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Abstract.Precisionagricultureincreasinglyrelieson Artificial Intelligencetechnologieso enhance
crop productivity, optimize disease management, and promote sustainable farming practices. Among
recent technological advances, Vision Language Models (VLMs) have emerged as promising approaches
that integrate computer vision and natural languagelerstanding for intelligent agricultural analysis.
Thispaperproposesn explainablemultimodalframeworkfor crop diseaseletectioranddecisionsupport
utilizing VisionLanguageModels,deeplearning architecturesand Large LanguageModels(LLMs). The
proposed framework integrates unmanned aerial vehicle (UAV) imagery;céiptdred images,
environmentakensorata,andtextualagronomicknowledgeo identify crop diseasest early stagesand
provide interpretable recommendations for farmers and agricultural experts. The visual component
employdransformerbasedarchitecturesand multimodaldeeplearningmodelsfor diseaseclassification,
segmentation, and symptom localization. The language component generatesuhderatandable
explanations, disease descriptions, confidence analysis, and treatment recommendations. The framework
incorporates explainable Artificial Intellence methods including Gradieweighted Class Activation
Mapping (GradCAM,, attention visualization, and natural language reasoning to enhance transparency
and user trust. Furthermore, retrievalgmented mechanisms are integrated to connect the system with
agricultural knowledge bases, scientific literature, and regional farming guidelines. The proposed research
contributego thedevelopmentf intelligentdecisionsupportsystemsor sustainableagriculture,real-time
crop monitoring, and autonomous disease management.

Keywords: Precision Agriculture, Vision Language Models, Explainable Artificial Intelligence,
Crop Disease Detection, Computer Vision, Large Language Models, Deep Learning, Smart Farming,
Multimodal Learning, Agricultural Decision Support.

Introduction. Crop diseases remain a major threat to agricultural productivity and food
security worldwide. Significant yield losses are caused by fungal, bacterial, and viral infections,
which affect crop quality and economic sustainability. Therefore, early and tcdisaase
diagnosiss considerecaessentiafor effectivecropmanagemenilraditionaldisease@assessmeris
primarily based on visual inspection by experts. However, this approach is labor intensive, time
consuming, and difficult to apply across large agricultural areas. Artificial intelligence is
increasingly adopted in precision agriculture to support aatedndisease diagnosis. Computer
vision techniques are widely used for imdggesed disease detection because high classification
accuracy is achieved for many crop species. However, most conventional deep learning models
operate as black box systems. Aseault, disease predictions are generated without sufficient
explanation of the underlying decision process. This limitation reduces user confidence and
restricts practical adoption in agricultural environments [6].

Vision language models (VLMs) are introduced as a promising solution to this challenge.
Thesemodelscombineimageunderstandingndlanguageeasoningvithin aunified architecture.
Therefore, disease symptoms are not only identified, but also described through natural language
explanations. In addition, management recommendations can be generated automatically. Such
capabilitiessupporttransparenanduserorienteddecisionmaking,which is essentiain precision
agriculture [8].

Recent studies demonstrate that VLMs achieve strong performance in crop disease
diagnosis. Aself-consistencystrategyappliedto a fine-tunedPaliGemmamodelimprovesmaize
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disease diagnostic accuracy from 82.2% to 87.8%. Furthermore, symptom interpretation and
treatmentecommendatiouality areimproved[1]. Similarly, a Swin Transformetbasedsystem
integrated with a large language model achieves 96.22% classification accuracy for rice diseases
while visual and textual explanations are provided to support model transparency [2]. These
findings indicate that high predictive performance and éxalality can be jointly achieved.

Anotherimportantadvantagef VLMs is their ability to supportzeroshotandfine-tuning
strategies. Models such as CLIP demonstrate strong potential for automated disease detection
under limited annotation conditions [3]. Consequently, agricultural applications become more
scalable because extensive labeled datasets are not alepysed. Moreover, CLIP based
systems integrated with large language models are used for autonomous plant disease
managementn which diseasedentificationandresponsg@lanningareperformedwithin asingle
workflow [4].

Multimodal learning is also strengthened through VLMs because visual and textual
information are processed simultaneously. This capability supports more comprehensive disease
characterization and improved diagnostic reliability. For example, tomato Isehs#is are
successfully identified through multimodal VLM architectures, which enhance automated
diagnosis and monitoring functions [5]. As a result, richer information is made available for
agricultural decision support systems.

Explainability remains a key requirement for agricultural artificial intelligence. Farmers
andagronomistsequireclearjustificationfor diseasegredictionsbeforemanagemenrdctionsare
adopted. Therefore, explainable artificial intelligence techniques are increasingly integrated into
VLM based systems. Methods such as Gradient Weighted Class Activation Mapping and Local
Interpretable Model Agnostic Explanations are used to identiilgge regions that influence
classificationoutcomeg2, 6]. In addition,naturallanguagesxplanationsregeneratedo describe
disease symptoms and recommended interventions. Consequently, model outputs become more
transparent and easier to interpret by-e&pert users.

Decision support applications represent another important research direction. VLMs are
deployed on mobile devices, robotic platforms, and intelligent advisory systems to provide real
time agriculturalassistanceA CLIP basecautonomousliseaseananagementystemdemonstrates
effective disease detection and recommendation generation for greenhouse environments [4].
Furthermore, voice enabled diagnostic systems combine image analysis and conversational
interaction to improve accessibility for farmers [7]. Therefalisease management support is
delivered more efficiently across diverse agricultural settings.

