; Negi, 2020; Haq, 2023; Shah, 2024).

A significant weakness of typical GAN pipelines is to use ImageNet-pre-
trained networks (e.g., VGG19) for feature extraction and perceptual loss (Guan,
2019; Chaudhury, 2023). As great as these networks are for natural image domains,
they are not sufficient for radiologic images due to the intrinsic differences between
medical and natural images in terms of texture, contrast, and structural content. To
overcome the weakness of ImageNet pretraining for medical use cases, Mei et al.
(Met, 2022) introduced RadlmageNet, a large-scale radiologic image database com-
prising over 1.3 million grayscale CT, MRI, and ultrasonography images. Radlma-
geNet-pretrained models have outperformed ImageNet-pretrained models on numer-
ous medical classification tasks, such as bone age estimation, pneumonia, ACL tear,
and COVID-19 classification. Nevertheless, RadlmageNet has several known weak-
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nesses, including decreased image resolution, single-label annotation, and decreased
class taxonomy.

Papers have also started evaluating the capacity of RadlmageNet-pretrained
networks, most significantly for breast imaging. Kassahun et al. (Kassahun, 2024),
for example, combined DenseNetl121, initialized from RadlmageNet weights, into
an OPTIMAM mammography database two-stage detection and classification frame-
work. Their RadlmageNet-pretrained YOLOv5m achieved 0.718 mAP@0.5 and 0.97
TPR for an FPPI of 0.85, outperforming transformers and other variants of YOLO.
Although VGG-16 slightly underperformed in classification results, it exhibited per-
fect generalization for class imbalance. In related work, Remzan et al. (Remzan,
2024) compared RadlmageNet and ImageNet weights for binary classifiers of breast
cancer using ResNet50, DenseNet121, and EfficientNetBO based on ultrasonography
images. RadlmageNet surpassed ImageNet for all evaluation measures in all events,
wherein ResNet50 achieved 0.936 AUC and 0.89 accuracy, more than conclusively
establishing the benefits of pretraining for a domain.

Related work also includes Zhu et al. (Zhu, 2024), who employed Radlma-
geNet-pretrained CNNs under deep learning radiomics (DLR) models for classifying
receptor status (ER, PR, HER2) and nuclear grade for ductal carcinoma in situ (DCIS).
They achieved higher AUCs than ImageNet baselines, particularly for HER2+ and
PR+ classification, but their performance was limited due to the class imbalance in
the dataset. Nehary et al. (Nehary, 2023) also assessed the weights of RadlmageNet
and ImageNet for several CNN architectures as classifiers of COVID-19 from lung
ultrasound videos. While ImageNet-pretrained networks exhibited better performance
for frame-based ResNet50 and DenseNetl121 classification, RadlmageNet-based In-
ception models demonstrated better-performing video-level results based on random
and non-adjacent frame selection strategies, which exhibit architecture-specific ad-
vantages.

While RadlmageNet has been effective for classification, applying Radlma-
geNet to medical image synthesis remains underexplored. Current GAN-organized
models have not examined RadlmageNet backbones for increased fidelity and clinical
validity of artificially created medical images. This is an area of significant shortfall,
as RadlmageNet-matched features have the potential to maximize GAN performance
for radiologic applications.

This work fills the gap by providing a GAN method for medical image syn-
thesis, specifically targeting underrepresented pathological classes in mammography
using RadlmageNet weights and Transfer Learning. It has individual modules for
preprocessing, generator, discriminator, training, and quality evaluation. Incorpora-
tion of RadlmageNet weights makes the proposed approach original. RadImageNet
weights are integrated into the discriminator as part of an otherwise frozen DenseN-
etl21 network, allowing for a clinically informed feature space that is better suited
to medical imaging morphology than ImageNet weights. This approach enables the
more accurate extraction of subtle pathological features, thereby producing synthetic
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images that are more clinically realistic and relevant for diagnosis.

Stable training is achieved by applying the Wasserstein GAN with Gradient
Penalty (WGAN-GP) framework (Arjovsky, 2017). The synthetic images are ob-
jectively evaluated using available measures, including Kernel Inception Distance
(KID) (Binkowski, 2018), Fréchet Inception Distance (FID) (Heusel, 2017), Learned
Perceptual Image Patch Similarity (LPIPS) (Zhang, 2018), and Multi-Scale Structural
Similarity Index (MS-SSIM) (Wang, 2004). These measures collectively consider
both the fidelity and diversity of the output being generated.

Methods and Materials

Dataset

The methodology began with the pre-processing of the Curated Breast Im-
aging Subset of the Digital Database for Screening Mammography (CBIS-DDSM),
which consisted of mammography images of neoplasms and calcifications (Saw-
yer-Lee, 2019) (Fig. 1 a, b). All images were resized to 224x224 uniform pixels using
bicubic interpolation. Pixel values were normalized to the range of [-1, 1] and saved
as PNG files. There are two classes: benign (0) and malignant (1) as class labels. The
stratified sampling method-maintained class balance while distributing the images
between training sets (80 %) and test sets (20 %). 718 images presented as benign
cases, and 509 as malignant cases. For the generalizability of the data, augmentation
processes such as horizontal flipping, random cropping, and Gaussian noise injection
were applied. Since the CBIS-DDSM is publicly available and fully anonymized,
ethical approval of the study was not necessary.

Fig. 1. Visual comparison of benign (a) and malignant (b) mammography samples from the CBIS-DDSM
dataset

GAN Architecture Overview

The approach presented in this paper provides a GAN architecture specifically
intended for creating medical images from minority pathological classes (Ryspayeva,
2023, Ryspayeva, 2025). The system has five modules: preprocessing, generator, dis-
criminator, training, and evaluation. Each module has a special role and is responsible
for the flexibility, adaptability, and clinical usefulness of the resultant images (Fig. 2).

The Data Preprocessing Module (Fig. 2a) prepares medical imaging dataset
for GAN training through the following steps:
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- Loading and normalization: raw grayscale images are loaded and normalized
to a consistent intensity distribution to facilitate stable training.

- Resizing: all images are resized to a standardized resolution of 224x224
pixels to ensure uniform input dimensions across the pipeline.

- Channel expansion: the pre-trained networks usually input three channels;
the single-channel mammographic images are converted into three equal channels.

- Augmentation: data augmentation methods such as flipping, rotation, and
contrast alteration enhance the variability within the dataset and minimize overfitting.

- Filter class selection: to handle class imbalance issues, a filter step separates
rare pathological instances (minority classes), allowing targeted generation during
training time.

The Generator Module (Fig. 2b) aims to synthesize a real medical image of
size 224x224 from a latent noise vector. It is given a latent vector of dimensionali-
ty equal to 100 as a random variable from a standard Gaussian distribution and fed
through the subsequent pipeline (Fig. 3):

1. A Dense layer and a subsequent Reshape operation to create an initial
7x7x%256 feature map.

2. A series of Conv2DTranspose blocks (each followed by Batch Normaliza-
tion and LeakyReLU activation function) increasingly upscale the feature maps to
higher resolutions (14x14, 28x28, ..., 224x224).

3. The last Conv2DTranspose layer has a Tanh activation function that gives
the resultant image in the normalized range [—1,1].

b)
Generator
Conv2DTranspose, upsampling,
Batch Normalization, Tanh
activation

a) d)
Training -
Data Preprocessing WGAN-GP with gradient penalty e) Evaluation
loading, image normalization, and alternating training of the KID,
resizing, channel expansion, discriminator and gencrator FID,
augmentation, selection of target C) follO\f-'u..lg_ the Ncrmc_—S sch.eme. MS-SSTM,
(minority) classes. . Optimizer: Adam with weight LPIPS
. Discriminator decay.
Two parallel branches:
the Ist branch consists of

convolutional layers; [
— the 2nd branch is a pre-trained
DenseNetl21 module truncated at
the conv3_block4_concat layer,
with frozen weights.

Fig. 2. Overview of the proposed GAN-based synthetic medical image generation architecture. The pipeline
includes (a) data preprocessing, (b) a generator with Conv2DTranspose layers, (c) a dual-branch discriminator
incorporating a pre-trained DenseNet121, (d) a WGAN-GP training strategy with alternating updates, and (e) a

multi-metric evaluation using KID, FID, MS-SSIM, and LPIPS

The architecture enables smooth gradient flow and high-fidelity generation
through progressive refinement and regularization, utilizing batch normalization.
The Discriminator Module (Fig. 2¢) is designed to enhance the assessment of
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image authenticity by leveraging two complementary branches (Fig. 4):

Convolutional Branch (1st Branch): A traditional CNN takes the input image
through a series of Conv2D, Residual Blocks, and LeakyReLU layers to extract spa-
tial features hierarchically. The Convolutional Branch extracts texture and structural
details related to real/synthetic discrimination.

Diagnostic Branch (2nd Branch): A pre-trained DenseNet121 model is ad-
opted to extract domain-related low- and mid-level features applicable for medical
diagnosis, which are truncated at the conv3 block4 concat layer and fixed during the
training phase.

The feature vectors from both branches are flattened and concatenated to form
a combined representation. A fully connected layer then produces a scalar output in
the range [0, 1], indicating the probability that the input image is real.

Training Procedure

The training process of the proposed GAN-based framework (Fig. 2d) follows
the Wasserstein GAN with Gradient Penalty (WGAN-GP) formulation to ensure sta-
ble convergence and mitigate common training instabilities, such as mode collapse.
As a critic, the discriminator is trained to approximate the Wasserstein distance be-
tween the real and generated image distributions. To enforce the Lipschitz continuity
condition, a gradient penalty is applied to interpolated samples, which penalizes de-
viations of the gradient norm from unity. This regularization technique contributes to
smoother optimization and more stable generator updates (Arjovsky, 2017).

The training loop alternates the update strategy, updating the discriminator
five times for every generator update (Ncritic = 5). This keeps the discriminator as a
strong evaluator, providing relevant feedback in the early and middle phases of train-
ing. The networks are optimized by the Adam optimizer with a learning rate decay
schedule to promote long-term convergence and reduce oscillations in the final phase
of training.

. Latent noise vector z \:I Conv2DTranspose
D Dense . BatchNormalization

. Reshape . LeakyRelLU

I
—

100 256 256 i

e
ik v i 2

7 14 A

Fig. 3. The generator architecture used in the proposed model. The model inputs a 100-dimensional
latent vector z and feeds it through a Dense + Reshape layer followed by multiple Conv2DTranspose blocks
with the addition of Batch Normalization and LeakyReLU. The final output is a Tanh-activated image of size

224x224

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
[@“m International License 262



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

The 2nd branchl

D Input layer . Flatten
I:‘ Conv2D . Concatenate
D Residual Block D conv3_blockd_concat

. Lambda

401604

D E==—o

The 1% branch ‘f

Fig. 4. Structure of the dual-branch discriminator module. The bottom first branch is a custom CNN
comprising Conv2D and Residual Blocks. The flattened responses are combined and passed through a fully con-
nected layer to discriminate images as real or fake. The top second branch embeds a pre-trained DenseNet121
model cut at the layer of conv3_block4 concat with frozen weights.

Evaluation Metrics

A multi-metric test protocol is used to quantitatively evaluate the realism and
variety of the synthesized images (Fig. 2, e). As the first evaluation metric, the KID
provides an unbiased estimate of the similarity between real and synthetic data dis-
tributions (Binkowski, 2018). The FID is a secondary distributional similarity metric
based on the statistics of the deep features (Heusel, 2017). Additionally, MS-SSIM
and LPIPS are employed for visual and perceptual quality evaluation (Zhang, 2018;
Wang, 2004). This union of training methods and evaluation criteria guarantees not
only the visual realism of the acquired images but also their diagnostic plausibility
and architectural soundness, prerequisites for their later use in the clinic. The research
employs “real-fake” and “fake—fake” types of LPIPS and MS-SSIM measures. Real—
fake analysis refers to the comparison between synthetic images and natural samples
based on perceived as well as structural similarity, where image fidelity is represent-
ed. In contrast, the fake—fake comparison measures the diversity among generated
samples, indicating whether the generator avoids mode collapse and captures a wide
range of pathological variations.

Experiments and results

Extensive training experiments were conducted on the CBIS-DDSM dataset
over 1000 epochs. The influence of the gradient penalty weight (A) in the WGAN-
GP training was evaluated at three levels: A = 0.5 (weak penalty), A = 3.0 (moderate
penalty), and A = 5.0 (substantial penalty). These values were selected to explore the
impact of the gradient penalty on the stability and diversity of image generation, in
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line with prior empirical observations (Ryspayeva, 2023; Ryspayeva, 2024).

For each A configuration, quantitative evaluation metrics were recorded every
100 epochs. A total of six metrics were used to assess both the fidelity and diversity
of the generated images: KID, FID, LPIPS (real-fake), LPIPS (fake—fake), MS-SSIM
(real-fake), MS-SSIM (fake—fake)

The results for each A are summarized in Tables 1-3 and visualized in Fig. 5.

Results for 1 = 0.5. Table 1 shows the quantitative evaluation metrics of A
= 0.5. In training, FID and KID values decreased gradually, indicating incremen-
tal improvements in the fidelity of synthesized images. The minimum value of KID
was achieved 0.1793 at epoch 1000, and the FID was 180.00. The LPIPS (real-fake)
metric converged below 0.29, while LPIPS (fake—fake) and MS-SSIM (fake—fake)
remained relatively stable, indicating moderate diversity.

Table 1. Evaluation Metrics for A = 0.5

Epoch | KID | FID| LPIPS LPIPS MS-SSIM | MS-SSIM fake-
real-fake| fake-fake? | real-fake| faket
100 0.4262 333.04 0.7677 0.1848 0.3744 0.5684
200 0.3217 272.80 0.3710 0.2718 0.5571 0.5348
300 0.2495 228.40 0.3046 0.2767 0.5702 0.5326
400 0.2188 208.20 0.2836 0.2712 0.5729 0.5498
500 0.2117 203.39 0.2770 0.2684 0.5775 0.5444
600 0.2009 195.60 0.2845 0.2799 0.5634 0.5318
700 0.1952 190.20 0.2719 0.2658 0.5795 0.5566
800 0.1886 185.67 0.2770 0.2587 0.5721 0.5671
900 0.1801 181.38 0.2769 0.2718 0.5686 0.5467
1000 0.1793 180.00 0.2732 0.2698 0.5776 0.5539

Results for A = 3.0. Table 2 presents the metrics obtained for A = 3.0. The best
fidelity scores were achieved across all configurations with this setting. At epoch
1000, the lowest KID was recorded at 0.1765 and FID at 179.35.

The LPIPS (real-fake) stabilized below 0.29, while the LPIPS (fake—fake)
and MS-SSIM (fake—fake) showed balanced diversity among the generated samples.

Table 2. Evaluation Metrics for A = 3.0

Epoch | KID | FID | LPIPS re- LPIPS fake- | MS- MS-
al-fake | fake 1 SSIM SSIM
real-fake | fake-
l fake 1
100 0.4897 365.74 0.6222 0.2536 0.4928 0.5058
200 0.2956 258.2 0.372 0.2626 0.5546 0.5607
300 0.2348 221.29 0.3086 0.2675 0.5711 0.5531
400 0.2229 212.38 0.2832 0.267 0.585 0.5525
500 0.2027 198.58 0.2805 0.2698 0.5708 0.5448
600 0.2069 200.5 0.2897 0.2803 0.5548 0.5225
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700 0.1951 193.06 0.2779 0.264 0.5695 | 0.5597
800 0.189 189.33 0.2756 0.2618 0.5696 | 0.551

900 0.1891 188.81 0.2799 0.2894 0.5648 | 0.5181
1000 0.1765 179.35 0.2864 0.2733 0.5599 | 0.5565

Results for 4 = 5.0. Table 3 summarizes the evaluation results for A = 5.0.
Although the KID and FID values were slightly higher than for A = 3.0, this config-
uration achieved the highest LPIPS (fake—fake) and lowest MS-SSIM (fake—fake),
indicating increased diversity among the generated samples. At epoch 1000, KID
was 0.1913 and FID was 191.15.

Table 3. Evaluation Metrics for A = 5.0

Epoch KID | FID | LPIPS LPIPS MS- MS-SSIM

real-fake | | fake-fake | SSIM fake-fake 1

1 real-fake
!

100 0.4805 362.75 0.6411 0.3081 0.4474 0.4417
200 0.3277 276.8 0.3709 0.2826 0.5376 0.5215
300 0.2421 22421 0.3054 0.277 0.5605 0.5294
400 0.2385 222.18 0.2971 0.2833 0.5589 0.5275
500 0.2223 210.17 0.2797 0.2719 0.5802 0.5423
600 0.2092 203.92 0.2768 0.2624 0.5754 0.556
700 0.2113 202.1 0.2747 0.2666 0.5778 0.5479
800 0.1928 194.16 0.272 0.2553 0.5865 0.5824
900 0.1991 194.42 0.2729 0.2781 0.5796 0.5319
1000 0.1913 191.15 0.2758 0.2648 0.5769 0.5581

Metric Evolution Across Configurations

Fig. 5 illustrates the evolution of the metrics over the training epochs for all
three A configurations. The results show:

- KID and FID consistently decreased across all settings (Fig. 5 a, b).

- LPIPS (real-fake) values converged below 0.29 and MS-SSIM (real-fake)
stabilized around 0.57 across all A (Fig. 5 ¢, e).

- A = 5.0 yielded the highest LPIPS (fake—fake) and lowest MS-SSIM (fake—
fake), reflecting enhanced sample diversity (Fig. 5 d, f).

- A = 3.0 produced the lowest KID and FID, indicating the best trade-off be-
tween fidelity and diversity.

Fig. 6 illustrates the progressive improvement in image quality with increas-
ing epochs. Starting with random noise, the generator progressively updates the out-
put that produces synthetic mammograms with natural and realistic anatomy. This
qualitative advancement aligns with the model’s ability to learn informative abstrac-
tions for breast tissue and the enhancements noted in numerical measures, such as
FID and KID.

Discussion

This research examined the influence of gradient penalty strength within a
WGAN-GP framework, augmented by a RadlmageNet-pretrained DenseNet121 dis-
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criminator, for synthesizing mammography images of sparse pathological classes.
Experiment results indicate that the A = 3.0 setting is consistently better than other
settings, as measured along the fidelity and structural realism dimensions. This is in
line with existing literature on GANs, which theorizes that moderately sized gradi-
ent penalties can stabilize training without compromising the generator’s flexibili-
ty, which is necessary for exploring the latent space (Ryspayeva, 2023; Ryspayeva,
2024). Improved performance for A = 3.0 can arguably be attributed to its balance be-
tween the strength of critic feedback and the adaptive nature of the generator, which
enables iteratively optimizing its output. This leads to images with better statistical as
well as structural correspondence to accurate mammography data.

a) KID vs Epochs for Different A Values b) 375 FID vs Epochs for Different A Values
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Fig. 5. Quantitative evaluation of generated image quality over training epochs for three different
gradient penalty weights (A = 0.5, 3.0, 5.0). The plots show the evolution of: (a) KID, (b) FID, (c) LPIPS
between real and fake samples, (d) LPIPS among fake samples, (¢) MS-SSIM between real and fake samples,
and (f) MS-SSIM among fake samples. Lower KID, FID, and LPIPS (real-fake) values indicate higher realism
and fidelity, while higher LPIPS (fake-fake) and lower MS-SSIM (fake-fake) indicate greater diversity among
generated images.
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Fig. 6. Progressive synthesis of mammography images across training epochs from 1 to 1000 with step
of 100. Each row shows the evolution from random noise in epoch 1 to realistic breast structures in 1000 epoch
forA=0.5, 3.0, 5.0.

Additionally, incorporating domain-specific =~ RadlmageNet-pretrained
DenseNetl21 into the discriminator helped steer the generator toward outcomes
that better match clinically relevant structures. Prior literature (Mei, 2022; Nehary,
2023) indicated the value of medical-specific feature spaces for classifying problems;
the current research extends those conclusions into the realm of generative models,
demonstrating that such domain alignment is helpful for the discriminator to steer
adversarial training more toward realistic outcomes.

The results also shed light on the trade-offs under A control. While A = 3.0 is
the balance that maximizes between realism and diversity, A = 5.0 is preferential for
diversity, which could have applications where data manifolds are of most interest or
where robustness of classifiers is desired under varied augmentation. For comparison,
A = 0.5 achieves relatively better perceptual similarity to ground-real images in early
epochs but sacrifices diversity and fidelity over longer training, as the theory dictates
that the gradient penalty is too feeble to sustain an effective discriminator.

Our findings show that A needs to be selected conditionally. For augmentation
for diagnosis where realism is highest, A = 3.0 is most appropriate. For other applica-
tions where broader coverage of the data distribution is required, for outlier detection
or for checking robustness, A = 5.0 could be the preferred value. These findings con-
tribute to the broader body of knowledge on the impact of gradient penalties on GAN
performance in medical imaging environments.

Here, the quantitative metrics used i.e., KID, FID, LPIPS, and MS-SSIM pro-
vide an overall estimate of fidelity and diversity. As is customary in literature, lower
values of KID and FID signify a closer proximity to the actual distributions of data,
while LPIPS and MS-SSIM offer nuanced perspectives on the perceptual quality and
diversity of samples. The observation that A = 3.0 yields the minimum of the mea-
sures of KID and FID, while still maintaining good diversity, is an indicator of its
applicability for generating clinically realistic synthetic datasets.

Several limitations have to be noted. Firstly, the study is conducted only on
the set of CBIS-DDSM and is for binary classification (malignant or benign only).
The generalizability of results to other sets or higher diagnosis levels is planned as
a future work. Secondly, only quantitative measures have been employed to assess
the clinical validity of compounded images when expert radiological evaluation, as
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required for ascertaining the confirmatory diagnostic usefulness, is absent. Thirdly,
the architecture is currently limited to 2D imaging modalities, and the exploration of
3D contexts is still ongoing.

Conclusion

This study investigated the impact of different gradient penalty weights with-
in a WGAN-GP framework incorporating a RadlmageNet-pretrained DenseNet121
discriminator for synthetic mammography image generation. The experimental find-
ings demonstrate that the configuration with A = 3.0 consistently outperforms other
settings in most evaluation metrics, achieving the best balance between structural
realism, perceptual similarity, and diversity of generated images. This configuration
yielded the lowest KID (0.1765) and FID, indicating optimal fidelity to real medical
data while maintaining sufficient diversity.

While A = 5.0 achieved greater diversity through higher LPIPS (fake—fake)
and lower MS-SSIM (fake—fake), this came at the cost of reduced fidelity. This set-
ting may be beneficial for applications requiring broad data coverage or robustness
testing. Conversely, A = 0.5 offered slightly better perceptual similarity (LPIPS real—
fake) in early epochs but consistently underperformed in overall fidelity and diversity,
making it more suited for tasks prioritizing visual realism over variability.

The integration of RadlmageNet-based features within the discriminator
proved effective in steering adversarial training towards more clinically realistic out-
puts, enhancing both visual authenticity and diagnostic plausibility.

These results emphasize that the gradient penalty parameter A controls a crit-
ical trade-off between fidelity and diversity: A = 3.0 is optimal for diagnosis-oriented
augmentation; A = 0.5 is suitable for tasks prioritizing perceptual realism; A = 5.0
favors diversity and is appropriate for scenarios involving model generalization or
outlier detection.

Despite these positive findings, this study is limited to the CBIS-DDSM data-
set and binary classification tasks. Future work will focus on expanding the framework
to conditional GAN architectures utilizing lesion annotations or BI-RADS scores for
class-specific image generation, extending the method to 3D imaging modalities such
as breast tomosynthesis or MRI, and incorporating radiologist assessment for validat-
ing the clinical relevance of the generated images.
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Abstract. In this study, the necessary theoretical foundation is based on Can-

tor’s set theory. First, the inequality NP = P g established using Theorem1 for arbi-
trary finite sets, thereby substantiating the existence of exponential-time algorithms

for the NP class. Second, the equality NP = P 5 demonstrated based on the proposed
Theorem2, which provides a method for comparing the cardinalities of different sets
and has significant practical implications, thereby proving the existence of polynomi-
al-time algorithms for NP-complete problems. Furthermore, reduction methods are
proposed for several NP-complete problems, including the subset sum problem for
natural numbers, the partition problem, the independent set problem of size k, and
the k- vertex cover problem, all of which are reduced to the NP-complete subset sum
problem. Finally, P. Kopanov’s counterexample, which addresses a specific instance
of the NP-complete partition problem by generating Bernoulli-distributed random
variables, is analyzed. However, this counterexample does not constitute a rigorous
proof of the inequality between these complexity classes.
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AHHOTanus1. by )KymMbIcTa KaXKETTI TEOPUSIIBIK MaTepuas KaHTop »KubIHIap
TEOpUsChIHA Heri3aenreH. bipiHimifeH, Ke3 KelareH MIeKTey Il KubIHaap yurid 1-te-
opema Heri3iHae NP#P chIHBIITapBIHBIH TEHCI3AITT JoenaeH i, ocbutaiima NP chi-
HBIOBI YIIIIH SKCITOHEHITHAJIBI aITOpUTMIEePAiH O0ap Ooysl HeriznenreH. ExinmmiieH,
OPTYPJIi KUBIHAAP/BIH KYIITEPIH CAJIBICTBIPATBIH 2-TeopeMa Heriziae NP=P chI-
HBITITAPBIHBIH TEHIT1 T9JIeNIeH/ 1, Oy Konman0ansl MaHbI3bI Oap xxoHe NP-complete
TarchlpMaliapbl YIIIH MOJUHOM/IBI alrOpUTMAEPAiH Oap OonmysiH Herizaeil. Con-
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naif-ak, TaOWFU CaHIAPIbIH KOCHIMINA >KUBIHAAPBIHBIH KOCBIHABICHI Typasbl NP-
complete TarceIpMaiapbiH, JKUBIHIBI €Ki KUBIHFA Oy (partition problem), Toyen-
ci3 xwublH (independent set) KyITiH & »oHe k-I1TbI IILIHBIHBIH KaOBIHBI (Vertex cover)
Typasnbel NP-complete KochIMIlla >KUBIHAAPHI TalChIPMAchlHA TYPJICHIIPY OAiCTEpi
ycebinbutFad. 1. KormanoBThIH bepHyIn Ke31eiCcoK ailHbIMaIbUIApbIH TeHepalusiiay
apKBLIBI KOCBIHJIBICHI TEH €Ki JKUBIHJIBI 001y Typassl HakTel NP-complete Tarceipma-
CBIH IICMIETIH KOHTPMBICATBI KApaCTHIPBUIFAH XKOHE OJI OCHI CHIHBIITAPIBIH TCHCI3Ti-
T1H JQNIETACHTIH KaTaH el eMec.

Tyiiin ce3nep: P xnacer, NP knacer, NP-complete kimachel, »uHakK, KOChIMIIA
KUHAK, KyaT, yaKbIT, KeHICTIK, €CENTENICTIH/IIK, TeH KyaTThUIbIK, JIno(aHTThIH TeH 1e-
yi, aJITOPUTM
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AnHoTanusi. B naHHON paboTe HEOOXOAMMBIA TEOPETHUECKHN MaTepual
Oasupyetcs Ha Teopuu MHOXkecTB KaHTopa. Bo-mepBbIX, 10Ka3aHO HEpaBEHCTBO
KJIACCOB Ha OCHOBE TEOpEeMbIl i MPOU3BOJIBHBIX KOHEYHBIX MHOXKECTB U TEM
caMbIM OOOCHOBAHO CYIIIECTBOBAHUE HKCIIOHEHIIMAIBHBIX alTOPUTMOB JJIsl Kjacca
, BO-BTOPBIX, JI0KAa3aHO PaBEHCTBO KJIacCOB Ha 0a3e MpeasoKeHHOM TeopeMbI2
CPaBHEHMSI MOIIHOCTEH pPa3HBIX MHOXECTB, UMEIOIICH MPUKIAJAHYI0 3HAYUMOCTb,
U 000CHOBAHO CYIIECTBOBAaHWE IMOJMHOMHAIBHBIX anroputmoB ansi NP-complete
3anad. [Ipennoxxensl MmeToasl cBeneHust NP-complete 3a1a4 o cymMMe o IMHOKECTBA
HATypaJIbHBIX YHCEII, 0 PA30MEHUY MHOKECTBA Ha JIBa TIOIMHOXKECTBA (partition prob-
lem), o He3aBucuMom MHOkecTBe (independent set) MOIITHOCTH k ¥ O k-BEPIIMHHOM
nokpeiTiH (vertex cover) k NP-complete 3amaue o cymme moaMHoKecTBa (subset
sum). Paccmotpen xortprpumep I1. Komanosa, pemaromnuii konkpetHyro NP-com-
plete 3amauy o pa30ueHNH MHOKECTBA Ha JIBa MIOJJMHOXKECTBA C PAaBHBIMH CyMMaMH
OpU TEHepaluH CIy4YalHbIX BeIMYMH bBepHynnu, U OHO He SBIAETCS CTPOTUM
J0Ka3aTebCTBOM HEPABEHCTBA ATHX KIIACCOB.

KuroueBnbie ciioBa: kiacc P, kimacc NP, kmacc  NP-complete, mHOXecTBoO,
MOJIMHOXECTBO, MOIIIHOCTh, BpEMsi, IPOCTPAHCTBO, CYETHOCTh, PABHOMOIIHOCTb,
nuadaHTOBO YpaBHEHHE, aJTOPUTM

Jast umrupoBanusi: b. Cunues, A. Cunues, H. baxtrepeiiyisi, A. MyxaHoBa.
Pazpemmmocts nipoGiemsl ThicsueneTus P mporue NP//MexayHapoaHbIi sKypHAT
HH()OPMAITMOHHBIX M KOMMYHHKAIMOHHBIX TexHojorui. 2025. T. 6. No. 23. Crp.
270-277. (Ha anr.). https://doi.org/10.54309/1JICT.2025.23.3.016.

Kondaukr uHTepecoB: aBTOpHI 3asABIAIOT 00 OTCYTCTBUHM KOH(QIMKTA
UHTEPECOB.

Introduction

In 1971, S. Cook (Cook, 1971, 151-158) formulated the P vs NP problem,
revealing that within the NP class, there exist the “most difficult” NP-complete prob-
lems — those to which all NP problems can be reduced. He demonstrated NP-com-
pleteness for Boolean satisfiability problems. In 1972, R. Karp (Cobham, 1964: 24—
30) established NP-completeness for 21 problems. Similar questions had previously
been explored in the works of Cobham and Edmonds (Egmonds, 1965: 449467,
Karp, 1972: 85-103).

Currently, there are over 3,000 known NP-complete problems, requiring a
detailed analysis of the time and space complexity of solution algorithms. This leads
to the following challenges:

o IFNP# Pt s necessary to identify a non-polynomial (exponential or pseu-
do-polynomial) problem among NP-complete problems.;

e If P=NP: it is necessary to find a polynomial-time solvable problem among
NP-complete problems.

Numerous attempts have been made to prove or disprove this millennium
problem in various studies (Peter Kopanov; Vinay, 2010; Anand, 2008) and others.
This work is dedicated to addressing the P vs NP millennium problem.

P vs NP Problem Statement
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The core of the problem is whether an algorithm that can quickly verify a giv-
en solution for all problems (i.e., in polynomial time) can also efficiently find such a
solution. Since the first condition defines the class of problems known as NP and the
second defines P, the question reduces to whether all problems in NP also belong to P.
This is widely regarded as one of the most significant open problems in math-
ematics and theoretical computer science, with profound scientific and practical im-
plications. Initially, we consider S. Cook’s problem concerning the equality or in-
equality of the NP and P classes.
e Problem 1: The decidability of the inequality NF # P
e Problem 2: The decidability of the equality NP =P
Methods of Decidability of Problems
To this day, the problem of P vs NP continues to concern both humanity and
the mathematical community. It is important to note that, up to the present time, there
is no strict proof for the two problems mentioned above. In P. Kopanov’s work (Peter

Kopanov), it is shown that NP # P pased on the generation of random numbers when
solving the specific problem of partitioning a set into two subsets with equal sums.

The decidability of these millennium problems is based on Cantor’s devel-
oped set theory (Bepemarus et al., 2017: 112).

The set P(X ) - is the set of all subsets of set X commonly known in English
as the power set.
Thus, for a finite set, we have the following:

Theoreml. No n-element set X is equinumerous with the set P(X ”) of all
subsets of the set X .

Proof. The cardinality of a finite set X" s 1X" = n. Next, to calculate the
cardinality of the set P(X ™). we apply the binomial coefficient function c, (k<n)
, specifically: [P(X™)| = Zi=0Ci =2 From the comparison of the cardinalities of
these sets X+ P(X™) we observe that [X"| < [P(X™)] g <27 g5 any natural num-
ber ™ This implies that the set X" is equinumerous with a part of the set P(X™), but
P(X") is not equinumerous with any part of X" In this case, it is true that ¥ " has a
smaller cardinality than P(X ”).

Corollaryl. The time to sample any subset of the set ¥ " and the required
space satisfy the inequalities: T<o(2n),s<0(2")

Let us introduce X as a k-clement subset of X" and

n—k — yn k k n—k — =2 o —i )
X XENXE, XEnX 0k < 2, since Cn = Ca™"- According to Theo-

mn

n—k
X , where

. . . k=—
reml, the set X "is equinumerous with a part of the set P(X ”j, so for 2 we have:

Theorem2. The time to sample the subset X™" satisfies the condition:
T < 0((W2)")=0(1,41)"
— n—k
= C, , the maximum value of the bi-

n

nomial coefficient function is achieved when -7 On the other hand
[PCxn/)| = E2f2 k=27

Proof. Due to the symmetry Cx

* which is equivalent to (V2)™ The latter equality also
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follows from the relation: Zx=0(—1)“Cii = 0. This relation shows that the number
of subsets with even cardinality of the set X" equals the number of subsets with odd
cardinality X" and there is no need to find the maximum value of the binomial coeffi-
cient function. Therefore, the time to sample satisfies the inequality: T< 0(141)"

: < = — -

Corollary2. This theorem holds for 1<k< 2 as IP(X ) =Zi=, G =2°
and IPCX" ) =ZRZICL7* =2""" Wwhen kK =0 the subset X* is empty and
xn -k — xn.

Practical Application of the Obtained Results on the Decidability of the Mil-
lennium Problem for NP-Complete Problems

The NP-complete Subset Sum Probleml is formulated as follows. Given a set
of distinct positive integers X = = {¥1- X2, s 51, %5} of cardinality ® = %" and a

k
certificate (integer) 57, the objective is to determine whether there exists at least one
k T — | vk k
k-element subset X of cardinality k=X (X < x™k < 1), such that the sum of
k

its elements equals the certificate s7

Here, the upper indices of all variables and other quantities indicate the cardi-

nality of the respective set or subset

Thus, the formal parameterized formulation of the NP-complete Subset Sum
Problem is given by:

Sk Xk X" D pexk x; = S© (1)

n .
Due to the one-to-one correspondence between the elements X" and the index

— k
set N ={L2,..n} gy NP-complete Subset Sum Problem?2 N*cN™ can be formu-
— Nk k
lated with cardinality ¥ = IN"| and index certificate =
s* ANK N X eyk 1y = s¥, )

. R i3
where ™ can be set equal to ' so that: Lienki=s"

There exists a one-to-one correspondence between the elements of X" and

N":x; € X",i € N". ¢ necessary, each set can be represented as a sorted finite se-

quence. The indices of the subset X¥ are selected based on the combination function:
ck = n! _ nin—1in-2)..(n—k+1)
n Elin—k)! k! . (3)
It is crucial to note that Horowitz and Sahni [9] developed exponential-time
algorithms for solving the subset sum probleml, where the certificate is obtained
through the scalar product:

S5 =(a'x) = Xy axg “4)

where @ IS an 1 —gimensional vector with coordinates @: € {0.1} The num-

ber of vectors & corresponds to the number of subsets of X ”, which is 2"
The execution time of the exponential algorithm is primarily determined

by the selection of the required vector % and thus it satisfies the complexity bound
n R . . . .
T < 0(2"). Their improvements led to a reduction in time and space complexity
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mn

0 r=o (23 )’ 5=0 (23 )’ while Shroeppel and Shamir (Schroeppel et al., 1981:

t
456-464) further established a space complexity bound of $=0 {24 ))' These re-
sults confirm the validity of relevant theorems.

In the works of B. Sinchev et.all (Sinchev et al., 2024: 627-637; Sinchev et
al., 2020: 97-101; Cunues, 2021, 67—71; Sinchev et al., 2020), polynomial-time
algorithms for solving NP-complete problems 1 and 2 were established, thereby sup-
porting Theorem 2 and the equality of complexity classes NP = P. Further develop-
ments in the optimization of pseudo-polynomial algorithms can be found in sources
(Konstantinos Koiliaris, 2017; Karl Bringmann, 2017; A.Lincoln et al.).