Despite these advances, several challenges remain. General purpose VLMs often exhibit
limited performance when agricultural knowledge is insufficiently represented during training.
Domain adaptation is therefore required to improve model reliability udiderse crop and
environmentatonditiong 3, 8]. Datasescarcityalsoremainsasignificantlimitation becauséigh
quality agricultural annotations are difficult to obtain. Furthermore, an appropriate balance
betweermpredictiveaccuracyandmodelinterpretabilitymustbemaintainedo ensurausertrustand
practical usability [6].

Future research is expected to focus on domain specific adaptation, synthetic data
generation, and integration of additional information sources such as environmental
measurements, weather records, and sensor observations [8]. As multimodal learningeéschni
continue to mature, more robust and context aware agricultural intelligence systems are expected
to emerge. Therefore, VLMs are positioned as a key technology for next generation precision
agriculturejn whichaccurataliagnosisfransparenteasoningandactionablelecisionsupportare
provided through a unified intelligent system.

Research ObjectivesThe primary objectives of this research are structured to address the
identifiedgapsin current agriculturahl systemsmoving beyondlackbox visual classification
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towardtransparentnultimodal,andactionabledecisionsupport. Theseobjectivesaredetailedas
follows:

1. To develop a Vision Language Model (VLM) framework for automated crop disease
detection.This objectivefocuseson designingandtraininga robustmultimodalarchitectureThe
framework will leverage statef-the-art vision encoders (e.g., Vision Transformers or-funeed
CLIP models) aligned with large language models. The development phase will prioritize
optimizing the model for highesolution agricultural imagery, enguy it can accurately classify
diseases, segment affected regions, and localize-gagg symptoms across diverse crop
varieties.

2. To integrate visual and textual agricultural knowledge for effective multimodal learning.
Purely visual models often fail to contextualize symptoms within specific agronomic conditions.
This objectiveaimsto bridgethatgapby integratingheterogeneoudatastreamsThe systemwill
employ RetrievaAugmented Generation (RAG) and cr@gention mechanisms to align visual
embeddings with structured textual knowledge, including -pegewed plant pathology
literature,regionalextensionguidelines andhistoricalenvironmentakensomata(e.g.,humidity,
temperature).

3. Toimprovemodelexplainabilitythroughvisual attentionmechanismandlanguagebased
reasoning. To mitigate the "blatdox" nature of deep learning, this objective mandates the
implementation of rigorous Explainable Al (XAl) techniques. The framework will generate
Gradientweighted Class Activation Mapping (GradCAMverlays to highlight pixelevel
regions influencing the diagnosis. Concurrently, the language component will produce natural
language rationales, explicitly linking the visualized symptoms to the diagnostic conclusion and
providing a quantified configdee score for each prediction.

4. To generate actionable decision support recommendations for disease management.
Detection alone is insufficient for practical farming. This objective ensures the system translates
diagnostic outputs into prescriptive actions. The model will generate tawaxe
recommendationsuchastargetediologicalor chemicakreatmenprotocols ,optimalapplication
timing, and preventive cultural practices, tailored to the specific crop, disease severity, and local
regulatory guidelines.

5. To evaluate system performance under-vealld agricultural conditions. Laboratory
accuracy does not always translate to field efficacy. This objective involves rigorous empirical
validation using heterogeneous, readrld datasets. Evaluation will encoags groundevel
smartphone photographs and U&d"ptured multispectral imagery under varying illumination,
weather conditions, and levels of leaf occlusion. Performance will be benchmarked against
existing baseline models using standard metrics (e.egcde, Mean Average Precision).

6. To support scalable deployment in smart farming environments. The final objective
addresses practical implementation. The framework will be optimized for edge computing and
mobile deployment, utilizing model quantization and pruning techniques to ensulatémcy
inferenceonresourceconstrainedievices Furthermorethesystemwill bedesignedvith modular
APIs to facilitate seamless integration with existing Farm Management Information Systems
(FMIS) and precision agriculture platforms.

Expected OutcomesThe successful execution of the proposed research is anticipated to
yield quantifiableimprovementscrosgechnical agronomicandsocioeconomidimensionsThe
expected outcomes are categorized as follows:

Quantitative and Technical Outcomdsnhanced Diagnostic Accuracyhe multimodal
VLM framework is expected to achieve a classificatiorsFé or e of 092 % and a
Precision (mAFR of 088% for di sease | ocali zati on,
improvement over unimodal CNN or standard ViT baselines.
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Reduction in False Positives: By crasderencing visual symptoms with environmental and
textual context, the system is projected to reduce false positive rates by approximately 35%,
preventing unnecessary and costly chemical interventions.

Low-Latency Inference: Through edgetimization techniques, the system will deliver
diagnostic results and explanations in under 5 seconds per image on standard mobile hardware,
ensuring usability in timsensitive field operations.

Agronomic and Environmental Outcomd#itigation of Crop Losses: Early and accurate
detectioratthepre-symptomaticr early-symptomaticstagess expectedo reduceyield lossedy
up to 20 25% compared to traditional scouting methods.

Sustainable Chemical Usage: By providing precise, localized treatment recommendations rather
than blanket field applications, the framework will support a targeted reduction in pesticide and
fungicideusageby anestimate®5i 30%,therebyminimizingenvironmentatunoff andpromoting
ecological sustainability.