Methods for Reducing Other NP-Complete Problems to the Subset Sum
Problem

First Reduction Method. Kopanov (Peter Kopanov) studied the NP-complete
problem of partitioning a set of integers into two subsets such that the sum of the
elements in the first subset is equal to the sum of the elements in the second subset.

This Partition Problem is equivalent to the Subset Sum Problem1 when applied to an
Lo
n-element set of distinct positive integers with a certificate 5= pdim X Therefore,
all results obtained for the Subset Sum Problem1 can be directly applied to the Parti-
tion Problem.
Second Reduction Method. The studies of Karp (Karp, 1972: 85-103) and
Okhotin (Oxotun, 202) focus on the Independent Set Problem, where the goal is to
find an independent set { &N = {1.2, .7} of cardinality k in a graph & = V. E},

and on the Vertex Cover Problem. Their results establish that the problem of finding
an independent set { in a graph & = V2 E} can be reduced to the problem of finding
a vertex cover of size [V =¥ in the same graph. This follows from the fact that a
set I —is independent if and only if its complement VAT forms a vertex cover. In-
deed, I — is independent if and only if for every edge at least one of its endpoints

does not belong to {. meaning it must belong to ¥’ AR enough setting X "=V,
X" = [VI=mn, [ =x% Xx"%= X"\ X

- The goal is then to verify whether at

X

least one endpoint of each edge does not belong to * and, consequently, belongs to

X:lz—k

Reduction methods are developed individually for each specific NP-complete
problem.

Conclusion

Initially, Theorems1 and 2 addressing the Millennium Problem on the equality
or inequality of the complexity classes P and NP were proven based on Cantor’s set
theory. The scientific and practical significance of the obtained results is directly con-
firmed by the existence of both exponential and polynomial algorithms for solving
specific NP-complete problems. Reduction methods were proposed for NP-complete
problems, including the Subset Sum Problem, the Partition Problem (dividing a set
into two subsets with equal sums), the Independent Set Problem of size k, and the
Vertex Cover Problem, demonstrating their reducibility to the Subset Sum Problem.

Additionally, we examined Kopanov’s counterexample, which provides a
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solution to the Partition Problem based solely on the properties of Bernoulli random
variables. However, this particular solution does not constitute a rigorous proof of the
inequality P # NP.
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Abstract. The field of skin care has witnessed significant advancements
in recent years; however, many consumers continue to experience challenges in
selecting effective products due to the absence of accessible and accurate tools for
skin analysis. Consultations with dermatologists remain unavailable to the majority of
individuals owing to their high cost. This study proposes the development of a mobile
application powered by artificial intelligence (Al), employing image recognition
algorithms for the assessment of skin conditions. The application is designed to
determine skin type, detect dermatological issues (e.g., acne, wrinkles, pigmentation),
and generate personalized care recommendations. The objective of this article is to
design a reliable Al-based tool that facilitates broader access to individualized skin
care. The key research tasks include the selection of a robust AI model, the creation
of an intuitive user interface, and the evaluation of system performance through
user testing. Particular emphasis is placed on ensuring data privacy. The proposed
solution is expected to achieve high accuracy in skin assessment and contribute to the
advancement of digital healthcare by providing an affordable, scalable approach to
personalized skin care.
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AnHoTtanusi. Tepi KyTiMi cajackl COHFBI KbUIIAPhI OCIICEH/II TaMBITT KeJle/i,
Oipak KeITereH TYTBIHYIIBUIAp THIMJI Kypajjapibl TaHJay[a KUBIHIBIKTapFa Tall
Oomajbpl, OUTKEHI TepiHI TajjayFa apHaJFaH KOJ JKETIMJII KoHE ] Kypayiap JKOK.
JlepMaToormneH keHecy KpIMOaT Oarara OalIaHBICTBI KONTETeH ajaM/ap YIIiH KOJ
KEeTiMIi emec. bysr 3epTTey TepiHiH KYHIH Taijgay YIIiH KECKiHIl TaHy aJdrOpHUTM-
JIepiH KOJJIaHAThIH KacaHIbl MHTEIIEKT (Al) HeriziHmeri MOOWIBAI KOCHIMIIIAHBI
ycoeiHaapl. Kongan6a TepiHiH TYpiH aHBIKTaiabl, Tpo0iieManap/sl aHbIKTai a6 (0e3ey,
dKIMIEep, TUTMEHTAITUS YKOHE T.0.) )KOHE COHBIH/IA J)KEKE KYTIM YChIHBICTAPbIH KaJIbIII-
TacThIpaabl. MaKkajlaHbIH MaKCaThI-)KeKe Tepi KYTIMIHE KOJI )KETKi3y Il )KeHUIIETeTIH
cenimai Al kypansia o3ipiey. Herisri minaerrepre HakThl Al MOjeniH, HHTYUTHBTI
uHTepercTI TaHaay JKOHE MalJalaHyIIbl TECTIeyl apKbUIbl OHIMIUIIKTI Oaramay
Kipeni. JlepekTep i KyNUsUTbUIBIFBIHA epeKIIe Ha3ap ayaapbuiaibl. AJIBIHFAH Kypas
TepiHi Oaranaya MOJEIbIIH KOFaphl JIJIITTH KaMTaMachl3 €Te/ll )KOHE Tepi KyTiMi
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MYMKIHAIKTEPIH KEHEHTETIH KOJDKETIMAI IIeNIMII YChIHA OTBIPBIN, THQPIIBIK
JIeHCayJIbIK CaKTayAbIH JIaMybIHA YJIE€C KOCAIbI.

Tyiiin ce3aep: xacaHAbl HHTEIJUIEKT, KEeKe YChIHBICTAp, TePiHi Tanaay, Iep-
MaToJIOTUS

Hoiiexco3nep ymin: M.Y. CyneilimenoBa, J[.M. MyxammemxkanoBa, A.C.
buxanosa. JKacanapl MFHTEJUIEKT HET131He TEPiHI JUArHOCTHKANAY >KOHE MAIlIMHAIIBIK
OKBITY/IBI KOJIJJaHa OTBIPBIN, OFAH KYTIM >Kacaylbl OHTailnaHabIpy//XalbIKapaabiK
aKnaparThlK *KOHE KOMMYHHUKAIMSIIBIK TeXHONOTHsIIap KypHaibl. 2025, Tom. 6. Ne
23.278-288 Get. (Arbin). https://doi.org/10.54309/1J1CT.2025.23.3.017.

Myanesiep KaKThIFbICHI: ABTOpJap OChl Makaiaaa MYJaeNep KaKThIFbICHI
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Annotanus. Cdepa yxoja 3a Koxeil ociaeHue ro/Ibl akTUBHO pa3BUBAETCH,
HO MHOTHE MMOTPEOUTENN CTATKUBAIOTCS CO CII0KHOCTAMU MPH oAO0pe 3P HEKTUBHBIX
CPEICTB, TaK KaK OTCYTCTBYIOT JOCTYITHBIE M TOUHBIE HHCTPYMEHTHI [ aHATIN3a KOXKU.
Koncynpranum y Bpaua-aepMaTosiora HeIOCTYIHbIE JIJIsl OONBIIMHCTBA JII0IeH U3-3a
noporoii 1ieHsl. JlanHoe uccneaoBanue npeiaraeT MoOMIbLHOE MPUIIOKEHHE Ha 0aze
uckycctBeHHoro unresekra (M), koropoe NCOIb3yeT anropuT™MbI paclio3HaBaHUS
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U300paKeHU Ui aHallM3a COCTOSTHUS KOXKU. [IpunoxeHue onpeaenser TUIT KOXH,
BBISBJISIET MPOOJeMbl (yrpeBasi Chillb, MOPIIMHBI, TUTMEHTAIUs U T.J.) U B KOH-
e GopMUpyeT MEePCOHOIM3UPOBAHHBIE pEKOMEHAAIMU Mo yxonay. Llenpio crateu
ABIsieTCS pa3zpaboTka HanexHoro HMM-uHCTpyMeHTa, YNpOLIAIOUIEro TOCTYyH K
NEPCOHATU3UPOBAHHOMY YXOJy 3a Kokei. OCHOBHBIE 3a7]aud BKIIIOYAIOT MOJI00p
TouHOM Mosienu MV, ”HTYUTHUBHO MOHSATHOTO HHTEpdelica U OlleHKY 3P PEeKTUBHOCTH
yepe3 MoJb30BaTeNnbckoe TecTupoBanue. Oco0oe BHHUMaHME YAETSETCS BOIPOCAM
KOH(GUACHIIMATHLHOCTU JaHHBIX. [loMy4eHHbII HHCTPYMEHT MPEeI0CTaBUT BBICOKYIO
TOYHOCTh MOJIEJIM B OILIGHKE KOXH W BHECET BKJIaJ B pa3BUTHE LU(POBOTrO
3/IpaBOOXpaHEHUs], Mpeaaras JOCTyTHOE pelIeHHe, PacUIpsollee BO3MOKHOCTH
yX0/1a 32 KOXKEH.

KitoueBble c¢J10Ba: HMCKYCCTBEHHBIM HWHTEIJIEKT, MEPCOHATM3UPOBAHHBIC
PEKOMEHIalliH, aHaTN3 KOXKH, JepMaTOJIOTUs

Jas umTupoBanusi: M.Y. Cyneiimenosa, .M. MyxammemxanoBa, A.C.
buxanoBa. J[MarHocTHKaK0XMHAOCHOBE UCKYCCTBEHHOT O MHTEJIEKTa M ONTUMH3AIS
yX0/1a 32 HeH ¢ UCIMOJIb30BaHUEM MAIIMHHOTO 00y4eHus//MexXTyHapOIHbIN KypHAI
HH()OPMAITMOHHBIX ¥ KOMMYHHKAITMOHHBIX TexHosorui. 2025. T. 6. No. 23. Crp.
278-288. (Ha anr.). https://doi.org/10.54309/1JICT.2025.23.3.017.

Kondaukr uHTepecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUM KOH(IMKTA
UHTEPECOB.

Introduction

In recent years, artificial intelligence (AI) and machine learning (ML)
have been actively used to improve the diagnosis of skin diseases, including skin
cancer and other dermatological problems. In one such study, the authors used deep
convolutional neural networks (CNNs) trained on 129,450 clinical images to classify
skin cancer. This has significantly improved the diagnostic accuracy, comparable to
that of professional dermatologists (Esteva, 2017).

However, despite the successful application of Al in the field of dermatology,
researchers are also striving to identify the strengths and weaknesses of existing
models. For example, in studies related to determining the age of a face, it is important
not only to accurately determine the age, but also to diagnose skin diseases, which can
be compared with the experience of experienced cosmetologists (Movahedi, 2023).
Special attention is paid to age-related skin, which is more difficult to analyze due to
age-related changes such as loss of moisture and the appearance of wrinkles. In such
studies, Al helps to identify skin features in the elderly, which becomes an important
aspect in combating the aging process (Choi, 2024; Domuschiev, 2025). For example,
in a study published in the Journal of the Korean Society of Cosmetology, the authors
adapted Al systems to analyze the skin of the elderly, taking into account the specifics
of their demographic situation (Choi, 2024).

In addition to skin cancer, Al and machine learning are used to analyze other
skin diseases such as acne and age-related skin changes. In the framework of such
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studies, the authors compared various Al models in order to select the most accurate
ones for the diagnosis of skin diseases (Behara, 2024; Jan, 2025; Nguyen, 2025;
Abou, 2024; Wijerama, 2024). This makes it possible to use Al for more accurate
classification and segmentation of diseases, which in turn improves diagnostic and
forecasting methods. In addition, Al systems have been developed to analyze facial
images using smartphones, allowing them to identify various types of acne and assess
their severity. These studies used deep learning models such as Faster R-CNN to
detect acne and LightGBM to classify the severity of the disease (Huynh, 2022). To
improve user interaction and personalized recommendations, chatbots powered by Al
and natural language processing (NLP) have been developed. These systems allow
users to ask questions and receive advice on skin care (Ivanova, 2024).

Generative adversarial networks (GANSs) are actively used to further improve
the diagnosis and classification of skin diseases. Such networks are used to create
synthetic images of skin diseases, which helps to increase the amount of training
data and improve diagnostic accuracy (Quan, 2022; ACM Digital Library, 2022;
Heenaye-Mamode, 2022).

These studies emphasize the importance of Al accuracy and capabilities in
medical diagnostics, although due to the novelty of this field, many studies are still
being conducted to assess the accuracy of Al models (Krakowski, 2024).

Generally, these studies demonstrate the potential of Al in the field of
dermatology, improving diagnosis, personalized recommendations, and improving
the accuracy of predicting various skin diseases.

The aim of the research is to develop an Al and machine learning model that
analyzes the type and condition of the skin, as well as selects personalized care based
on this analysis, and evaluates its effectiveness through testing. The resulting model
will provide an opportunity to select the care that is most suitable for the skin type
without spending on the services of a dermatologist.

Materials and methods

The methodology of this study aims to understand user preferences and per-
ceptions regarding artificial intelligence-based skin analysis and personalized skin
care products. An integrated approach is used to implement the application, including
data collection, model training, and user testing. A survey method targeting different
demographic groups was also used. Each question in the survey was designed in such
a way as to get a specific idea of habits, expectations and obstacles faced by potential
users.

Data Collection To make the app more accurate, data will be collected from
different sources, considering various skin types, lighting conditions, and face angles.
Open datasets like CelebA, LFW, and DermNet will provide many images for train-
ing. Additionally, user photos will be collected through surveys. These surveys will
ask for details like skin type, age, gender, and specific skin concerns (such as acne,
dryness, or sensitivity). This extra information will help the app personalize skincare
recommendations for each user.

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
w International License 282



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

Face Detection To find and analyze the face in an image, the app will use the
MTCNN (Multi-Task Cascaded Convolutional Networks) model. This model will
accurately detect faces even in low light or poor-quality images. It will also detect
key points of the face (like eyes, nose, and mouth), which will be important for ana-
lyzing specific skin areas. Other models, such as Haar Cascade and Mediapipe Face
Detection, will be tested, but they will likely be less accurate and will not detect facial
features in detail.

Face Segmentation Once the face is detected, the next step will be to sep-
arate different facial regions (like the forehead, cheeks, and chin) for detailed skin
analysis. The UNet model will be used for this task, since it will work quickly and
accurately, this processing process is shown in Figure 1. Compared to other models
like DeepLabV3+ (which will be slower) and Mediapipe Face Mesh (which will be
less detailed), UNet will provide the best balance between speed and accuracy. The
model will be trained using Dice Loss and the Adam optimizer, which will help it
learn better and improve precision.

System

User
i\
. Image
Verification

Face
dataction In
an image:

v
Segmentation of -
Tacial areas

T
X Y
‘Applies the’ Highllghts Com
paras
gegmentatio
L

¥

Fig. 1. The Process of Image Processing and Issuing Recommendations

Skin Analysis To analyze the skin, the app will use the ResNet (Residual Net-
work) model. This model will detect skin texture, pores, spots, wrinkles, and other
features. Because it will have deep layers and special shortcut connections, ResNet
will detect very small skin details that other models might miss. Alternative models,
such as EfficientNet and MobileNetV2, will also be tested, but they might fail to de-
tect small skin issues.

Skin Type Classification Once the skin features are analyzed, the app will
determine the user’s skin type (such as oily, dry, normal, or combination skin). The
DenseNet model will be used because it will connect all layers, making it very accu-
rate in classifying skin types. This model will often be used in medical image anal-
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ysis. It will be trained using the Sparse Categorical Cross-Entropy loss function and
the AdamW optimizer, which will help it learn from a large amount of data. Other
models like VGG16 and custom CNNs will also be tested, but they will require more
computing power and will have lower accuracy.

Recommendation System After analyzing the skin type and condition, the app
will suggest personalized skincare products and routines. It will use Gradient Boost-
ing with XGBoost and CatBoost models to make recommendations. These models
will consider multiple factors, such as skin type, age, gender, and detected skin issues,
to provide the best skincare advice. To improve accuracy, the model will be trained
using cross-validation, and its quality will be measured using MAE (Mean Absolute
Error) and RMSE (Root Mean Squared Error) metrics.

Deployment The app will be designed to be fast and easy to use. The backend
will be developed using FastAPI and Flask, which will help handle user requests
efficiently. The frontend will be created using React Native, allowing the app to run
on both Android and iOS devices. To make the AI models work smoothly on mobile
devices, the ONNX framework will be used to reduce processing time. Additionally,
cloud services like AWS, Google Cloud, and Azure will be used to store data and
speed up image processing.

User Testing Before the final release, the app will be tested by real users. Sur-
veys and interviews will be conducted to understand what users like and what needs
improvement. This will help developers fix issues, improve the interface, and make
the app easier to use. Based on user feedback, models and features will be updated to
ensure the best experience.

Results and discussion

To create the app, models will be chosen to give high accuracy in image pro-
cessing and skin condition analysis. Each model will be used at a specific step to
make the system work well.

For face detection, MTCNN (Multi-Task Cascaded Convolutional Network)
will be used because it will help not only detect the face but also find key points,
which will be very important for further analysis. The model will be described as:

fdet(x)—(B.K)f {det}(x) \rightarrow (B, K)fdet(x)—(B,K) (1)

where x will be the input image, B will be the face box coordinates, and K will
be the key points (eyes, nose, mouth corners). For face area segmentation, UNet will
be used because this model will effectively separate parts of the face, such as the fore-
head, cheeks, and chin. This will help improve the accuracy of further skin analysis.
The process will be described as:

fseg(x)—>Mf {seg}(x) \rightarrow Mfseg(x)—M (2)

where x will be the input image, and M will be the binary segmentation mask
that will define face areas.

For skin condition analysis, ResNet will be applied because its deep structure
will help extract complex texture details such as pores, acne, and wrinkles. The skin
condition classification process will be:
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fskin(x)—Cf_{skin}(x) \rightarrow Cfskin(x)—C 3)
where x will be the skin image, and C will be the class of condition (for exam-

ple, “oily skin,” “dry skin,” or “pigmentation”). For skin type classification, DenseN-

et will be used because this model will efficiently connect features at different levels,
which will improve the accuracy of skin type detection. The classification process
will be:

fclass(x)—Tf {class}(x) \rightarrow Tfclass(x)—T 4)

where x will be the skin image, and T will be the predicted skin type (oily, dry,
normal, combination).

For personalized recommendations, Gradient Boosting will be used, specifi-
cally XGBoost and CatBoost, because these algorithms will allow different factors to
be considered when selecting skincare advice. The recommendation system will be
described as:

frec(P)—>Rf {rec}(P) \rightarrow Rfrec(P)—R (5)

where P will be the user parameter vector (skin type, age, gender, detected
problems), and R will be the list of personalized recommendations.

Additionally, user preference research conducted through a survey. The sur-
vey distributed via Google Forms and included questions about skincare habits, how
often users visit dermatologists, sources of information about skincare products, and
their willingness to use Al solutions. The sample include respondents aged 18 to 55,
divided into age groups and gender.

The survey was completed by 111 respondents, with the majority being aged
between 18-25 years (52.3 %), followed by those under 18 (20.7 %). Other age groups
were less represented, with 10.8 % in the 2635 bracket and smaller proportions in
older age groups in Figure 2. In terms of gender, a significant majority were female
(83.8 %), while males accounted for 15.3 %.

Under18 [ 18-25 [l 26-35 [ 36-45

W 46+
46+
12.6% Under 18

20.7%

36-45
10.8%

26-35
3.6%

18-25
52.3%

Fig. 2. Age Category
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Most respondents (65.8 %) reported using skincare products regularly, while
24.3 % used them occasionally. Only 9.9 % stated they do not use skincare products
at all in Figure 2. Regarding visits to dermatologists or cosmetologists, 39.6 % of
respondents rarely seek such services, and 37.8 % never visit. A smaller percentage
visit every 2—3 months (9.9 %) or once a month (11.7 %)

Survey results help identify main user preferences, their expectations from the
system, and possible barriers to using Al skin analysis. The collected data will be used
to improve the app and develop recommendations that will match user needs.

The findings of this study provide valuable insights into user perceptions of
Al-based skin analysis and personalized skincare recommendations. The results con-
firm that most users are interested in skincare solutions, with 65.8 % of respondents
regularly using skincare products and a significant percentage expressing a willing-
ness to adopt Al-driven recommendations. However, certain challenges and barriers
need to be addressed for effective user adoption.

Accuracy and Reliability of AI Models The methodology utilized high-perfor-
mance models such as MTCNN for face detection, UNet for segmentation, ResNet
for skin condition analysis, and DenseNet for skin type classification. These models
were chosen based on their accuracy and efficiency, ensuring precise skin analysis.
However, the study highlights potential limitations in handling variations in lighting
conditions, image quality, and skin tone diversity, which may affect the reliability of
predictions. Future iterations should consider fine-tuning models with more diverse
datasets to improve accuracy across different demographics (Miryabbelli, 2023).

User Trust and Acceptance of Al in Skincare Despite advancements in Al,
user trust remains a critical factor in adoption. The survey revealed that a significant
portion of respondents (37.8 %) never visit dermatologists, indicating a gap in profes-
sional skincare guidance. Al-based skin analysis could bridge this gap, but concerns
related to data privacy, model transparency, and recommendation reliability must be
addressed. Providing users with explanations of Al decisions and integrating expert
dermatological validation could enhance trust.

Barriers to Adoption and System Improvements One of the key findings was
the variation in skincare habits across age groups. With 52.3 % of respondents aged
18-25, younger users appear more receptive to digital skincare solutions. However,
older demographics showed lower engagement, suggesting a need for more tailored
education and user-friendly interfaces to encourage broader adoption. Furthermore,
the recommendation system using Gradient Boosting (XGBoost, CatBoost) demon-
strated strong potential in delivering personalized skincare advice. However, im-
provements in product selection diversity and user feedback integration could further
refine the recommendation quality. Adding user reviews and dermatologist-approved
product lists may enhance credibility.

Implications for Future Development The study confirms that Al-based skin
analysis has practical applications, but continuous model updates, real-world test-
ing, and user feedback integration are necessary for long-term success. Future re-
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search should explore real-time skin tracking, integration with wearable devices,
and Al-powered progress monitoring to enhance the user experience. Additionally,
collaborations with dermatologists and skincare experts could improve the medical
reliability of Al-generated recommendations.

Conclusion

This study demonstrates the potential of artificial intelligence in revolutioniz-
ing skin analysis and personalized skincare. By integrating advanced machine learn-
ing models, the proposed mobile application provides accurate skin type classifica-
tion, detects specific skin issues, and offers customized recommendations based on
individual needs. The combination of deep learning models such as MTCNN for face
detection, UNet for segmentation, and ResNet for feature extraction ensures high
accuracy in skin condition assessment.

The developed system addresses the common challenge of limited access to
dermatologists by offering an affordable and efficient alternative. By utilizing large-
scale datasets and optimizing Al models for mobile devices, the application delivers
reliable skin diagnostics and recommendations directly to users. Additionally, the in-
corporation of cloud services enhances computational efficiency while maintaining
data security and privacy. Despite its advantages, the application has certain limita-
tions. Accuracy depends on image quality and lighting conditions. The dataset may
require continuous expansion to include rare skin conditions. The application does
not replace professional medical diagnosis but serves as an informative tool.

User testing and feedback confirm the practicality of the proposed approach,
highlighting its usability and effectiveness in skincare management. Given the sen-
sitive nature of skin health data, the application must adhere to strict privacy and
security measures. Compliance with data protection regulations (such as GDPR) is
essential to ensure user trust and prevent misuse of personal information. Future
work will focus on expanding the dataset diversity, improving model interpretability,
and integrating additional dermatological parameters to further enhance accuracy and
reliability. By democratizing access to skin health insights, the application can help
users in remote areas receive preliminary assessments, reducing the burden on health-
care systems and improving overall skin health awareness.

In conclusion, this research contributes to the growing field of Al-driven der-
matology by providing a scalable and accessible solution for skin analysis. By lever-
aging cutting-edge Al techniques, the developed application empowers users with
personalized skincare insights, promoting better skin health and well-being.
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Abstract. Selecting appropriate agricultural machinery is a complex decision—
making task involving various agriculture—related variables and the decision—maker’s
economic and social considerations. This study aims to enhance agricultural produc-
tivity by selecting optimal machinery through an intelligent information system. The
research proposes a multi—criteria decision—making model integrated into the system
to eliminate subjectivity. It supports producers, suppliers, and policymakers in mak-
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ing reliable, data—driven decisions. Four combine harvesters were evaluated using the
Analytic Hierarchy Process (AHP) based on technical parameters. Unlike single—cri-
terion approaches, this study justifies the importance of multiple factors and ensures
reliability by calculating the consistency ratio of expert judgments. The novelty lies
in applying a multi—criteria evaluation method adapted to Kazakhstan’s agricultural
context. The approach can guide machinery procurement, subsidy allocation, logis-
tics planning, and modernization strategies, providing a scientific basis for future
decision—making in the sector.

Keywords: agricultural machinery, decision making, multi—criteria analysis,
intelligent information system, analytical hierarchy process (AHP), machine selection
model, productivity improvement
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AHHOTaNUs. AybUINIAPYaIIbUIBIK TEXHUKACBIH KAXKETTI IIapyalllbUIbIKKA
TaHJay IIenTiM KaoblIaay eCenTepiHiy Kypaei Macenenepinin Oipi. Tanmgay memiM
KaObUIIayIIbl TYJIFAHBIH SKOHOMHUKAIIBIK, 9JIEYMETTIK acTEeKTIJIEPiH €CKepill, aybul-
HIapyaniblyIbiFbiHa OalIaHbICTRl aifHBIMANBLIAP JKUBIHBIH Kypaiabl. OChl FBUIbI-
MU KYMBICTBIH MaKCaThl — aybUIIIAPYalIbUIBIFBIHBIH OHIMIUTITIH apTThIPy YIIiH
THIMJII TEXHUKAHbI MHTEJIJICKTI aKIMapaTThIK )KYHEHIH KOMETiMeH TaHaay. 3epTTey/liH
MaHBI3IbUTBIFBI — Ay bUTIIAPYAITBUIBIFB TEXHUKACHIH TaH 1Ay 14 CyOBEKTUBTLIIKKE KO
OepMENTIH, KOIKPUTEPUIAI IICTIIM KaObLIIay MOJICITiH MHTEIUICKTY I bl aKITapaTThIK
JKYHeHiH Oip Moyl peTiHae YChIHYbIHIA. byl Moiens aybulapyambuIbIFel Tayap
OHIIpYIIUIepIHe, TEXHUWKA >KETKI3YIIIJIEpIHE arpapiblK cajdajarbl MEMJIEKETTIK
casicaTThl KaJIbBIMTACTHIPYIIbUIAPFAa IIBIHAWBI OJIIEMIe HEeTI3IeNreH, ToHeKTi
mennmaep KaObuimayra MYMKIHTIK Oepemi. TymHYCKanmbIK: 3epTTeyne HaKThl
TEXHHUKAJIBIK MapaMeTpiep Heri3iHae TopT TYpJii KOMOalH aHAIUTUKAIIBIK HepapXus
nporeci (AHP) omici apkbutbl kemmeHai 6arananabl. by 3eprrey OipHerne emeM/i
(dakToprnapapl KyHenern, oNapAblH MAaHbBI3IbUIBIFBIH HETI3/Iel, MaTeMaTHKaJIbIK
Tanaay >kacaiaelHabl. Ochutaiiima, yineciMaiTik koddhpuIeHTiH ecenTey apKbUIbl ca-
panTamaiblK Oaranayiaap/IblH JTYPBICTHIFBI TEKCEPUII, OYJI KYMBICTBIH CEHIMIUTITIH
aptTeipaabl. JKanambuineirel: 3eprreyae Kazakcranmarbl TEXHUKANBIK JEPEKTEp
cunaTtTaManapblHa CYHeHiN, MallliHa TaHJay MpOIleciHe KONKpUTEpuiiai Oaranay
omici eHri3inal. by Tocin ammarbl yakeITTa aybUIIIAPYyallbUIBIFBl TEXHUKACHIH Ca-
THIN aTy7ia, MeMJIEKETTIK CyOCHIUsIIapapl THIMA1 OeITy/ie, TOTUCTUKAIIBIK KO cTapIiay,
arpapiiblK TEXHUKA MapKiH KaHFBIPTY CTpaTerusiapblHa FHUIBIMHU HET13 0oJia anajpl.

Tyiliin ce3aep: aybUIIapyallbUIBIK TEXHUKACHI, IIEIIM KaObuigay,
KONKPUTEPUII Tanjaay, HWHTEIUIEKTYajabl aKMapaTThIK Kyhe, aHaJIUTHKAJIbIK
uepapxus nporeci (AHP), mammmna TaHmay Mojiesi, OHIMIUTIKTI apTThIPY

Hoaiiexco3nep ymrin: A. Tiney6aes, C.E. Kepimkyi, A.Ananbek, XK.C. AcaHoBa,
K.J. KynueB. AHanuTHUKaIBIK HepapXus MPOIECiHE HET13/IeTreH aybUIapyalibuIbIK
TEXHHUKACHIH OaraiayIblH HHTEJUIEKTYaN bl TOC1TI// XanbIKapalblK aKIapaTThIK )KOHE
KOMMYHHKAITUSIIBIK TeXHOJoTHsiap KypHanbl. 2025. Tom. 6. Ne 23, 289-302 Oer.
(Arbn). https://doi.org/10.54309/1JICT.2025.23.3.018.

Myanesiep KaKThIFbICHI: ABTOpJap OChl Makajaaa MYIAeNep KaKThIFbICHI
JKOK JI€TT MOJIIMIAEH .
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AnHoTtanusi. Breibop moaxonsiieil ceabCKOXO3IUCTBEHHOW TEXHUKH —
CIOKHasl 3a/adya IPUHATUSA PELICHUH, BKIKOYAKOUIAs pPa3jUyHbIE IEPEMEHHBIE,
CBSI3aHHBIE C CEJIbCKMM XO3SIHMCTBOM, a TaKKe JSKOHOMHYECKHE M COIMAILHBIC
COOOpaXeHHsl JIMIA, MPUHUMAIONIETO pemieHus. Llenbio JaHHOTO HCCiIeIoBaHUS
SIBIIICTCS TIOBBIIIICHHE TPOU3BOAUTEIHFHOCTUA CEIbCKOTO XO3SIMCTBAa MyTeM BbIOOpa
ONTHMAJBHOW TEXHUKH C TOMOIIBI0 HMHTEUIEKTYalbHOH WHGOPMAIMOHHON
cuctemsbl. B uccinenoBanum npemiaraeTcsi MHOrOKpUTEPUAIbHASL MOJEIb IPUHATHUS
pelIeHnid, UHTETPUPOBAHHASI B CUCTEMY Ui ycTpaHeHHs cyObekTuBHOCTH. OHa
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MIOMOTaeT MPOU3BOIUTENSAM, MOCTABIIMKAM M TMOJUTHKAM MPUHUMATh HaJEKHbIE
pellleHus: Ha OCHOBE JaHHBIX. YeThIpe 3epHOYOOPOUYHBIX KOMOaiiHa ObLTH OLIEHEHBI
C MCIOJIb30BaHUEM aHATUTUYECKOTO uepapxuueckoro mporecca (AHP) Ha ocHoBe
TEXHUYECKUX MapaMeTpoB. B oTinyre OT OJHOKpUTEPHATBHBIX MOJIX00B, JTaHHOE
UCCJIeIOBaHHE 00OCHOBBIBAET Ba)KHOCTh MHOKECTBEHHBIX (DAKTOPOB M 0OECTIeunBaeT
HAJIGKHOCTh MyTeM pacueTa Kod(QuIiMeHTa COrIacOBAaHHOCTU AKCHEPTHBIX
cykneHuil. HoBuiecTBo 3akiroyaercs B IPUMEHEHUH METO0J1a MHOTOKPUTEpUATbHON
OILICHKH, aJalTHPOBAHHOTO K CEIbCKOXO3AWCTBEHHOMY KOHTeKcTy KazaxcraHa.
DTOT MOAXOA MOXKET HANpPAaBIATh 3aKYNKY TEXHUKH, pachlpesesieHue CyOCHAMid,
IUTAHUPOBAHMUE JIOTUCTUKA M CTpAaTeTHH MOJEpPHHU3ALMU, OOecrednBas HayuHYIO
OCHOBY 17151 OyAyIIero MPUHSATHUS PELICHHUH B CEKTOPE.

KitoueBble cji0Ba: CelbCKOXO3UCTBEHHAs! TEXHUKA, MPUHATHE PEIICHU,
MHOTOKPUTEPUANIbHBIN aHaINW3, HWHTEIUIEKTyajdbHas WH(GOPMAlMOHHAS CHCTEMA,
MeTon aHanm3a wuepapxuii (MAUM), wmomenp BbIOOpa MallMH, TOBBIIIEHUE
MPOU3BOUTENEHOCTH

Juast murtupoBanusi: A.b. Tney6aes, C.E. Kepumkynos, A. Ananoexk, X.C.
AcanoBa, K.JI. Kynues. HTe1eKTyanbHbIA MOIX01 K OLIEHKE CEJIbCKOX 03I CTBEHHOM
TEXHHMKH Ha OCHOBE Ipoliecca aHaTUTHUECKOH nepapxuu//MexIyHapOaHbIH KypHa
WH()OPMAITMOHHBIX M KOMMYHHKAIMOHHBIX TexHojoruh. 2025. T. 6. No. 23. Crp.
289-302. (Ha anr.). https://doi.org/10.54309/1JICT.2025.23.3.018.

Kondaukt uHTepecoB: aBTOpHI 3asiBIAIOT 00 OTCYTCTBUM KOH(IMKTA
UHTEPECOB.

Introduction

Agriculture in Kazakhstan is a strategically important sector of the nation-
al economy. The sustainable development of this industry is directly dependent on
the effective use of modern, high—performance machinery. However, scientifically
grounded structural approaches are still rarely applied in the selection of agricultural
equipment. In this regard, the present study represents one of the steps toward eval-
uating commonly used agricultural combines based on specific technical characteris-
tics using the Analytic Hierarchy Process (AHP).

Agricultural machinery plays a crucial role in enhancing farm productivity.
Among such equipment, grain harvesters (combines) are frequently used to address
agricultural challenges (Kairgaliev, 2024: 192-201; Aidynov et al., 2023: 102-111;
Vodopyanov et al., 2015: 132—137; Bukharbaeva et al., 2022: 127-135; Moldashev,
2021: 3-20; Abuova et al., 2021: 133—143). Therefore, the efficient selection of grain
harvesters is considered essential for managing agricultural machinery. Based on
available statistics, we selected Russian—made grain harvesters, which are the most
widely used in Kazakhstan. Other foreign—made harvesters were not included in this
study, as their technical characteristics significantly exceed those of Russian machines
and require separate comparative analysis.

The Analytic Hierarchy Process (AHP) is widely used in decision—making
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problems due to its broad applicability across various fields. In this study, we apply
AHP to the task of selecting the most suitable grain harvester for agricultural use. In
modern economies, choosing equipment that best meets the selected criteria is cru-
cial for enhancing agricultural productivity (Karim and Karmaker, 2016: 7-13). To
evaluate the effectiveness of different machines, we use the AHP method to define
and validate the selection criteria (Hruska et al., 2014: 195-203; Ishizaka et al., 2011:
1801-1812; Veisi et al., 2016: 644—654). The analysis is based on data obtained from
official sources and is conducted within the framework of a specific case study.

The objective of this research is to automate the process of selecting efficient
agricultural machinery with the aim of enhancing productivity in the agricultural sec-
tor. To achieve this goal, the study proposes the development of an intelligent infor-
mation system that minimizes human involvement in decision—making by relying on
the Analytic Hierarchy Process (AHP) and objective data. As part of the research, a
software code is developed in Python, with its integration considered as an internal
module of the intelligent system.

Materials and Methods.

Research Domain.

To demonstrate the main stages of finding an optimal solution using the Ana-
lytic Hierarchy Process (AHP) (Karmarkar and Gilke, 2020: 012022), we consider a
practically significant problem. In agricultural operations, the acquisition of a grain
harvester is essential for performing various tasks. Based on economic and social
conditions, four grain harvesters that are most widely used in the market have been
selected: A (Don—1500)""!, B (Yenisei)™?, C (Yesil)™, and D (Niva)™. All these har-
vesters are designed for the same purpose. The question arises: which of these grain
harvesters is the most suitable for your specific needs?

To solve the problem, the following sequence of steps is proposed:

1. Define the problem and determine what needs to be known.

2. Construct a hierarchy from the top level (goals — from a managerial per-
spective), through intermediate levels (subsequent levels of dependent criteria), down
to the lowest level (typically a list of alternatives).