SocioeconomiandUsability OutcomesincreasedJserTrustandAdoption: Theintegration
of Grad CAM visualizations and natural language explanations is expected to significantly
i mprove farmer trust in Al di agnostics. Pr el
increase in user confidence scores when explainable swpiprovided compared to blaokix
predictions. Democratization of Agricultural Technolog¥he development of a lightweight,
mobilefirst interface with offlinecapable features will improve the accessibility of advanced
diagnostic tools for smallholder farmers in rural or connectietitygstrained regions.

Mapping Matrix: Research Objectives to Categorized Outcome Domains
(Line thickness and patterns indicate correlation strength)

RO1: Al/VLM Architecture _ 90% 30% 40%
Development

RO2: Multi-source Crop _ 80% 30%
Data Fusion

RO3: Explainable Vision _ 90% 50%

Models (GradCAM) ; <

RO4: Autonomous Robotic _ 70% 60%
Navigation

ROS5: Field-level Disease _ 50% 70%
Diagnosis

RO6: Smart Yield & _ 40% 90%
Treatment Prediction

Technical Outcomes Agronomic Outcomes Socioeconomic Outcomes
(Accuracy, Latency, Explainabfity¢ase Control, Yield Optimi{fasbmReduction, Sustainable Adoption)

Figurel. Conceptuamappingof researctobjectiveso measurablexpectedutcomes.

Tablel. ProjectedPerformanc&enchmarkys. Existing Baselines

Model / Framework Accuracy Inference FalsePositive | Explainability

(%) Time (s) Rate (%) Score (15)
TraditionalCNN 85.3+£1.9% | 0.04+0.01 | 6.8+0.8% 1.4+0.3
StandardviT 88.7 £1.6% | 0.12+0.03 | 4.2 £0.5% 2.1+0.4
Proposed/LM (w/o 90.2+1.3% | 0.25+0.05 | 3.1+0.4% 2505
Explainability)
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ProposedCompleteV/LM 92.4+1.2% | 0.28+0.04 |1.9+0.3% 4.7 0.2
Framework

Research GapDespite significant advancements in artificial intelligence applications for
agriculture, several critical limitations persist in contemporary systems that hinder their practical
adoption and effectiveness in re@abrld farming environments.

Lack of Explainability and Transparency. Current agricultural Al systems predominantly
operateasblackbox models providingdiagnostigredictionswithout interpretablgustifications.

This opacity undermines farmer trust and limits the adoption of Al tools, particularly among
smallholder farmers who require understandable rationales before acting on automated
recommendations. Existing systems rarely incorporate Explaifdl(XAl) techniques such as
attention visualization or gradiebfised attribution methods, leaving users unable to verify the
basis of diagnostic conclusions.

ExclusiveDependencen Visual FeaturesPredominantliseaseletectionframeworksely
solely on computer vision techniques, analyzing leaf imagery in isolation from contextual
agronomic information. This unimodal approach fails to account for critical factors such as
environmentatonditions cropgrowthstageregionaldiseasgrevalenceandhistoricalfield data.
Consequently, these systems exhibit reduced accuracy when visual symptoms are ambiguous,
occluded, or at early developmental stages.

Limited Robustness Under Field Variability. Laborattrgined models demonstrate
significant performance degradation when deployed in uncontrolled field environments.
Variations in illumination conditions, camera angles, leaf orientation, backgrounerchand
image quality substantially impact prediction reliability. Current systems lack adaptive
mechanisms to handle this heterogeneity, resulting in inconsistent performance across different
geographical regions, seasonal conditions, and imaging devices.

Inadequate Decision Support Capabilities. Existing agricultural Al tools typically
terminate at disease classification, providing categorical labels without actionable guidance.
Farmers require comprehensive decision support encompassing treatment apiioation
protocols, preventive measures, and economic considerations. The absence of integrated
recommendation systems forces users to consult separate information sources, diminishing the
practical utility of Al diagnostics.

Insufficient Multimodal Integration. While agricultural knowledge exists in diverse
format® includingscientificliterature extensiormanualssensodata,andexpertobservationd
current systems fail to synthesize these heterogeneous information sources. The lack of multimodal
learningframeworkspreventghe exploitationof complementargignalsfrom visual, textual, and
numerical data streams.

This research directly addresses these identified gaps through the development of a
multimodal Vision Language Model framework that integrates explainable reasoning
mechanisms, contextual agronomic knowledge, and actionable decision support withinda unifie
architecture.

Proposed System Architecture.The proposed system architecture comprises eight
interconnected modules designed to facilitate-terehd crop disease detection, explanation
generation, and decision support. Each module performs specialized functions while maintaining
seamless data flowhroughout the framework. The architectural design emphasizes modularity,
scalability, and interoperability with existing agricultural technology ecosystems.

Data AcquisitionModule.The DataAcquisitionModuleservesasthe primaryinterfacefor
collecting heterogeneous agricultural data from multiple souftes.module supports:

- UAV Imagery:High-resolutionaerialphotographgsapturedzia unmannederialvehicles
equipped with RGB and multispectral cameras, providing -Belle disease surveillance at
various growth stages.
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- SmartphonémagesGroundlevel photographsapturedy farmersandfield technicians
using consumegrade mobile devices, enabling decentralized data collection.

- Multispectral Data: Neainfrared (NIR), rededge, and other spectral band information
for enhanced detection of physiological stress preceding visible symptom manifestation.

- Environmental Sensor Data: Reathe measurements of temperature, relative humidity,
soil moisture pH levels,andprecipitationobtainedrom Internetof Things(loT) sensomnetworks
deployed in agricultural fields.

- Agricultural Text Data: Structured and unstructured textual information including
scientific publications, extension service guidelines, pesticide databases, and historical disease
outbreak records.

The module implements data validation protocols to ensure quality control, including
image resolution verification, sensor calibration checks, and metadata completeness assessment.

Image Processing Modulélhe Image Processing Module prepares raw imagery for
subsequent analysis through a series of computational operations:

- Preprocessing: Application of histogram equalization, noise reduction filters (Gaussian,
median), and color space normalization to standardize input images across varying capture
conditions.

- Image Enhancement: Adaptive contrast enhancement and sharpening techniques to
improve visibility of subtle disease symptoms, particularly under suboptimal lighting conditions.

- Segmentation: Implementation of semantic segmentation algorithms (eMet, U
DeepLab) to isolate leaf regions from background elements such as soil, stems, and neighboring
vegetation.

- Data Augmentation: Generation of training samples through geometric transformations
(rotation, flipping, scaling) and photometric adjustments (brightness, contrast, saturation
variations) to improve model robustness.

The module outputs standardized image tensors accompanied by segmentation masks
indicating regions of interest for disease analysis.

Vision Encoder ModuleThe Vision Encoder Module extracts discriminative visual
features from processed imagery using stétne-art deep learning architectures:

- Backbone Architecture: Implementation of Vision Transformer (ViT) or ConvNeXt
models pretrained on largeale image datasets (Imageldék) and subsequently fitaned on
agriculturaldiseasalatasetsuchasPlantVillage, Al Challengeranddomainspecificcollections

- Featureextraction:Generatiorof hierarchicafeaturerepresentationsapturingoothlow-
level visual patterns (edges, textures, color distributions) andléngh semantic information
(lesion morphology, symptom distribution, disease progression patterns)

- SymptomLocalization:Applicationof objectdetectionframeworks(e.g.,DETR, YOLO
variants) to identify and localize specific disease symptoms including chlorosis, necrosis,
sporulation, and lesion boundaries

- Multiscale Analysis: Processing of images at multiple resolutions to capture beth fine
grained symptom details and broader spatial disease distribution patterns.

The module produces fixetimensional feature vectors encoding visual disease
characteristics for subsequent multimodal fusion.

LanguageEncoderModule The LanguageEncodeModule processetextualagricultural
knowledge to generate semantic representations compatible with visual features:

- Text Preprocessing: Tokenization, lemmatization, and normalization of agricultural text
data including disease descriptions, treatment protocols, and scientific literature

- Knowledge Representation: Utilization of pretrained Large Language Models (LLMs)
suchasLLaMA, Falcon,or domainspecificvariantsfine-tunedon agriculturalcorporato encode
textual information into dense vector embeddings
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- Structured Knowledge Integration:Incorporation of knowledge graphs representing
relationships between crops, pathogens, symptoms, environmental conditions, and treatment
options using graph neural network techniques

- Contextual Encoding: Generation of contemtare representations that account for
regional variations, crop varieties, and seasonal factors influencing disease manifestation and
management strategies.

The module outputs textual embeddings that capture semantic relationships between
disease symptoms, causal agents, and recommended interventions. The system architecture
comprises eight interconnected modules, as detailed in Table 2.

Table2. Systemarchitecturanodulesandtheir functions

Module Function

DataAcquisition Collection of field imagery and senstata

ImageProcessing Enhancemerdndsegmentationf cropimages

Vision Encoder Extractionof diseaseaelatedvisualfeatures

Languageencoder Processingf agriculturaltextualknowledge

Multimodal Fusion Integrationof visualandtextualrepresentations

Explainability Layer Generatiorof visualandtextualinterpretations

DecisionSupportModule Productiorof treatmenaindmanagement
recommendations

Userlinterface Farmerinteractionandresultvisualization

System Taxonomy.The hierarchical taxonomy of the proposed Vision Language Model
framework for precision agriculture is illustrated in Figure 1.

[Taxonomy of Vision Language Models for Precision Agriculture]
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Al Mudets l ChR } [ Transformer ] ‘ GUE J [ =M JT_:[ Fusion Models ]_
= 11
VLM Architecture < | |
(Vision L Model)
Explainability v image Text :
Components GradCAM Attentlon visual | \_Encoder Encoder_J1| | jnguistic.|Natural Language | [ Confidence
Maps  [“Safiency '5'0';'}323“39‘3] [E"a‘gg‘ualg's'"yj Explanation Expla?ation Estin}ation
S ¥ - T
€Cision Suppo Treatment -
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pplication Autonomous Sustainable Crop
Domains [Precnsmn Agriculture ] [ Smart Farmmg ] [ Monitoring ] Management

Figure2. Taxonomyof Vision LanguageéModelsfor PrecisionAgriculture showingdatasources

Methodology. Data Acquisition and Preprocessinghe framework utilizes multiple data
sources to ensure comprehensive crop health assessment:

- UAV Imagery:High-resolutionaerialphotographgapturedat variousgrowth stage

- SmartphonémagesGroundlevel photographsapturedoy farmersandfield technician

- MultispectralData:Nearinfraredandotherspectrabandinformationfor enhancedisease
detection
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- Sensor Data: Environmental parameters including temperature, humidity, soil pH, and
moisture level

- Agricultural Text Data: Scientific literature, extension service guidelines, and historical
disease records

Vision Language Model Architecturéhe visual encoding component utilizes stait¢he-
art transformer architectures, specifically Vision Transformer \\difd Contrastive Language
Image Pretraining (CLIP) models. These architectures arggned on largecale datasets and
subsequently finduned on specialized agricultural disease datasets. The language component
employs Large Language Models trainedagronomic literature, technical manuals, and expert
knowledge repositories to generate contextually appropriate explanations and recommendations.
Multimodal fusion is achieved through cres$ention mechanisms that enable the model to
establish meaningf correlations between visual symptoms and their textual descriptions.