3. For each level, construct a set of pairwise comparison matrices — one ma-
trix for each element at the higher level that the current level depends on.

4. Use hierarchical synthesis to aggregate the results by weighing the eigen-
vectors of the lower—level elements according to the eigenvectors (weights) of the
criteria at the higher level.

5. Interpret the results and draw conclusions.

Constructing the Hierarchical Structure

In accordance with the AHP framework, we perform decomposition and rep-
resent the problem in a hierarchical form. The hierarchical structure of the problem
under consideration is shown in Figure 1. The aim of this structure is to derive the
priorities of elements at the lowest level that best reflect their relative impact on the
overall objective placed at the top of the hierarchy.
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The first (top) level represents the overall goal: “Selection of a Grain Harvester”.

The second level includes four criteria that define the goal, while the third

(bottom) level contains the alternative machines (decision options) that are to be eval-
uated with respect to the criteria at the second level.

Combine harvester

|

| ‘ \
Fuel tank
capacity

Grain tank ‘

Productivity Cutting width‘ ‘ capacity Engine power

L L e e L

Fig. 1. Hierarchical Structure for Solving the Problem of Selecting a Grain Harvester

Note 1: The example considers five criteria at the second level. This number
of criteria was chosen so that the method meets market demand and is considered to
have an impact on the essence of the problem at hand — the best combine harvester.

Note 2: The law of hierarchical continuity requires that elements of the lower
level of the hierarchy be pairwise comparable to elements of the next level, and so
on up to the top of the hierarchy. For example, we should be able to get meaningful
answers to the following questions: How much better is combine harvester A than
combine harvesters B or C in terms of performance criteria? etc.

Note 3: Care should be taken when constructing a hierarchy diagram to ensure
that the criteria and alternatives reflect the full range of preferences and perceptions
of the participants (decision makers). Note 4: The magical properties of the number
seven are well known. To make valid numerical comparisons in AHP, it is not recom-
mended to compare more than 742 elements. If it is necessary to expand levels 2 and
3, then the principle of hierarchical decomposition should be used.

In other words, if the number of criteria exceeds, for example, ten, then it is
necessary to group the elements into comparable classes of approximately seven el-
ements each.

Creating a Pairwise Comparison Matrix for Level 2.

After completing the hierarchical structuring of the problem, it is necessary
to establish the priorities of the criteria and evaluate each alternative with respect to
these criteria to identify the most suitable option. To determine the relative impor-
tance of the criteria in the decision—making context, a pairwise comparison matrix
must be constructed. The general form of this matrix is presented in Table 1.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
295 International License



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

Table 1. Pairwise Comparison Matrix
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Here A, A, A, , ..., A — are sets of elements;W W, W, ..., W — are their
contributions (weights) or intensities, respectively.

Results and discussion

To conduct subjective pairwise comparisons, AHP proposes a relative impor-
tance scale (Table 2).

Table 2. Relative Importance Scale

Intensity of relative importance The definition Explanations
1 Equally important Equal contribution of both actions to
the objective
3 Slight (or moderate) preference | Experience and judgment slightly favor
of one over another one action over another
5 Strong or significant preference | Experience and judgment strongly fa-

vor one action over another

7 Demonstrable advantage One action is so strongly favored that it
is essential in practice

9 Very strong advantage The dominance of one activity over an-
other is clearly demonstrated

2,4,6,8 Intermediate judgments between | Used in compromise situations
two adjacent values

Note 1: The purpose of creating such a matrix is to identify the factors with the
highest importance values, and to focus on them when further solving the problem or
developing an action plan.

Note 2: If the values of W ,W_, W, ..., W are assumed to be unknown in
advance (this is a very common situation), then the pairwise comparison of elements
is carried out on the basis of subjective opinions, using a numerical assessment on a
special scale, and then the problem of determining the components is solved.

Note 3: In the AHP method, by convention, the relative importance of the
elements in the left column of the matrix is compared with the elements in the upper
row. If the element on the left is more important than the element above it, a positive
integer from 1 to 9 is written in the cell; otherwise, the inverse value (a fractional
number, for example, 1/5) is written. The relative importance of any element compared
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to itself is equal to 1; therefore, only units are placed in the diagonal cells of the
matrix (Table 1). Finally, the symmetrical cells are filled with inverse values, that is, if
element is rated slightly more important than element (on a scale of 3), then element
is considered slightly less important relative to (on a scale of 1/3).

If one of the above numbers (for example, 3) is obtained as a result of comparing
one type of service with another type of service, then the second type of service is
given its inverse value (i.e. 1/3) compared to the first. Table 3 shows the approximate
values of the indicators under consideration.

Table 3. Approximate Values of Indicators for Different Alternatives

Indicators A B C D

Productivity, t/h 14 9.5 12 7.2
Cutting width, m 7 6 7 5
Grain tank capacity, m? 6 4.5 6 3
Engine power, hp 235 185 210 155
Fuel tank capacity, L 540 | 300 300| 300

In accordance with the above, we construct a pairwise comparison matrix (Ta-
ble 4) to determine the weights of the quality indicators. The matrix is formed by
placing the objective (or criterion) to be compared along the top row and listing the
elements to be compared both along the left column and the top row.

Table 4. Matrix of Pairwise Comparison of Quality Indicators Based on
Subjective Judgments

Overall satisfaction with the combine Prod. C.w. G.tc. |Ep. F.t.c.

Productivity, t/h (Prod) 1/1 5/1 4/1 5/1 3/1
Cutting width, m (C.w) 1/5 1/1 1/2 2/1 172
Grain tank capacity, m® (G.t.c.) 1/4 2/1 1/1 1/1 1/4
Engine power, hp (E.p.) 1/5 172 1/1 1/1 172
Fuel tank capacity, L (F.t.c.) 1/3 2/1 411 2/1 171

Pairwise Comparison Matrices for Level 3.
The article requires the creation of five matrices for level 3 relative to level 2
criteria (Table 5-9).

Table 5. Pairwise Comparison Matrix for Criterion 1

Productivity A B C D

A 1 1.473684 1.166667 1.944444
B 0.678571 1 0.791667 1.319444
C 0.857143 1.263158 1 1.666667
D 0.514286 0.757895 0.6 1
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Table 6. Pairwise Comparison Matrix for Criterion 2

Cutting width A B C D

A 1 1.166667 1 1.4
B 0.857143 1 0.857143 1.2
C 1 1.166667 1 1.4
D 0.714286 0.833333 0.714286 1

Table 7. Pairwise Comparison Matrix for Criterion 3

Grain tank capac- A B C D

ity

A 1 1.333333 1 2
B 0.75 1 0.75 1.5
C 1 1.333333 1

D 0.5 0.666667 0.5 1

Table 8. Pairwise Comparison Matrix for Criterion 4

Engine power A B C D

A 1 1.27027 1.119048 1.516129
B 0.787234 1 0.880952 1.193548
C 0.893617 1.135135 1 1.354839
D 0.659574 0.837838 0.738095 1

Table 9. Pairwise Comparison Matrix for Criterion 5

Fuel tank capacity A B C D

A 1 1.8 1.8 1.8
B 0.555556 1 1 1
C 0.555556 1 1 1
D 0.555556 1 1 1

Note 1: Objective data on the indicators used to compare combines can be ob-
tained from test reports, scientific literature, advertising brochures, etc. sources.

Note 2: If a comparison scale is available, i.e. a specific measurement method
is used, then the data obtained can be used for comparison; if this is not possible, the
cells are filled in based on subjective but well-considered assessments.

Note 3: When constructing pairwise comparison matrices, it is necessary to
consider the directionality of the indicators (direct or inverse dependence).

Synthesis of PrioritiesBased on a set of pairwise comparison matrices, a set
of local priorities is formed, which characterizes the cumulative effect of elements
relative to the top—level element.

One way to determine priorities is to calculate the geometric meaning. This
method is performed by multiplying the elements in each row and finding the nth root
of the resulting product, where n is the number of elements. The numbers thus ob-
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tained form a score, and dividing it by the sum of all values, we obtain a normalized
(normalized) priority vector.

The sequence of calculating the components of the priority vector is shown in
Table 1.

For the data presented in Table 4, the values of the priority vector are as follows
(Table 10).

Table 10. Pairwise Comparison Matrix for Criteria

Overall satisfaction with the combine Priority vector,

Productivity, t/h (Prod) 0.491
Cutting width, m (C.w) 0.099
Grain tank capacity, m* (G.t.c.) 0.104
Engine power, hp (E.p.) 0.086
Fuel tank capacity, L (F.t.c.) 0.220

Table 11 presents the results of pairwise comparisons conducted for the third
level of the hierarchy, which characterizes the relative effectiveness of combine har-
vester brand variants with respect to the second—level criteria.

Table 11. Pairwise Comparisons at the Third Level

Priority vector
Solution | Productivity, [ Cu ttin g | Grain tank | Engine power, hp | Fuel tank capacity, L
version t/h (Prod) width, m | capacity, m? | (E.p.) (Ft.c.)
(C.w) (G.t.c.)
A 0.327868852 0.28 0.299363 0.307692 0.375
B 0.222482436 0.24 0.235669 0.230769 0.208333
C 0.281030445 0.28 0.267516 0.307692 0.208333
D 0.168618267 0.2 0.197452 0.153846 0.208333

Determination of Main Priorities

According to the AHP methodology, the synthesis of priorities is carried out
from the second level to the lower level. Local priorities are multiplied by the priority
of the corresponding criterion at the higher level and summed for each element
according to the criteria that affect this element.

A sample calculation of main priorities is given below (Table 12)

Table 12. Data for Calculating Top Priorities

Priority vector

Solution | Productivity, | Cutting width, | Grain tank capaci- | Engine power, hp | Fuel tank capacity,
version | t/h (Prod) m (C.w) ty, m* (G.t.c.) (E.p.) L (Ftc.)

0.491 0.099 0.086 0.104 0.220
A 0.327868852 0.28 0.299363 0.307692 0.375
B 0.222482436 0.24 0.235669 0.230769 0.208333
C 0.281030445 0.28 0.267516 0.307692 0.208333
D 0.168618267 0.2 0.197452 0.153846 0.208333

We construct a matrix from the level 3 alternative shares and multiply it by the
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priority vector to obtain the following result (Table 13):
Table 13. Principal Priority

Name Global priority values
A 0.329
B 0.223
C 0.266
D 0.182

Thus, the most attractive option is combine A.

Now let us look at the algorithm for implementing this problem in Python.

Step 1. We include special libraries for creating and editing a comparison ma-
trix and determining the priorities of criteria or alternatives. We entered the data of the
pairwise comparison matrix of quality indicators based on the indicators of various
alternatives and subjective judgments into the program: data, criteria_matrix.

-import numpy as np;

-from scipy.linalg import eig.

Step 2. We evaluate the alternatives using the Analytic Hierarchy Process
(AHP) method and construct the following functions to select the best one:

def ahp(criteria_matrix, data):

criteria_weights = get weights(criteria_matrix)

# ABTOMATTHI TYPJE CAJBICTBIPY MAaTPUIIATAPbIH KYPY

num_criteria, num_alternatives = data.shape

alternatives matrices = []

for 1 in range(num_ criteria):

matrix = np.ones((num_alternatives, num_alternatives))

for j in range(num_ alternatives):

for k in range(num_ alternatives):

matrix[j, k] = data[i, j] / data[i, k]

alternatives matrices.append(matrix)

alternatives weights = np.array([get weights(matrix) for matrix in alterna-
tives_matrices])

final scores = np.dot(criteria_weights, alternatives weights)

return final scores

def get weights(matrix):

eigvals, eigvecs = eig(matrix)

max_index = np.argmax(eigvals)

weights = np.real(eigvecs[:, max_index])

weights = weights / np.sum(weights)

return weights

Step 3. From the found alternatives, we select the highest value:

final scores = ahp(criteria_matrix, data)

best company = companies[np.argmax(final scores)]

Step 4. Compiling the code gives us the following result:
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A:0.329

B:0.223

C: 0.266

D: 0.182

EH xakchbl Tangay: A.

Conclusion

In this research, the analytical hierarchy process (AHP) was used to evaluate
the technical characteristics of four types of grain harvesters, which are the most
popular in agriculture, and to select the optimal one. The significant criteria used —
productivity (t/h), bed width (m), grain bunker capacity (1), engine power (kW) and
fuel tank volume (1) — were taken based on real sources. Using pairwise comparison
matrices, the importance of each criterion was determined, and as a result, the pro-
ductivity indicator had the highest importance (0.491). This indicated that it is an
important value in the decision—making process. In second place was the fuel tank
capacity (0.220), and bed width (0.099), grain bunker capacity (0.104), and engine
power (0.086) had the smallest weight (Table 4).

The results show that the AHP method combines real criteria and expert opin-
ions in the selection of technology, allowing for a structured and logically based de-
cision. This method can help identify clear priorities, especially when the character-
istics of the technology are diverse and the evaluation is multifaceted (Chan et. al.,
2004: 430-445).

During the research, official data on combines were used as the primary source.
This approach ensures the objectivity and reusability of the results. However, since it
is a method based on expert assessment, the influence of the human factor was con-
sidered.

In the next stages, this methodology can be expanded and additional criteria
— frequency of repair and maintenance, ease of use, cost, availability of spare parts —
may be introduced. In addition, advanced methods such as fuzzy AHP or group expert
assessment can be used to increase the accuracy and stability of decisions. This will
greatly contribute to investment decisions in the field of agricultural engineering, as
well as the digitalization of agriculture and the introduction of smart management
systems.

In conclusion, this study has proven the high efficiency of the AHP method
in the process of selecting a combine harvester. This method can be widely used as
an important decision-making tool not only in the selection of combines, but also in
the selection of other agricultural machinery (tractors, seeders, etc.), as well as in the
formation of regional technical policy, and in the justification of machinery modern-
ization programs.
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Abstract. The paper presents the development of an autoencoder model for
colorization of black and white images. The purpose of the study is to restore color
information using landscapes and architectural scenes as an example. The model is
implemented in Python using the Keras and TensorFlow libraries and trained on the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
303 International License




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

dataset Landscape color and grayscale images (14,258 images, including 7,129 color
and 7,129 converted to black and white). All images are reduced to 150x150 pixels
in RGB format. The architecture includes an encoder based on convolutional and
dropout layers and a decoder with transposed convolutions. Augmentations were
used to improve the generalization ability. Experiments showed an accuracy of about
82.5 % on the validation sample. Additional metrics: MSE =0.018, PSNR = 27.6 dB,
SSIM = 0.83 . Visual analysis confirmed the correct restoration of the main colors (sky,
vegetation, buildings), while individual artifacts are preserved in complex scenes.
Compared to U-Net and GAN architectures, the proposed model demonstrates lower
accuracy, but is simple, reproducible, and computationally expensive. It can be used
as a basic solution for educational and research tasks, and also serves as a starting
point for further improvements.

Keywords: neural networks, computer vision, image colorization, deep learn-
ing, convolutional networks, autoencoder, image processing
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AHHoTanms. byn kymbicta Kapa-ak OeifHenepl KoJopU3alysuiay YIIiH
aBTOKOAMPOBIIMK YJTICIH 93ipjey KapacThIpbUIaabl. 3epTTeyliH MakcaTbl —
nei3axaap MeH COyJeTTIK KepiHicTep MbICalbIHIAa TYCTIK aKmapaTThl KajlblHa
kentipy. Mogens Python timinge Keras xone TensorFlow kitamxanamapblHBIH
KOMeTIMEH iCKe achIpblIAbI XkoHe Landscape color and grayscale images nepexrep
KUHAFbIH/IA OKBITHUIIBI (14 258 Oeline, oHbIH immiHAe 7129 Typni-Tycti xone 7129
Kapa-akka Typiaesipiaren). bapasik 6eitnenep RGB dopmartsinna 150%150 nukcens
eJIIIEMiHe KeNTipiaal. ApXUTEeKTypa KypamblHa CBEPTOUTHI *oHe dropout-kabarTa-
pblHA HETI3JENreH KOJUPOBIIUK, COHJIAi-aK TPaHCHO3MLUSIBIK CBEPTKEICPMEH
JEKOUPOBILUK eH/l. XKannbuiay KabijeTiH apTThIpy YIIIH JePEKTEp ayIMEHTALUSACHI
KOJIJaHbUIIbI. DKCIIEPUMEHTTEP HOTHXKECIH/IE BaTHIAIMSIIBIK )KUBIHTBIKTA IIaMaMeH
82,5 % monmikke Kon xkeTkizinai. Kocsimina metpukanap: MSE =0.018, PSNR = 27,6
dB,SSIM~=0.83. Buzyanasl Tasiiay Heri3ri TyCTepAiH (acmaH, eCiMAIKTep, FUMapaTTap)
IypbIC KajmblHA KENTIPUITeHIH pacTajbl, ajaiija Kypaeli KepiHicTepae Kenoip
apredaxrinep cakranansl. U-Net koHe GAN apXuTekTypajlapbIMEH CalbICThIPFaH/1a
YCBIHBUIFAH MOJIENIb TOMEHIPEK TONIIIKTI KOPCETKEHIMEH, KapanaibIMIbUIbIFbIMEH,
KaiiTa aHFBIPTBUIYBIMEH OHE TOMEH €CENTey LIBIFBIHAAPBIMEH EPEeKILIEeICHEI].
Ou1 oKy koHe 3epTTey MaKcaTTapbiHa 0azajbIK LICNIiM PeTiHAe, COHAai-aK 0JlaH api
KETUIAIPY YLIiH OacTankbl HYKTE PETiHAE KOJIAAHbLTYbl MYMKIiH.

Tyiiin ce3aep: HEHPOHIBIK *Kelli, KOMIBIOTEPIIIK Kopy, OeiHeH]1 TycTeHaipy,
TEPEH OKBITY, KOHBOJIIOLUSIIBIK HEHPOHIBIK KeJli, aBTOKOJUPOBILUK, KECKIHAEP/l
OHJICY
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BOCCTAHOBJICHHE I[BETOBOW MH(pOpPMAIIUU HA TIpUMepe Men3akel U apXUTEKTYPHBIX
cueH. Mogenb peanu3oBaHa B Python ¢ ucnons3zoBanmem Oubnmorek Keras u
TensorFlow u oOydena Ha natacere Landscape color and grayscale images (14 258
n300pakeHni, n3 HUX 7129 nBeTHBIX U 7129 npeoOpa3oBaHHBIX B YepHO-OeIbIe). Bee
n300pakeHHs IpuBeIeHbI K pazmepy 150% 150 nukceneit B popmare RGB. Apxutekry-
pa BKITIOYAeT KOJMPOBIIUK Ha OCHOBE CBEPTOUHBIX U dropout-cioéB U AeKOIUPOBIINK
C TPAHCTIOHUPOBAHHBIMU CBEpTKaMH. {715 moBkIIIeHUsT 000011ato1Iel CTOCOOHOCTH
NPUMEHSITUCH ayTMEHTalMU. DKCIIEPUMEHTHI MTOKa3alu TOYHOCTh OKoo 82,5 % Ha
BauaaIMoHHOM BeIOOpKE. JlomomHuTenbHbIe MeTpuku: MSE = 0.018, PSNR = 27,6
dB, SSIM = 0.83. BusyanbHbIil aHAIU3 MOATBEPANUI MMPABUILHOE BOCCTAHOBIICHUE
OCHOBHBIX 1IBETOB (HE0O, paCTUTENBbHOCTD, 31aHUA), IPU STOM B CIOXHBIX CIIEHAX
coxpaHswTca otaenbHble apredakthl. [lo cpaBHenuto ¢ apxutektypamu U-Net u
GAN npeayioxkeHHas MOJIeib JEMOHCTPUPYET MEHBIIYI0O TOYHOCTh, HO OTIMYAeTCs
MPOCTOTOM, BOCIPOU3BOAUMOCTBIO U HU3KHUMH BBIUMCIUTEIbHBIMU 3aTpaTaMu. OHa
MO>KET MCIIOJIb30BaThCs Kak 0a30BO€ pelieHue AJis YYEeOHBIX U UCCIIEeI0BATEIbCKUX
3a/1a4, a TAaKXKe CIY>KUTh OTIIPABHOM TOUKOW AJIs JabHEHIINX YITyUlIeHHH.

KioueBble ci10Ba: HEMPOHHBIE CETH, KOMITBIOTEPHOE 3pEHUE, pACKPAIIUBAHNE
H300paKEeHHH, TIIyOOKOe OOydeHHe, CBEpTOYHBIE CETH, aBTOIHKOIEp, oOpaboTka
N300paKeHHI

Juasi murtupoBanusi: M. VpasranmueBa, X.U. brons0rons, b. YTeHnosa, A.
MaiineibaeBa, A. MyxanOetkanueBa. PazpaboTka u o0ydueHne HelpoceTeBoil Moienu
ABTOKOJIMPOBIIMKA ISl KOJOPHU3AIMM BU3YAIbHBIX JaHHBIX//MexayHapoaHbIi
KypHaJl HHOOPMAITMOHHBIX 1 KOMMYHHKAITMOHHBIX TexHojoruid. 2025. T. 6. No. 23.
Ctp. 303-322. (Ha anr.). https://doi.org/10.54309/1JICT.2025.23.3.019.

Kondaukr uHTepecoB: aBTOpHI 3aABIAIOT 00 OTCYTCTBUM KOH(QIMKTA
UHTEPECOB.

Introduction

Modern advances in artificial intelligence and deep learning have significantly
expanded the capabilities of automatic image processing. One of the rapidly developing
areas of computer vision is colorization of black-and-white images, i.e. restoration
of color information based on the analysis of spatial and contextual features of the
image. This task has both research and applied significance: from digital restoration of
archival photographs and film materials to improving user experience in multimedia
services and generative design systems.

The relevance of the problem is determined by the fact that colorization
is an inverse task - for each black and white image, there may be many correct
color interpretations. In this regard, methods based on classical image processing
algorithms do not provide sufficient flexibility and quality. Only the use of neural
networks allows us to identify complex dependencies between the image structure
and probable color characteristics, which makes the task feasible at the current level
of technology development.
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Inrecent years, various approaches have been proposed to solve the colorization
problem: convolutional neural networks, U-Net-based architectures, generative
adversarial networks (GANSs), and hybrid models that use additional cues (e.g., text or
semantic maps). Despite their high results, many of these solutions require significant
computational resources, large training samples, and complex hyperparameter tuning,
which hinders their practical application in resource-constrained settings.

The aim of this work is to develop and test a model based on an autoencoder
capable of automatic colorization of black and white images. Particular attention is
paid to the issues of reproducibility of experiments, availability of implementation,
and balance between the quality of the result and computational efficiency.

To achieve the stated goal, the following tasks are solved in the work:

e to review modern methods of image colorization and identify their strengths
and weaknesses;

e prepare a dataset of black and white and color images for training and
validating the model;

o implement an autoencoder architecture using Keras and TensorFlow libraries;

o train the model and perform a quantitative quality assessment (accuracy,
MSE, PSNR, SSIM);

o perform a comparative analysis of the obtained results with existing solutions;

o discuss the scientific novelty and development prospects of the approach.

The scientific novelty of the work lies in the practical implementation of a
resource-efficient colorization model, which, with a relatively simple architecture,
demonstrates stable results and can be considered as a reproducible basic guideline
for research and educational tasks.

Thus, the presented study combines both theoretical and applied aspects of the
development of automatic image colorization systems, confirming the relevance and
prospects of using neural networks in this area.

Materials and methods

Convolutional neural networks refers to multilayer feedforward networks.
Convolutional neural networks are typically used to solve problems related to speech,
image, audio and video signal recognition. It has more advanced functionality com-
pared to the perceptron. Data passing through such a neural network is “stratified”
into parts of different sizes (Baldassarre at. Al., 2020). The structure of such a net-
work contains three main types of layers: a convolutional layer (convolutional layer),
subsampling layer (Pooling layer) and a fully-connected layer (fully - connected
layer) (Figure 1).
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Fig. 1. Schematic Representation of a Convolutional Neural Network

Recurrent neural networks (Recurrent Neural Networks (RNNs) are designed
to work with sequential data such as text and time series. Unlike multilayer percep-
trons, RNNs use feedback connections, allowing information to circulate and taking
into account previous context when making new predictions (Billaut at.al., 2018).
This makes them ideal for prediction tasks, speech recognition, text translation, and
temporal data analysis (Ma et.al., 2024). However, classic RNNs suffer from the
problem of vanishing gradients, which has prompted the development of improved
modifications of RNNs such as LSTM (Long Short - Term Memory) and GRU (Gated
Recurrent Unit), which are able to handle long-term temporal dependencies more effi-
ciently. Both new architectures find application in a variety of areas, including natural
language processing, time series forecasting, speech recognition, and many others.
The success of LSTM and GRU is due to their ability to “learn” both short-term
and long-term dependencies in data. This makes them especially useful in scenarios
where context needs to be taken into account over long time frames (Charpiat at.al.,
2008). Schematic image recurrent neural networks presented on in the drawing 2.

® ® ® ®)
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Fig. 2. Scheme of Operation of a Single-Layer Recurrent Neural Network

v

Thus, the use of various architectures allows neural networks to be configured
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to solve specific problems, taking into account the nature and structure of the input
data. Each of the described types of neural networks finds its application in various
fields - from image processing and text analysis to time series forecasting and bio-
informatics (Mullins, 2022). The choice of a suitable architecture depends on the
specific task, the nature of the data and the requirements for the model (Anwar et al.,
2020). At the same time, in the context of constantly developing technologies, neural
networks continue to evolve, opening new modifications of the architecture (Orazba-
yeva at.al., 2023).
Application Areas and Tasks

Computer vision Computer vision, CV) is a field of theoretical and applied
research related to obtaining and further exploitation of information about real-world
objects obtained on the basis of images. During its existence, computer vision has
played a significant role in solving a wide variety of problems, made a huge contribu-
tion to the development of automation of processes in medicine, marketing, security
and many other areas. Without computer vision, many of the achievements of prog-
ress that modern man is accustomed to would not have been possible (Bogdanchikov
et al., (2023; Geeks for Geeks, 2022).

Computer vision is most often used in areas such as medicine (brain mapping),
security control (facial recognition), industrial production (detection of defective
parts), high-tech agriculture (crop quality control by appearance), driverless cars, etc.

Computer vision solves the following problems:

— recognition: the main goal of recognition is to determine whether the image/
video contains the desired object,

— identification: recognition of a unique object of a class, as well as the defini-
tion of various alphanumeric designations,

— measurement: measurement based on images/videos of the physical parame-
ters of an object,

— image restoration: removal of image blur, noise and other defects,

— image segmentation: highlighting the silhouette of an object,

— transformation of a two-dimensional object into a three-dimensional one:
construction of a 3D model based on a 2D image.

The following methods of image processing are distinguished:

— Pixel counting: the number of light or dark pixels is counted and the necessary
conclusions about the image are made based on the result. Provides the ability, for
example, to check compliance with the required pixel resolution.

— Binarization: converting an image into binary (black and white pixels only).
The values of each pixel are conventionally coded as “0” and “1”. The value “0” is
conventionally called the background and “1” is called the foreground.

— Optical character recognition: automated “reading” of texts. Allows you to
edit text, search for necessary words in it, convert it into various formats.

— Barcode reading: decoding 1D and 2D codes designed to be read or scanned
by machines.
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The scope of application of computer vision technologies is expanding ev-
ery year. There are fewer and fewer business sectors where neural networks are not
used. According to a market study conducted by the analytical center According to
TAdviser and Computer Vision Systems, the Russian CV market could reach a vol-
ume of almost 200 billion tenge by 2025, showing a fivefold increase since the study
was conducted (Cao at.al., 2024; Goldashova at.al., 2022).

Image Processing with Convolutional Neural Networks

Working with values stored by pixels, just like with features in machine learn-
ing, does not take into account, for example, the translational invariance of objects in
the picture. For example, the object that needs to be recognized can be either in the
middle of the photo or in the corner, the same Multilayer Perceptron will not be able
to perform effective processing in this case. Convolutional neural networks are used
to solve such problems (GitHub Contributors, 2021).

Convolutional neural networks provide partial robustness to scale changes,
translations, rotations, perspective changes, and other distortions. They combine three
architectural ideas to provide invariance to scale changes, rotations, translations, and
spatial distortions:

— local receptor fields (provide local two-dimensional connectivity of neu-
rons),

— general synaptic coefficients (ensure detection of some features anywhere in
the image and reduce the total number of weighting coefficients),

— hierarchical organization with spatial subsamples.

At the moment, the convolutional neural network and its modifications are
considered the best algorithms for finding objects on the scene in terms of accuracy
and speed. Since 2012, convolutional neural networks have taken first place in the
international ImageNet image recognition competition (Kaldarova at.al., 2022).

Figure 3 shows the process of image processing by a convolutional neural

network.
E E — CAR
— TRUCK
— VAN
' O

D — BICYCLE

INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN SOFTMAX

FULLY
CONNECTED
Y Y

FEATURE LEARNING CLASSIFICATION
Fig. 3. The Process of Image Processing by a Convolutional Neural Network

Consider the process of image processing by this type of neural networks in
more detail.

First, define the convolution operation.

Convolution is a sequential two-step process:
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— passing the same fixed kernel over the entire initial image.

— at each step — calculation of the scalar product of the kernel and the initial
image at the point of the current location of the kernel.

The result of convolving an image and a kernel is a feature map. The purpose
of the convolution operation is to extract high-level features, such as lines and edges,
from the input image.

nxnxm be fed to the input of the neural network, i.e. the size of the original
image is equal to n pixels in width, n pixels in height, m color channels.

Feature generation techniques can be generalized by using kernels (filters) —
small matrices that are convolutions of the original images.

Let us describe the operation of the convolutional layer.

Let an input image I [5 x 5 x 1], which is a matrix of the original pixel values
of the image, and a filter K [3 x 3 x 1], which is also specified by a matrix. Each time,
the filter performs a matrix multiplication operation between K and some part of I,
then moves by a given step (the distance the filter moves along the data) and starts
processing another part of the image. The filter continues moving until the entire
width of the original image has been processed, then returns to the “beginning” of
the image and processes the length. It is possible that the image has several channels.
In this situation, the matrices K ;and I jare multiplied, where i = 1,2, ... , n, and the
results are summed with an offset to produce an output signal of one depth.The con-
volution operation can produce two types of results:

— the folded feature has a smaller dimension compared to the input image.
Padding without padding is applied (Valid padding)

— the dimension either increases or remains unchanged.

The padding is applied with the addition (Same Padding). Describe the op-
eration of the subsampling layer, pooling layer is necessary to reduce the size of the
element obtained as a result of convolution. Such an operation contributes to efficient
work, since it reduces the dimensionality. In addition to reducing computing power,
the pooling layer is important for identifying dominant features in the image, it sup-
ports the model training process (Khassenova at.al., 2023).

There are two types of subsampling (Figure 4):

— maximum (max pooling): returns the maximum value on the part of the
image considered by the filter, acts as a ““ noise suppressor “, combines noise removal
with dimensionality reduction, and therefore works many times more efficiently than
the average subsample,

- average pooling): returns the average of all values in the part of the image
considered by the filter, using dimensionality reduction as a noise reduction technique
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Fig. 4. Subsampling Types

Together, the convolutional layer and the pooling layer form a convolutional
neural network layer. Their number varies depending on how complex the task is,
increasing when there is a need to capture more detail.

Let us describe the operation of a fully connected layer.

The final stage of the neural network. Classifies the image based on the data
obtained at the convolution and subsampling stages.

A fully connected layer can also be called a classification layer.

Neurons in a fully connected layer are connected to all activation neurons of
the previous layer, as in a normal neural network. Their activation values can be cal-
culated by matrix product and adding a bias value.

After a series of epochs ( repeated stages of processing the training dataset),
the model is able to distinguish between dominant and some low-level features of
images and classify them using the Softmax function (a function that turns sets of
numbers into probabilities (the sum of which is equal to one), it outputs as a result a
vector representing the probability distributions of a list of potential outcomes).

The output of this layer is the probability distribution over classes for the input
object.

This is how a convolutional neural network transforms the original image,
layer by layer, from the initial pixel value to the final class score.

Image Processing with Autoencoders

Autoencoders are neural networks of direct propagation that learn without a
teacher, their feature is the reproduction of the input signal at the output. The archi-
tecture of the autoencoder is a division of the network into two parts: the encoder and
the decoder. The data provided to the neural network at the input is first encoded, then
the necessary transformations are carried out on them in the hidden layer (bottleneck
layer), and then decoded, and autoencoders are built in such a way that they are unable
to accurately copy the input data at the output. The input signal is restored with errors
due to losses during encoding, but in order to minimize them, the network is forced
to learn to select the most important features. Architecture autoencoder presented on
in the drawing 5.
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Input layer Hidden layer Output layer
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Fig. 5. Autoencoder

Autoencoder training is that the model will work correctly only when the in-
put data belongs to the same population on which the neural network was trained. For
example, a network trained on images of people will not work correctly on images of
landscapes. The main practical applications of autoencoders remain noise reduction
in data, as well as dimensionality reduction of multidimensional data for visualiza-
tion.

A popular use case for autoencoders is image processing. The trick used is
to replace the fully connected layer with a convolutional layer. This transformation
method is designed to transform a very wide, very thin (e.g. 100*100 pixels, 3 chan-
nels, RGB) image into a very narrow, very thick image. This method greatly helps
us extract visual features from the image, thereby obtaining a more accurate latent
representation space. Finally, our image reconstruction process uses upsampling and
convolution. Such autoencoder it’s called convolutional autoencoder (CAE).

Model Description

During the work, a model was created that can solve the problem of coloriza-
tion of black and white images. The class of images on which the neural network was
trained is landscapes, buildings, mountains, streets, etc.

The program text is written in the Python programming language using the
tensorflow and keras, pandas, matplotlib libraries in the jupyter environment
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notebook. The neural network was trained on data from the dataset Landscape color
and grayscale images, containing 14258 photographs (7129 color, 7129 black and
white). The training sample was 84.16 %, the test sample was 15.84 %, the image size
was 150x150 pixels, the resolution was 96 dpi, the color model was RGB. Example
images contained in the dataset are shown in the drawing 6.

Fig. 6. Examples of Photographs From the Dataset

After reading the dataset images (while maintaining the division into color and
black-and-white), each of them is converted into a normalized vector and added to the
corresponding image array. Then, the arrays of color and black-and-white photos are
divided into training and validation datasets (training - 12,000 images, validation - the
remaining 2,258).

The code then constructs the encoder and decoder classes. In the encoder class
constructor, two convolution layers are defined by calling Conv 2 D (before defining
the second layer, Dropout is called to prevent the network from overfitting), and a
pooling layer is defined. In the decoder class constructor, a transposing convolution
layer is defined by calling Conv 2 DTranspose and an instance of the encoder class is
created (it is returned by the call method).

The class responsible for visualizing the learning process is also described. For
each epoch, it outputs a random image from the validation sample (color and black
and white versions) and the result of the neural network on this photo.

A part of the training black-and-white sample is fed as an input layer of the
neural network. After that, 5 copies of the encoder class are created (the last, fifth,
without returning the subsample layer ), thus obtaining the input data in a compressed
format. Then the layers obtained as a result of encoding are decoded one by one, this
happens by creating copies of the decoder class with input parameters corresponding
to the encoded layers.

After decoding, we obtain the output layer using the sigmoid activation func-
tion and determine the model based on the input and output layers.
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The next stage of work is training the model. The fit method is called, the spec-
ified number of epochs is 50, but the training process can be terminated early if the
model begins to overtrain (the callbacks parameter is specified in the fit method).
Figure 7 shows the result of the model’s work on the 5th and 6th epochs and a com-
parison of the result with the original images.

Gray Image Colored Image True Image

Epoch 6/58
ZI9/N Y [S5==Sscs==sscm=sss==Ss==s=====] ~ H1I= 14Bms/step - loss: B8.5348
- accuracy: B8.4853 - val_loss: 8.5414 - val_accuracy: 8.5239

Gray Image Colored Image True Image

Fig. 7. Comparison of the Model’s Output with Real Images
Analyzing the graph of loss, accuracy, validation loss and validation accuracy
of the model for each epoch (Figure 8), we can see that with each epoch the accura-
cy of the model increases, and the loss indicator decreases. On the test sample, the
achieved accuracy for 15 epochs is 82.5 %, the loss was 40 %. The results of its work
are close to the original images. Thus, the model has been successfully trained and is
suitable for further use.
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It is important to clarify that in the context of the image colorization problem,
the term accuracy is used in a modified form, since this problem does not relate to
discrete classification, but to regression, where continuous values of color channels
(R, G, B) are predicted. In the classical sense, accuracy denotes the proportion of
correct predictions among all, but for the color restoration problem, it is necessary to
introduce an additional condition for the permissible error.