Explainability MechanismsTo ensure model transparency and build user trust, the
framework implements several explainability techniques:

1. GradCAM Visualization:Highlightsimageregionsthatmostsignificantly influencedthe
model's diagnostic decision.

2. Attention Maps:lllustrates which portions of text and imagery received model attention
during inference.

3. Natural LanguageExplanations:Provides comprehensiblediagnosticdescriptionsin
farmeraccessible language.

4. Confidence Estimation: Quantifies model certainty in predictions to support informed
decisionmaking

[Taxonomy of Vision Language Models for Precision Agriculture]
|
v ¥ ¥ ¥ ¥
Smartphone Multispectral = Agricultural [
Data Sources [UAV Images'?!ﬁr] [ Images ] Data Ljﬁ] [ Sensor Data & ] [ Text Data ]

(a) Original Image (Grayscale) (b) GradCAM Heatmap (Muted Red-Yellow) (c) Superimposed Visualization (Opacity 0.4)

Figure3. GradCAMVvisualizationexampleshowingdiseasesymptomlocalizationon affectedleaves

KnowledgeBaselntegration ThesystememploysRetrievalAugmentedseneratior{RAG)
mechanisms to maintain connections with:

- Peerreviewedscientificpublicationson plantpathology

- Regionspecifictreatmentecommendationandguidelines

- Comprehensiveesticidedatabaseandapplicationprotocols

- Historicaldiseas®utbreakrecordsandepidemiologicatlata

Expected Results and Performance Metrics. Quantitative PerformanceTargets The
framework targets the following performance benchmarks:

- Diseaselassificatioraccuracy© 9 2 %

- Inferencdime: <5 secondperimage
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- Reductionn falsepositiverates:35%improvemenbverexistingmethods
- Enhancemerih earlydetectioncapability:40%improvement

Comparative Analysis of Disease Detection Methods
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approaches Transformer (wlo explainability) framework (w/ explainability)

Disease Detection Methods

Figure4. Comparativebarchartshowingclassificationaccuracyof differentdiseasealetectiormethods

Qualitativelmprovements:

- Decision Transparency:Farmersreceive comprehensibleexplanationssupporting
diagnostic conclusions

- Accessibility: System operateson mobile devices with intermittent connectivity
requirements

- Adaptability: Frameworkaccommodateregionalconditionsanddiversecropvarieties

- Sustainability:Targetedesticideapplicationreducingoverallusageby 25-30%

Practical Applications. UseCaseScenarios

1. Routine Monitoring: Farmerscaptureplant photographssystemprovidesautomated
health analysis

2. Early Warning:Detectionof diseaseat presymptomatior earlysymptomaticstages

3. ConsultativeéSupport:Evidencebasedreatmentaindpreventionrecommendations

4. DocumentationAutomatedfield conditionloggingandhistoricalrecordmaintenance

Integrationwith ExistingSystemsT heframeworkis designedor compatibility with:

- Precisionagricultureplatforms(JohnDeereOperationenter ClimateFieldView)

- Farmmanagemennhformationsystems

- Meteorologicabhndclimatedataservices

- Agricultural supplychainmanagemergystems

Conclusion. The proposed Vision Language Model (VLM) approach to crop disease
detection represents a significant paradigm shift in precision agriculture technology. By
synergizing advanced computer vision, natural language processing, and rigorous explainability
mechaisms, the developed framework transcends traditional {dakkdiagnostic tools. It
establishes a holistic system that not only achieves-fidghty disease diagnosis but also
translates complex multimodal data into actionable, interpretable recommesddhereby
bridging the critical gap between algorithmic output and practical agricultural deoisiking.

Thekey advantagesf thedevelopedrameworkaremultifaceted:
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n Comprehensive  Multimodal Analysis:The framework effectively synthesizes
heterogeneous data streams, fusing dnegolution visual inputs (e.g., UAV and smartphone
imagery) with structured agronomic knowledge and-tiea¢ environmental sensor data to
provide highly contexaware diagnostics.

n Enhanced Prediction Explainability:By deploying techniques such as GradCAM
visualizationsandnaturallanguageationalesthe systemdemystifiesalgorithmicreasoningThis
transparency is critical for fostering user trust, facilitating expert validation, and encouraging
widespread adoption among diverse farming communities.

n RobustScalability:Leveragingransfedearningandamodulararchitecturetheframework

is designed to adapt efficiently to diverse crop varieties, novel pathogen strains, and varying
geographical agrecological zones without requiring complete model retraining from scratch.

n Seamless Ecosystem Integration: The system is engineered for interoperability, offering
standardized\PIs thatallow for smoothintegrationwith existingFarmManagemeninformation
SystemgFMIS), precisionagricultureplatforms,andagriculturalsupplychainmanagemertbols.