In this paper, accuracy is understood as the proportion of pixels for which the
color value predicted by the model coincides with the reference value within a given
threshold o (for example, £5 for each RGB channel). Thus, the color of a pixel is con-
sidered “correctly” restored if its predicted value differs slightly from the original, but
remains within the limits of a visually indistinguishable error. Formally, the metric is
calculated using the following expression:

Accuracy = ;.r Z\I: 1[: fg Ll = .E).

where N is the total number of pixels, 1 ,1s the predicted pixel value (for each
RGB channel), 1 ;is the true pixel value, 6 is the maximum permissible deviation.

This approach allows us to treat the colorization task as a conditional binary
classification at the level of individual pixels: “correctly restored” or “erroneously
restored”. With the achieved accuracy value of 82.5 %, we can say that more than 4/5
pixels were restored with acceptable accuracy.

However, it should be emphasized that accuracy is not a universal metric for
image restoration tasks. It does not take into account structural similarity, texture and
contrast perception, which is especially important for visual assessment of coloriza-
tion quality. Therefore, for a more correct quality analysis, the following metrics are
additionally used in this work:

- MSE (Mean Squared Error) — root mean square error, measuring the average
deviation between predicted and reference values;
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- PSNR (Peak Signal - to - Noise Ratio) — the ratio of the maximum signal
power to the distortion power, characterizing the degree of preservation of visual
information;

- SSIM (Structural Similarity Index) is an index of structural similarity that
takes into account the perception of brightness, contrast and texture.

Using this set of metrics allows for a comprehensive assessment of both the
numerical accuracy of reconstruction and the visual quality of the resulting images,
which provides a more objective comparison of the proposed model with existing
solutions.

Comparative Table 1- of Metrics Qualities

Metrics Value (test sample)
Accuracy (0=5) 82.5%

MSE 0.041

PSNR 27.6 dB

SSIM 0.83

The table shows a comprehensive assessment of the quality of image colorization.
While the Accuracy metric reflects the proportion of pixels restored with an accept-
able error, the MSE, PSNR, and SSIM metrics provide a more detailed characteristic
of image quality, taking into account structure, contrast, and human perception.

Results and discussion

The proposed model occupies an intermediate position between the simplest
heuristic methods and modern deep learning architectures for image colorization. Un-
like naive approaches (e.g., copying the luminance channel to RGB), the developed
autoencoder provides a significant increase in quality due to training on a specialized
dataset and restoring color information based on spatial features. At the same time,
the model is inferior to more complex architectures - such as U - Net, GAN or trans-
former models, which demonstrate higher performance in SSIM and PSNR metrics,
but require large computing resources and long training time. Thus, the proposed
implementation is positioned as a basic, reproducible and resource-efficient solution
suitable for educational and research tasks, as well as for systems operating under
limited hardware capabilities.

Positioning Models Relatively Existing Solutions

Method Advantages Flaws Positioning

Naive method | Simplicity, no learning curve, | No recovered color information, | Used How base

(copying bright- | instant calculation completely gray result baseline

ness to RGB)

U-Net High accuracy of color resto- High computational complexity, It is used in
ration, ability to take into ac- requires large GPU resources scientific and in-
count global and local context dustrial projects

when resources
are available.
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GAN (Generative | Realistic images, high percep- | Complexity of setup, instability of | Used for

Adversarial tual quality (SSIM, FID) training, long training time photorealistic
Network) colorization in
research and
products
Proposed model Simplicity of architecture, Limited accuracy compared to A basic, re-
reproducibility, moderate GAN /U - Net , basic architecture | source-efficient
(autoencoder on | computational costs, acceptable solution for
Keras) quality (Accuracy = 82.5 %, educational and
SSIM ~ 0.83) research tasks

Thus, the proposed model takes the place of a basic reproducible benchmark
that allows demonstrating the applicability of the classical autoencoder architecture
to the problem of image colorization. Although its accuracy and perceptual metrics
are inferior to modern solutions at the U - Net and GAN levels, the main advan-
tage is the ease of implementation, low computational costs and reproducibility
of experiments. This makes the model a convenient tool for educational purposes,
early stages of research and practical applications where resources are limited and
the balance between quality and costs is important rather than maximum accuracy.

Thus, the proposed model takes the place of a basic reproducible benchmark
that allows demonstrating the applicability of the classical autoencoder architecture
to the problem of image colorization. Despite the fact that its accuracy and perceptual
metrics are inferior to modern solutions of the U - Net and GAN level, the main ad-
vantage is simplicity of implementation, low computational costs and reproducibility
of experiments. This makes the model a convenient tool for educational purposes,
initial stages of research and practical applications where resources are limited and
maximum accuracy is not important, but the balance between quality and costs.

As part of the study, an autoencoder model was implemented and tested for the
task of colorizing black and white images. Training was carried out on the dataset
Landscape color and grayscale images, which includes 14,258 landscape images
(7,129 color and 7,129 converted to black and white). The data was divided into
training (84.16 %) and test (15.84 %) samples. The size of the input images is fixed -
150 x 150 pixels, the color model is RGB.

Characteristics of Training.

The training process lasted for 50 epochs using the Adam optimizer. Analysis
of the graphs of the loss and accuracy functions showed a consistent decrease in the
error on the training and validation samples, indicating successful assimilation of
the model of the patterns of the color structure of images. The greatest increase in
accuracy was observed in the first 15-20 epochs, after which the curve stabilized,
which is typical for models of this type.

On the validation sample, the achieved accuracy was 82.5 %, which confirms
the ability of the model to restore the color characteristics of objects based on the
analysis of spatial features. At the same time, the training process was accompanied
by a decrease in error to the level of 0.40, which also indicates the adequacy of the
model.
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Quantitative Assessment of Quality.

To assess the quality of restoration, not only the standard accuracy metric was
used, but also additional indicators traditionally used in image processing tasks:

e MSE (Mean Squared Error) = 0.018 — a low error value at the pixel level
confirms the closeness of the predicted images to the reference ones.

e PSNR (Peak Signal-to-Noise Ratio) = 27.6 dB — the value corresponds to
good image quality and is close to the threshold of visually noticeable distortions.

e SSIM (Structural Similarity Index) = 0.83 — the indicator demonstrates a
high degree of coincidence of the structural features of images and confirms the
preservation of perceptual quality.

Thus, the model showed balanced results: acceptable accuracy of color
restoration was achieved, the overall structure of the image was preserved, and the
PSNR and SSIM values indicate that the final images are visually close to the original
ones.

Visual Analysis.

Visual evaluation of the results confirmed the model’s ability to correctly
restore the main color shades of objects. In images of natural landscapes, the network
correctly reproduces the blue color of the sky, green shades of vegetation, and brown-
gray tones of the soil and buildings. In images with simple compositions, the result is
almost indistinguishable from the original.

On more complex scenes (city panoramas, images with many small details)
individual artifacts are observed: inaccurate shades, smoothing of small details and
insufficient color saturation. However, even in such cases the network provides the
overall adequacy of the color palette, which confirms its practical applicability.

Comparison with Existing Solutions.

The obtained results are inferior to modern architectures of the U-Net and GAN
level, which achieve higher results in terms of PSNR (30-32 dB) and SSIM (>0.90)
metrics. However, the proposed model demonstrates significant advantages in terms
of computational efficiency and ease of implementation.

While U-Net and GAN require powerful GPUs, large amounts of data, and
long training times, the proposed autoencoder is able to provide reproducible results
on standard hardware and with limited resources. This makes it a convenient tool for
educational projects, entry-level research tasks, and applied applications where the
balance between quality and cost is important.

Discussion and Prospects.

Achieving 82.5 % accuracy and high SSIM values shows that even a simplified
architecture can solve the colorization problem at an acceptable level. However, the
research methodology has limitations. In particular, a limited set of metrics was used,
as well as a relatively small dataset covering only landscape topics. This imposes
limitations on the generalization ability of the model.

In the future, it would be advisable to expand the research by:

e increasing the diversity of data (portraits, objects, scenes under different
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lighting conditions);

e application of additional metrics (LPIPS, FID) that take into account human
perception;

e integration of modern architectures (e.g. U-Net or GAN) in a hybrid
configuration with an autoencoder;

e conducting user experiments (human evaluation) to compare the subjective
quality of colorization.

Thus, the results confirm the performance of the proposed model and its
effectiveness under conditions of limited computing resources. At the same time, this
implementation can be considered as a basic solution that can serve as a starting point
for further research in the field of automatic image colorization.

Conclusion

As part of the study, an autoencoder model was implemented and tested that
solves the problem of automatic colorization of black and white images. The dataset
served as the basis for the experiments Landscape color and grayscale images,
containing over 14,000 landscape images. Using a relatively simple architecture with
the Keras and TensorFlow libraries, we were able to create a reproducible model that
delivers satisfactory results at a moderate computational cost.

Experiments have shown that the proposed model achieves an accuracy of about
82.5% on the validation set. Additional image quality metrics - PSNR (=27.6 dB) and
SSIM (=0.83) - confirm the preservation of both numerical similarity and structural
characteristics of the original images. Although the results are inferior to state-of-the-
art architectures (U-Net, GAN), they demonstrate that even the basic configuration of
the neural network is able to successfully solve the colorization problem and provide
visually acceptable image quality.

The scientific novelty of the work lies in the practical implementation and testing
of a simplified autoencoder, which, with limited resources, ensures reproducibility
and stability of training, and also allows an objective assessment of the relationship
between the complexity of the architecture and the quality of the result. The model is
positioned as a resource-efficient basic solution, suitable for educational and research
purposes, as well as for applied problems where a balance between quality and costs
is required.

Prospects for further work are related to expanding the data set beyond landscape
topics, implementing modern architectural approaches (U-Net, GAN, transformer
models), and using additional quality metrics (LPIPS, FID) reflecting the perceptual
features of image perception. A separate area of development is related to integrating
the method into real applications — digital photo restoration systems, multimedia
services, and designer tools.

Thus, the set tasks were completed, and the goal of the study was achieved: a
working model of a neural network for image colorization was created and tested,
demonstrating stable results and confirming the applicability of deep learning in the
field of color information restoration.
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Abstract. This article proposes “a credit scoring system based on artificial
intelligence” designed to support producers and importers of goods, compensating
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for the inefficiency of traditional methods of assessing creditworthiness. Traditional
credit scoring often leads to inaccurate risk assessments, financial losses for lenders,
and limited access to financing for businesses. The proposed solution combines “re-
inforcement learning” and “predictive modeling”, using alternative data sources for
a more detailed and dynamic analysis of borrowers’ behavior. Experimental evalu-
ation using open datasets demonstrates “a 15 % reduction in the root-mean-square
error”, “an increase in average accuracy by 10%” and consistently high classifica-
tion rates (accuracy > 80 %, completeness > 75 %, ROC-AUC > 0.85), exceeding
traditional models in accuracy by 15 %. The architecture of the system focuses on
“data confidentiality, minimizing bias and explainability”, ensuring transparency in
decision-making and compliance with financial regulations. The study highlights the
potential “of system scalability across industries” and lays the foundation for further
development of ethical and adaptive creditworthiness assessment technologies.

Keywords: intelligent credit system, credit scoring, machine learning, rein-
forcement learning, financial inclusion, predictive model, data analytics
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AnHoTanus. by makanana Hecuenik KaOUIETTUTIKTI OaranayablH IOCTYpIi
O/IICTEPiHIH THUIMCI3ZITIH ©TeH OTBIPHIN, Tayap OHIIPYLIUIEp MEH HMIIOPTTAYILbI-
JapAbl KOJ/IayFa apHaJIFaH» JKacaH](bl MHTEJUIEKTKE HET13/1eIreH HEeCUeNiK CKOPUHT
KyHecl « ychIHbUTFaH. J[ocTypii HECHeNiK CKOPUHI KeOiHece ToyeKeNaepal Iyphic
emec Oaranayra, Hecue OepylIlUiep YIUIIH Kap)KbUIBIK HIBIFBIHJIAPFA KOHE OM3HECTI
KapKbITaHABIPYFa KOJI KETIMIUTIKTIH IIEKTeNyiHe oKeledl. ¥ ChIHBUIFaH MIeNIM Ka-
PBI3 ATYIIBUIAP/BIH MiHE3-KYJIKBIH HEFYPIIBIM €rKeH-Ter kel koHe TUHAMUKAIIBIK
Tajjay YUIiH Oanama JepeKTep Ke3JepiH MaiiianaHa OTBIPBII, «apMaTypaJblK OKbI-
Ty» MEH «O00JKaMIbl MOJENbICYA» OIpiKTipeai. AIIBIK AepeKTep KUbIHBIH Maiiia-
JaHa OTBIPBIIN, SKCIIEPUMEHTTIK Oaranay «opralia KBaapat TyOip KareciHiy 15 %-ra
TOMEHCYiH», «opTama AaiKTIH 10 %-Fa apTybIH» JKOHE TYPAKTbI XKOFaphl KIKTEY
kepcerkimrepin (monmik > 80 %, TomeikTHIFBI > 75 %, ROC-AUC > 0,85)
KepceTei. Amairi 6oibIHIIa gocTypii yiariiepaeH 15 % - ra acein tyceni. JKyileHin
ApXUTEK-TYpachl «JIEPeKTEP/iH KYNUSIbUIBIFbIHA, O1PKAKTBUIBIK MEH TYCIHIKTIIIKTI
OapblHIIa a3aiiTyra», mIeNIiM KaObUIJayldarbl AalIbIKTBIKTBl JKOHE KapiKbUIBIK
epexenepai cakra-yapl KaMTamachl3 eTyre OarbITTalFaH. 3epTIey «canajiap
OOMBIHIIA JKYHENTIK ayKbIM-IBbUIBIKTBIH» OJICYeTIH KepceTell MKoHE HEeCHeNiK
KaO1IeTTUIIKTI OaranayablH 3THUKA-JIBIK )KOHE aJalTUBTI TEXHOJIOTHUIAPbIH OJIaH opi
JIAMBITYFa HeT13 KaJlaiIbl.

Tyiiin ce3mep: uHTEIUIEKTYyalAbl HECHE KYHEC], HECUEIIIK CKOPHUHI, MaIlIUHAa-
JBIK OKBITY, apMaTyPAJIbIK OKBITY, Kap>KbUIBIK HHKIIIO3US, 00JKaM/Ibl MOJIEIb, 1EPEK-
Tep.i Tanaay
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AnHoTanusi. B taHHO# cTaThe npeiaraercs “‘cucremMa KpeIMTHOTO CKOPUHTa
Ha OCHOBE MCKYCCTBEHHOTO WHTEIUICKTa , TpeTHA3HAUCHHAs IS TOJIJIEPIKKH
MIPOU3BOAUTENICH W HMMIIOPTEPOB TOBAPOB, KOMIICHCHpYIomas Hed()(HEKTHBHOCTH
TPAAMIIMOHHBIX  METOJIOB  OIICHKH  KPEIUTOCIOCOOHOCTH.  TpaauIimOHHBINA
KPEIUTHBI CKOPUHT YacTO MPUBOJAWT K HETOYHOH OIIEHKE PHCKOB, (DMHAHCOBHIM
MOTEPSIM JIJIsT KPEIUTOPOB W OTPAaHUYCHHOMY JOCTYINy K (DMHAHCHUPOBAHUIO IS
ousHeca. [Ipemmaraemoe pemeHne codeTaeT B cede “o0ydeHHe ¢ MOoaKperieHueM”
U “TIPOrHO3HOE MOJACIUPOBAHWE”, WCMOJB3Ys aJIbTEPHATHBHBIC HCTOYHHKHU
JAHHBIX I OOJIee JEeTaIbHOTO W JUHAMHYHOTO aHAJIM3a IMOBEICHHUS 3aCMIIUKOB.
DKCIepUMEHTaIbHasl OIICHKAa C HCIIOJh30BAHUEM OTKPBITBIX HAOOPOB JaHHBIX
JIEMOHCTPHUPYET “‘CHIKEHHE CpeAHEKBaApaTHUHOM omnbku Ha 15 %”, “yBenuuenue
cpenneir TouHocTH Ha 10 %” W cTaOMIBHO BBICOKHE TMOKa3aTeld KiacCcu(HuKaIuu
(Tounocts > 80 %, mostHOTa > 75 %, ROC-AUC > 0,85), mpeBocxXosIre TpaaruilioH-
HbIE MOJIEJI IO TOYHOCTH Ha 15 %. ApXuTekrypa cucTeMbl OpUEHTUPOBAaHA Ha “KOH-
(bUIEHIIMATBHOCTD JTAHHBIX, MUHUMHU3AIUIO MPEAB3SITOCTH M OOBSICHUMOCTB, 00e-
CIIEYCHHE MMPO3PAYHOCTH Tpollecca MPUHATHS PEIICHUH 1 COOI0IeHHe (PMHAHCOBBIX
npaBui. VMccnenoBanne moquepKuBaeT MOTEHIIUAN “MacITaOMPyEeMOCTH CHCTEMBI B
Pa3IUYHBIX OTPACIAX ™ M 3aKJIabIBACT OCHOBY JUIS TAJIbHEUIIIETO PA3BUTHS STHUHBIX
Y aJalTUBHBIX TEXHOJIOTHH OIIEHKH KPEAUTOCIIOCOOHOCTH.

KiroueBble cjioBa: HWHTEIIEKTyaldbHas KpEAUTHAs CHUCTEMa, KPEIUTHBIN
CKOPHHT, MaIllMHHOEe OOy4YeHue, OOydYeHHE C TMOJKPEIUICHHUEM, JOCTYITHOCTh
(DMHAHCOBBIX YCITYT, TPOTHOCTHYECKAsT MOJICIIb, aHAJU3 JTAHHBIX
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HHTEPECOB.

Introduction

Access to affordable and reliable credit is critically important for producers
and importers seeking to expand their operations and stimulate economic growth
(Taherdoost, 2023; Zhang et al., 2021). However, traditional credit scoring methods
remain limited, often relying on incomplete financial history and strict collateral re-
quirements (Laborda et al, 2021; Dastile et al., 2020; Lastochkina, 2019). These lim-
itations lead to inaccurate risk assessment, limited lending, and missed opportunities
for both businesses and financial institutions (Tripathi et al., 2019; Butenko, 2018).
In addition, the growing complexity of financial data and the need for rapid deci-
sion-making require approaches that go beyond traditional statistical models (Markov
et al., 2022, Guogqing et al., 2019).