Futureresearctdirectionswill focuson addressingheremainingoperationatonstraintof
agriculturalAl to ensurdong-termviability. Key prioritiesincludeexpandinghetaxonomiaange
of supportectropvarietiesthroughcontinuoudearningpipelines andenhancingegdgecomputing

capabilities(e.g., model quantization)to ensurerobust, low-latency offline functionality in
connectivityconstrainedrural environments Furthermore subsequeniterationswill aim to
develophighly personalizedeconomicallyoptimizedrecommendationthatdynamicallyaccount
for specific farm-level conditions, resourceavailability, and local regulatory frameworks.
Ultimately, thecontinuedrefinementanddeploymenbf explainablenultimodalAl in agriculture
hold the potential to significantly mitigate global crop losses,optimize chemicalresource
utilization,andadvanceheoverarchinggoalsof sustainablesesilient,andproductiveglobalfood
systems.
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EDGE-BASED DIGITAL TWIN FOR REAL-TIME ENERGY MONITORING IN FOOD
MANUFACTURING: A CASE STUDY OF A BAKERY ENTERPRISE

B. Amirkhanov !, M. Tokhtassynt, M. KunelbayeV?, A. Raevd, G. Amirkhanova*
IAl-Farabi KazakhNational UniversityAlmaty,Kazakhstan
2Instituteof Informationand ComputationalTechnologie€SMESRK, Almaty,Kazakhstan
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Abstract. Energy overconsumption in food manufacturing represents a significant operational
burden, particularly in resourceonstrained regions. This paper presents DigitalEgiz, an -bdged
digital twin systendesignedor real-timeenergymonitoringin a commerciabakeryenterprisein Almaty,
KazakhstanThesystenintegratesa distributednetworkof 18 ESP32microcontrollers fwo SAIMANsmart
electricity meters (Dala and Orman models), and a Raspberry Pi 5 edge gateway, communicating via
MQTT to a clouehosted stack of InfluxDB, Grafana, and OpenTwins. Over-dayldeployment period,
the system collected 17.7 million data points withadjusted data completeness of 94.19%. Analysis
revealed that 81% of monitored devices operate
threshold, exposing facilities to regulatory fines. The system also demonstrated that predictive models
(Prophet+LSTMhybrid achievingMAE=3.39kWh)integratedwithin the digital twin canguidereal-time
decision support. Results confirm that edigesed digital twins offer a cosffective and scalable path
toward energy optimization and regulatory compliance in industrial 0T settings.

Keywords:digital twin; energy monitoring; 10T; edge computing; food manufacturing; ESP32;
InfluxDB; Grafana; power factor; Kazakhstan

INTRODUCTION

The global food manufacturing sector accounts for a substantial share of industrial energy
consumption, yet a disproportionate fraction of this energy is wasted due to unmonitored
equipment behavior, poor power factor, and reactive rather than proactivemaace strategies
[1]. In emergingeconomiesuchasKazakhstanywhereenergytariffs areregulatecandinfractions
carry administrative penalties, the need for intelligent energy management systems is acute.

Digital twinsd virtual replicas of physical systems that synchronize withweald sensor
data in real timé& have emerged as a transformative paradigm for industrial monitoring and
optimization [2]. When combined with edge computing principles, they et@ablatency data
processing closer to the source, reducing bandwidth requirements and improving system
responsiveness [3].

While digital twin deployments in energgtensive industries such as petrochemicals and
automotive manufacturing have been extensively studied, their application intcmatium
food processing enterprises, particularly in Central Asia, remains largekplored. This paper
addressethis gapby presentindigitalEgiz, apurposebuilt edgebasedligital twin deployedata
commercial bakery enterprise (referred to as GoldSapa) in Almaty, Kazakhstan.

The primary contributionsof thiswork are:(1) aheterogeneou®T architecturecombining
microcontrollerbased distributed sensing with industgaade smart meters; (2) a lightweight
MQTT-to-cloud pipeline hosted on a Raspberry Pi 5 edge gateway; (3)dayc&mpirical
evaluation capturing 17.7 million data points; and (4) integnadf a Prophet+LSTM hybrid
forecasting model within the digital twin interface for decision support.

RELATED WORK

The concept of digital twins in manufacturing was first formalized by Grieves [4] and has
since been applied across numerous industrial domains. In energy management, Zhou et al. [5]
demonstrated that digital twins reduce energy waste in smart factoresabling continuous
monitoring and anomaly detection. Similarly, Wen et al. [6] showed that integrating 10T sensing
with digital twin platforms improves predictive maintenance accuracy in food processing lines.

33


mailto:amirkhanov.b@gmail.com

Edgecomputinghasbecomeacritical enablerfor lIoT-basedndustrialsystemsasevidenced
by the work of Shi et al. [7], who proposed an edlpeid collaborative framework for reeime
industrial analytics. The combination of edge processing with-$ienes databases such as
InfluxDB has been shown to support hitjitoughput sensangestion at suisecond latency [8].

In the domain of energy forecasting, hybrid models combining classical statistical
approache§SARIMA, Prophetwith deeplearning(LSTM) havedemonstrateduperioraccuracy
compared to singtenodel approaches [9]. Prophet, developed by Facebook (now Meta), is
particularlysuitedto energytime-serieswith strongseasongbatternsandirregularholidays,while
LSTM networks capture nelmear temporal dependencies [10].

Despitethisrich literature noprior work hasaddressethespecificchallenge®f digital twin
deployment in bakery enterprises under Kazakhstan's regulatory framework, where power factor
compliance (PF O 0.93) carries statutory fin

SYSTEM ARCHITECTURE

Hardware Layer.The sensing layer of DigitalEgmonsists of 18 ESP32 microcontrollers
(ESRWROOM-32 modules) deployed across production equipment including industrial ovens,
proofing chambers, mixing machines, and HVAC units. Each ESP32 samples voltage (RMS),
current (RMS), active power, reactive powapparent power, and power factor asetond
intervals using ACS712 current sensors and ZMPT101B voltage transformers.

Two SAIMAN smartelectricitymetersareintegratecatthefacility level:the SAIMAN Dala
model (singlephase) and the SAIMAN Orman model (thqg®ase). These meters provide
authoritative aggregate consumption data viad®S Modbus protocol, which is read by the
Raspberry Pi 5 gateway over a UBBRS485 adapter. All 18 ESP32 nodes comicate
wirelessly over the facility's 2.4 GHz V¥ network.

Edge Gateway and Communicatidine Raspberry Pi 5 (8 GB RAM) serves as the central
edgegateway It hostsaMosquittoMQTT brokerthataggregatetelemetryfrom all ESP32nodes,
subscribingo astructuredopic hierarchyof theform facility/zone/device/metricA Pythorrbased
MQTT-to-InfluxDB bridge written using the pahmoqgtt and influxdkclient libraries forwards
incomingmessageto thecloud-hostednfluxDB instancewith amedianendto-endlatencyof 47
ms.

The gateway also executes local anomaly detection logic: when a device reports a power
factor below 0.93 for more than 60 consecutive seconds, dimealalert is generated and
forwarded to the Grafana alerting engine. This local processing reducesAibuchlls by
approximately 40% compared to a purely ckamgahtric architecture.

CloudPlatformandDigital TwinVisualization.Thecloudlayeris hostedonaVPSrunning
Ubuntu 22.04, deploying InfluxDB/2.7 as the timaeries database, Grafana v10.2 as the
visualization and alerting layer, and OpenTwins as the digital twin management framework.
OpenTwinsprovidesa Unity 3D WebGL-based3D modelof the bakeryfloor plan,overlaidwith
reattime sensor readings and cetmded status indicators.

Grafana dashboards are organized into functional panels: (d)meatnergy consumption
per device; (2) power factor compliance status; (3) {heak identification; (4) deviation from
baseline charts; and (5) a decision support panel (&#x201C;Decisiomo&&#x201D;) that
displaysforecastingoutputsandactionableecommendationg.he InfluxDB dataretentionpolicy
is set to 90 days for raw data and indefinite for hourly aggregates.
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TABLE I. KEY SYSTEM SPECIFICATIONS
Parameter Value
Sensomnodes 18 ESP32 2 SAIMAN
Samplingrate 1 second
Deploymenperiod 61days
Total datapoints 17.7million

Datacompleteness

94.19%(adjusted)

Edgegateway Raspberryi5 (8 GB)
MQTT broker Mosquittov2.0
Time-seriedDB InfluxDB v2.7
Visualization Grafanav10.2

Digital twin engine OpenTwingUnity WebGL)
E2Elatency(median) 47ms

ENERGY FORECASTING MODULE

Theforecastingcomponendf DigitalEgiz employsa hybrid Prophet+LSTMarchitecturego
generate 2hour ahead energy consumption predictions for each monitored device. Prophet
models the trend and seasonality components (daily, weekly, and holiday effects relevant to the
Kazakhstanproductioncalendar)while the LSTM network(two stackedayersof 64 unitseach,
with dropout=0.2) captures residual Alamear dynamics.

Training data consisted of 45 days of hourly aggregate consumption per device zone. The
Prophet model was fitted first, and its residuals were fed as input sequences to the LSTM. Final
predictions were obtained by summing the Prophet forecast with the {f8dditted residuals.

The model was evaluated on the remaining 16 days using Mean Absolute Error (MAE) as the

primary metric.

The Prophet+LSTM hybrid achieved MAE =

3.39 kWh on the Joeid test set,

outperformingstandaloné@rophet{MAE = 4.82kWh) andstandalon&. STM (MAE =4.11kWh).

A SARIMA+LSTM baseline achieved MAE = 3.71 kWh, confirming the advantage of the
Prophetbased decomposition for this production schedule pattern.
Forecastingutputsarepublishedo InfluxDB everyl5minutesandrenderedn the Grafana
&#x201C;Decision Support&#x201D; panel, which displays predicted vs. actual consumption

curvesalongwith anomalyflagstriggeredwhenthedeviationexceed4.5%of the predictedvalue.
Operators can use these flags to schedule equipment maintenanceshiftoagi actions.
Temporal asymmetry and preprocessimge facility load is strongly bimoda a low

energy shutdown regimei(® kWh/h) and a higlenergy production regime (049 kWh/h)o

giving a rightskewed hourly distribution (mean 11.08 kWh, std 6.99 kWh) whose daily cycle is

visible in Fig. 1. Crucially,t h e

productionYshutdown

transit

shut down Y pnamopdp sd theo sonditional dynamics are directit@pendent. This
temporal asymmetry is precisely what symmetric statistical models cannot represent and what
motivates the LSTM residual corrector, whose gated memory learns dirdep@mdent
transitions Priorto modeling,127 missinghourly values(2.7%)wereimputed:shortMQTT gaps