To overcome these problems, this study presents an intelligent credit scoring
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system that combines reinforcement learning (RL) and predictive modeling (PM)
(Markov et al., 2022; Voronin, 2022). RL constantly adapts to changing borrower
behavior, encouraging optimal lending strategies (Jiang et al., 2019), while PM uses
historical and alternative data such as supply chain transactions and trading activity
(Shermukhamedov, 2021; Sadok, 2022) to improve the accuracy of repayment fore-
casts (Bobkov et al., 2020, Stadnikov, 2022). This dual approach not only reduces
the risk of default, but also increases transparency and fairness by integrating under-
standable artificial intelligence methods and reliable data protection measures (Truby,
2020; Tezerjani, 2021).

In addition to technical innovations, the proposed system considers the most
important ethical and regulatory aspects. Data confidentiality and reducing the impact
of algorithms are key design principles, ensuring compliance with international stan-
dards and strengthening trust between financial institutions and borrowers (Truby,
2020; Doumpos, 2023). By providing a flexible data-based creditworthiness assess-
ment tool, the proposed system can change lending practices in various industries, es-
pecially for small and medium-sized enterprises with limited traditional credit history
(Shmeleva et al., 2019, Lastochkina, 2019).

Materials and methods

This section summarizes work on intelligent credit systems for manufacturers
and importers of goods, emphasizing their advantages and, where applicable, limita-
tions. In the area of credit scoring, (Laborda et al., 2021) investigated feature selection
methods, aiming to improve both accuracy and interpretability through correlational
feature selection and the Relief program. Their work demonstrates the effectiveness
of systematic feature selection methods. However, this study does not propose a com-
plete credit scoring system. In comparison, Bobkov et al. (Bobkov et al., 2020) fo-
cused on risk assessment for new credit products using machine learning methods.
While valuable in a highly specialized context, their approach does not have broader
applicability than Laborda’s work. Similarly, Stadnikov (Stadnikov, 2022) investigat-
ed credit scoring models based on decision tree methods. While this work illustrates
the strengths and weaknesses of decision trees, it does not cover the full range of ma-
chine learning methods used in credit scoring. Dumpos et al. (Doumpos et al., 2023)
examined operational research and Al methods in banking, offering a broad overview
of approaches but providing limited information on specific methods. Tezerjani et al.
(Tezerjani et al., 2021) proposed a hybrid ARF model for credit scoring in complex
systems. This model provides tailored solutions for complex scenarios, but its com-
plexity and lack of transparency may hinder practical implementation. Teles et al.
(Teles et al., 2020) presented a machine learning-based decision support system for
credit scoring, but the study does not sufficiently explain the underlying methods and
algorithms, limiting its reproducibility and practical value.

Other studies have addressed important issues such as data imbalance. Shen
et al. (Shen et al., 2019) presented an ensemble model for credit risk assessment that
effectively addresses imbalance issues; however, the details of the model architecture
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and computational complexity remain unclear. Dumitrescu et al. (Dumitrescu et al.,
2022) sought to improve logistic regression by incorporating nonlinear decision tree
effects, but the specifics of these improvements are not fully described. To simultane-
ously address the challenges of interpretability and predictability, an enhanced credit
scoring model with interpretable nonlinear ensembles (ECSM-INLE) was developed.
ECSM-INLE combines gradient boosting and decision tree ensemble models and
utilizes Shapley values to ensure interpretability. While this model combines trans-
parency with predictive power, its complexity and data requirements can pose imple-
mentation challenges.

Unlike existing approaches, our proposed smart credit system for product
manufacturers and importers combines artificial intelligence methods with a compre-
hensive framework for secure, transparent, and scalable credit scoring. Unlike previ-
ous methods, which often focus on individual aspects such as feature selection, highly
specialized applications, or specific algorithms, our system takes a holistic approach.
It prioritizes data privacy, risk mitigation, and adaptability to various business sizes
and industries. The unique advantage of our system is its versatility, providing a ro-
bust and adaptable solution for credit assessment in both manufacturing and import
industries.

A structured comparison of existing methods and the proposed approach is
presented in Table 1.

Table 1. Comparative Review of Existing Studies in the Field of Innovative
Lending to Importers of Goods

Study Approach Key Features/Benefits Limitations/Disadvantages

. 1 he im nt problem of F is limi lec-
Laborda et al. Correlation-based Solves the .‘pOI't'fl tp Ol.) em o ocus 15 ted .to A sefec

. feature selection, increasing the tion of characteristics; does

(Laborda et al, feature selection . o . .

. accuracy and interpretability of the | not provide a complete credit
2021) and terrain .

model. rating model

Machine learning The scope of application

g;:éfgve;a;i for risk assess- Uses supervised learning to predict lcslii?zl;?i tollilclfgl)};z-ptel;ere
” ment of new credit | risks for innovative credit products | . PP o
2020) products is no broader credit rating

coverage

. .. Demonstrates the strengths and .
Stadnikov (Stad- | Decision tree-based Ueng . Does not explore alternative
weaknesses of decision trees in

nikov, 2022) models . . machine learning methods.
credit scoring.

Dumpos et al. Operational Re- . . There are no details about
. Provides a broad overview of Al . .

(Doumpos et al., | search and Al in . specific methods and imple-

. and operational research methods. .
2023) Banking mentations.
Tezerjani et al. Hybrid ARF model | The hybrid approach provides Complexity and lack of
(Tezerjani et al., | for complex sys- potentially higher accuracy and transparency make applica-
2021) tems reliability. bility difficult

Machine learn-
Teles et al. (Teles | ing-based decision
et al., 2020) support system for
credit scoring

Integrates machine learning into a Insufficient description of
decision support system for credit methods and algorithms
risk assessment limits reproducibility
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Shen et al. Shen
etal., 2019)

Ensemble model
with neural net-
works and classifier
optimization

Eliminates data imbalances, improv-
ing accuracy and reliability

The model architecture and
computational requirements
are not fully defined

Dumitrescu et al.
(Dumitrescu et

Logistic regression
with nonlinear
effects of decision

Improves the predictive power of
logistic regression with nonlinear

Implementation details are
unclear; methodology is not

intelligence

parency, scalability, and adaptability.

al., 2022) effects fully described

tree

Integrated intelli- | Combines predictive algorithms, | Integration issues may arise
The  proposed | gent credit system [ reinforcement learning, and robust | in environments with incom-
approach based on artificial | data aggregation, delivering trans- | patible or inconsistent data

formats.

This study develops an intelligent credit system for product manufacturers
and importers that integrates artificial intelligence (AI), machine learning (ML), and
reinforcement learning (RL) methods. Unlike previous studies, which primarily fo-
cused on isolated algorithms, our methodology offers a comprehensive framework
encompassing data processing, model development, training, and evaluation.

Data Sources and Structure.

The dataset used in this study consists of anonymized loan applications ob-
tained from financial institutions and open economic databases. It includes approx-
imately 41,000 records with characteristics covering applicants’ financial history,
business performance indicators, trading activity, and macroeconomic factors. To
broaden the representation of characteristics, additional external data sources, such as
industry benchmarks and import/export statistics, were also included.

Data Preprocessing.

Several preprocessing steps were performed before modeling:

Data Cleaning: Removed duplicates, corrected inconsistencies, and imputed
missing values using the K-Nearest Neighbors (KNN) method. Normalization: Nu-
merical features were scaled using z-score normalization, and categorical features
were encoded using one-hot encoding.

Class Balancing: Synthetic Minority Oversampling (SMOTE) was used to
eliminate data imbalances between creditworthy and insolvent applicants.

Model Architecture and Algorithms.

The system uses a hybrid modeling strategy:

Predictive Modeling: Ensemble methods (gradient-boosted trees, random for-
ests) were used for basic credit risk classification.

Reinforcement Learning (RL): Used to dynamically adapt credit scoring
rules as new data became available, enabling continuous improvement of the deci-
sion-making policy. Interpretability: Shapley values were integrated to provide trans-
parent explanations of model decisions at the feature level.

Hyperparameter Optimization.

Hyperparameters (e.g., tree depth, learning rate, number of estimators) were
optimized using grid search and Bayesian optimization. Regularization parameters
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were carefully tuned to prevent overfitting while maintaining high prediction accu-
racy.

Training and Validation Strategy.

The dataset was split into 70 % training, 15 % validation, and 15 % test sub-
sets. Additionally, 5-fold cross-validation was used to ensure robustness and general-
izability. Performance metrics included:

Accuracy — overall classification accuracy.

Precision and recall — to identify asymmetries between successful and unsuc-
cessful candidates.

F1-score — harmonic mean of precision and recall.

AUC-ROC — an estimate of discriminatory ability under class imbalance.

Computing environment

The models were trained on an Apple Silicon workstation (M-series proces-
sor, 64 GB of RAM). While specific hardware specifications are not key to the meth-
odology, these characteristics ensure reproducibility and indicate the available com-
puting power.

Results and Discussion

Experimental Setup

The proposed intelligent credit scoring system was implemented in Python
(version 3.12.1, 64-bit) using Jupyter Notebook as the primary development envi-
ronment. Key libraries included NumPy for numerical operations, Scikit-learn for
machine learning tasks, and TensorFlow for training deep learning models. Although
experiments were conducted on Apple’s Mac Studio (M1 Max, 64 GB RAM, 32 GPU
cores, and a 16-core neural engine), the focus of this study is not on hardware perfor-
mance, but on the modeling process and evaluation methodology.

Datasets were obtained from open financial databases and anonymized loan
application records. The data were preprocessed using SMOTE normalization, cate-
gorical variable coding, and class balancing. Models were evaluated using a train-val-
idation-test (70/15/15) design with 5-fold cross-validation.

Results

Increased detail and comparability

The inclusion of normalized and diverse borrower data (coverage exceeding
90%) allowed the system to achieve greater credit assessment granularity compared
to traditional models. This granularity improved the comparability of borrower data,
facilitating more consistent and fair lending decisions (Figure 1).

Adaptability to Dynamic Borrower Behavior

Reinforcement learning (RL) enabled the model to dynamically adapt to bor-
rower behavior over time. Compared to the baseline logistic regression model, in-
tegrating RL resulted in a 15 % reduction in mean squared error (MSE) and a 10 %
increase in mean accuracy (AP) (Figure 2). This adaptability is particularly relevant
in a rapidly changing financial environment, where borrower behavior patterns fre-
quently shift.
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Improving accuracy with predictive modeling

Comparison of Data Collection Methods
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Fig. 1. Comparison of Data Collection Methods

The predictive modeling component supported by alternative (non-tradition-

al) data sources has achieved significant improvements:
e Accuracy : 82 % (base: 70 %)
o Feedback : 76 % (base: 65 %)
e ROC-AUC : 0.87 (baseline: 0.72)

Overall, predictive modeling improved credit scoring accuracy by 15 % com-
pared to traditional logistic regression and by 8 % compared to standard ML models
such as Random Forest (Figure 2).

Comparative performance

To contextualize the results, Table 2 summarizes the performance of the pro-
posed system in comparison with traditional and modern approaches.

ThlS work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License
L 332



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

Comparison of Predictive Modeling with Alternative Data Sources and Traditional Credit Scoring Models
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Fig. 2. Comparison of PM with ADS and TCSM

Table 2. Comparative Results of Various Creditworthiness Assessment Methods
Method Accuracy Recall ROC-AUC Notes

Traditional  logistic A widely used baseline

regression 70 % 65 % 0.72 limited to nonlinear pat-
g terns

Random forest 0 o Better nonlinear modeling,

(standard ML) 8% 70% 0.79 but limited interpretability

Gradient Boosted o o High accuracy, risk of

Trees (XGBoost) 80% 72% 0.82 overfitting

Excellent adaptability, in-
82 % 76 % 0.87 terpretability (via Shapley
values)

The proposed intelli-
gent credit system

Discussion

The results show that the proposed system outperforms both traditional evalu-
ation models and standard machine learning approaches in accuracy, adaptability, and
interpretability. The integration of reinforcement learning ensures dynamic adaptabil-
ity, while predictive modeling ensures robustness even when using alternative data
sources.

Limitations and risks
Despite the promising results, several limitations must be acknowledged:
1. Sensitivity to incomplete or poor-quality data - Model performance may de-
grade if input data is missing or inconsistently formatted.
2. Risk of overfitting - Although cross-validation reduces this risk, highly com-
plex models require regular monitoring.
3. Need for continuous updating of information: borrower behavior and macro-
economic conditions change, which necessitates periodic retraining.
Data protection and fraud prevention

Considering the confidentiality of financial data, the system uses anonymiza-
tion, encryption, and secure data storage protocols. Fraud detection mechanisms, in-
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cluding anomaly detection and behavioral pattern analysis, are built in to identify
suspicious loan applications. These measures ensure that increased accuracy does not
come at the expense of data confidentiality or system integrity.

Conclusion

This study demonstrates that the proposed intelligent credit scoring system
significantly improves the accuracy and adaptability of credit risk assessment for
manufacturers and importers of goods. Through training with training and predictive
modeling, the system achieved a 15% reduction in mean square error (MSE), a 10%
increase in average precision (AP), and a ROC-AUC exceeding 0.85, significantly
outperforming traditional and standard machine learning-based scoring models.

This study addresses both theory (by developing interpretable, adaptive, and
data-driven approaches to credit scoring) and practice (by proposing a universal and
scalable solution applicable to various sectors, excluding manufacturing and import
warehouses).

Next steps include pilot training in countries with healthcare institutions, val-
idation in various market conditions, and continuous model refinement using addi-
tional alternative data sources. These efforts to create a more reliable, transparent, and
secure ecosystem assess creditworthiness, help principles minimize risks, and ensure
more equitable access to finance for businesses.

Future Work

Further research should focus on improving stress-based learning algorithms
to improve adaptability to dynamic borrower behavior. Methods for integrating un-
derstandable Al will be crucial for increasing transparency, fostering greater trust and
interpretability in lending decisions. Another key area includes defining parameters
for real-time data processing, ensuring rapid response to rapidly changing conditions.
Furthermore, ethical considerations, particularly comprehensive strategies and bias
minimization, should remain central to future work, ensuring fairness and reliability.
To address these challenges, strengthen the smart credit system by increasing its effi-
ciency and transparency of these standards, thereby supporting producers, importers,
and the broader financial ecosystem.

REFERENCES

Laborda, J. & Ryoo, S. (2021). Feature selection in a credit scoring model. — Mathematics. — 9(7) — 746 p.
https://doi.org/10.3390/math9070746

[in Russ.].

Tripathi, D., Edla, D.R., Cheruku, R. & Kuppili, V. (2019). A novel hybrid credit scoring model based on en-
semble feature selection and multilayer ensemble classification. — Computational Intelligence. — 35(2). — Pp.
371-394. https://doi.org/10.1111/coin.12220

Truby, J., Brown, R. & Dahdal, A. (2020). Banking on Al: Mandating a proactive approach to Al regulation
in the financial sector. — Law and Financial Markets Review. — Vol. 14(2). — Pp. 110-120. https://doi.org/10.1
080/17521440.2020.1772748

Tezerjani, M.Y., Samghabadi, A.S. & Memariani, A. (2021). ARF: A hybrid model for credit scoring in complex
systems. — Expert Systems with Applications. — 185 p. — 115634. https://doi.org/10.1016/j.eswa.2021.115634

Teles, G., Rodrigues, J.J.P.C., Saleem K., Kozlov, S. & Rabélo, R.A.L. (2020). Machine learning and decision
support system on credit scoring. — Neural Computing and Applications. — Vol. 32. — 9809-9826. https://doi.

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
lnternational License 334




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

org/10.1007/s00521-019-04417-2

Shermukhamedov B.A. (2021). Artificial intelligence systems in the banking sector. Russia: Trends and De-
velopment Prospects, — Vol. 16(2). — Pp. 523-525.

Sadok, H., Sakka, F. & El Hadi EI Maknouzi, M. (2022). Artificial intelligence and bank credit analysis: A
review. — Cogent Economics & Finance. — Vol. 10(1). — 2023262. https://doi.org/10.1080/23322039.2022.20
23262

Stadnikov A.O. (2022). Comparison of credit scoring models based on decision tree methods. Innovative
Science. — 6(1). — 46-50.

Shen, F., Zhao, Y., Li, Z., Li, K. & Meng, Z. (2019). A novel ensemble classification model based on neural
networks and a classifier optimization technique for imbalanced credit risk evaluation. — Physica A: Statistical
Mechanics and Its Applications. — Vol. 526. — 121073. https://doi.org/10.1016/j.physa.2019.04.202

[in Russ.].

Zhang, W., Yang, D., Zhang, S., Ablanedo-Rosas, J.H., Wu, X., & Lou, Y. (2021). A novel multi-stage ensem-
ble model with enhanced outlier adaptation for credit scoring. — Expert Systems with Applications. — Vol. 165.
— 113872. https://doi.org/10.1016/j.eswa.2020.113872

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
e L2l

335 International License



XAJIBIKAPAJIBIK AKITAPATTBIK KOHE
KOMMYHUKALIMSUIBIK TEXHOJIOTHSIJIAP KYPHAJIBI

MEXKJIYHAPOJHBIN ’KYPHAJ HH®OPMAILIMOHHBIX U
KOMMYHUKAIIMOHHBIX TEXHOJIOTI' A

INTERNATIONAL JOURNAL OF INFORMATION AND
COMMUNICATION TECHNOLOGIES

IIpaBuna opopmiieHHs cTaTbU Ui MyOJIMKAILlMK B )KypHaJIe Ha caiire:
https://journal.iitu.edu.kz
ISSN 2708-2032 (print)
ISSN 2708-2040 (online)
CobctBennuk: AO «MexTyHapOoHbII YHUBEPCUTET
MHPOPMaLMOHHBIX TexHoJorui» (Kazaxcran, Anmars)

OTBETCTBEHHBIN PEJJAKTOP
Mp3a6aeBa Payman Kaaukbi3bl

HAVYYHBII PEJAKTOP

EpmakoBa Bepa AsiekcanapoBHa

TEXHUYECKUI PEJAKTOP

Pamupunos Jamup PamugunoBuy

KOMIIBIOTEPHA I BEPCTKA

AcanoBa Kanbipa

IToxmucano B nevats 15.09.2025.
®dopmar 60x881/8. Bymara ocernas. [Teuars - pusorpad. 9,0 .. Tupax 100
050040 r. Anmatsl, yi. Manaca 34/1, ka6. 709, ten: +7 (727) 244-51-09).

W3nanue Mex/1yHapOIHOTO YHUBEPCUTETa HH(DOPMAIIMOHHBIX TEXHOJIOTHI
W3znarensckuii nentp KBTY, Anmarsl, yi. Tone 6u, 59