(02 h, 1.9%) by

| & justifeed bedauseroensumptiorevargsosimaothly ovar

subhourly scales, whereas highader interpolants risk spurious oscillatiolswhile outages
exceeding 2 h were retained and flagged as Prophet hotathgs than imputed.
Justificationof modelselectionTheneuralcomponenactsasaresidualkcorrectorratherthan
astandalondorecasteryhich constrainghearchitectureN-BEATS [9] performsits owninternal
trend/seasonality decomposition and would be redundant after Prophet/SARIMA, airtal s 1
parametersverfitthed 3 , 8uPedvisedvindowsavailablehere. XGBoost[13] flattensthelook-
back window into a tabular vector, discarding temporal order, emits a single scalar (requiring 24
models or erreacompounding recursion for a 24horizon), and cannot extrapolate beyond the
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training ranged a decisive limitation given the Mar€026 level shift. Transformer models
require substantially larger datasets and are unstable under daityrfing [14]. The compact

two-l ayer LSTM (a50 k par amet ey, sative multistepwetguty s a't
directiondependenmemory,stableincrementafine-tuning,andedgedeploymen{<200MB, <5

S).

EXPERIMENTAL RESULTS

Data Collectionand Quality. The systemwasdeployedcontinuouslyfrom day 1 to day 61.
Raw data completeness (including faciityde power outages) stood at 87.3%. After excluding
ninedocumentedutagesventdotalingapproximatelyb2 hours&#x2014;duringvhich all devices
werepoweredoff simultaneouslyandthusno partialdatalossoccurred&#x2014;thadjusteddata
completeness reached 94.19%. This metric more accurately reflects the reliability of the sensing
infrastructure independent of external power supply conditions.

A duplicatedeviceentry (Bakerl _00198@ndESP32_Dala_Meter_001986ferringto the
same physical unit) was identified and resolved during-pastessing, correcting aggregate
consumptiortotalsby approximately2.1%.All resultsreportedn this paperreflectthe corrected
dataset.

These findings underscore the practical utility of continuous PF monitoring via the digital
twin dashboard.
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Fig.1. Hourly energyconsumptiordistribution(kwh) acrosghe 61-daydeploymenperiod

Power Factor AnalysisPower factor (PF) is a critical compliance indicator under
Kazakhstan&#x2019;snergyregulatoryframework.Facilitieswith PFbelow0.93aresubjectto
fines of approximately 1 638 USD for the first violation (calculated based on the Monthly
Calculation Index, MCI, in effect at the time of deployment). Analysis of thdayldataset
revealed that 81% of monitored devices (14.6 of 18 devices on avepyajed below the 0.93
threshold during at least one monitoring window per day.

The most severe nesompliance was observed in the industrial oven zone (average PF =
0.71) and the mixing machine bank (average PF = 0.76). The HVAC units showed the highest
complianceate,operatingabove0.93in 89%o0f measuredhtervals.Thesdindingsunderscor¢he
practical utility of continuous PF monitoring via the digital twin dashboard.
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Power-Factor Compliance by Zone
81% of devices fall below 0.93 - regulatory fines

1.0 Status 0.95
| mmm Non-compliant i 538
mmm Compliant 2

0.8

0.71

0.6

0.4

Average power factor

0.2

0.0

Industrial Mixing Proofing HVAC
oven machines chambers units

Fig. 2. Averagepowerfactorby equipmentzone;81% of monitoreddevicesfall belowthe0.93
regulatory threshold, exposing the facility to fines

ForecastingAccuracyandBaselineComparisonTo validatetheforecastingclaim beyonda
single split, all models were +®valuated with rolling 2Ahourahead forecasts over a-tldy
operational holdout against eight baselines (Table IlI, Fig. 3). Prophet+LSTM is the only method
thatsurpassethe strongSeasonaNaivebenchmarKMAE 3.39vs 3.86kWh, +12.3%);Prophet
alone and SARIMAalone trail it by 30% and 23% respectively. An ablation attributes the entire
gain to the LSTM residual corrector :aaoneA2. 7%
Diebold Mariano test yields DM = +1.747 (p = 0.081); with ord¥ daily episodes the test is
underpoweredputbootstra5%intervalswith nonoverlappingowerboundsandsuperiorityon
11 of 14 days corroborate the advantage [15].

TABLEI.  TWENTY-FOUR-HOUR-AHEAD FORECASTACCURACY

Model MAE (kWh) RMSE (kWh) vs S-Naive
Persistence 5.64 8.16 -46.1%
SeasonaNaive (lag 24 h) 3.86 5.97 o}
WeeklyNaive (lag 168h) 6.62 8.80 -71.4%
Daily Hour Mean 4.67 6.38 -21.0%
Weekly PatteriMean 441 6.13 -14.1%
SARIMA-only 4.73 6.69 -22.6%
Prophetonly 5.04 6.77 -30.4%
Prophet+LSTM 3.39 4.54 +12.3%

Forecast Accuracy vs. Baselines (lower is better)
1

Prophet+LSTM
Seasonal Naive
Weekly Pattern Mean
Daily Hour Mean
SARIMA-only
Prophet-only
Persistence

Weekly Naive 6.62
-~ Seasonal Naive = 3.86 kWh

3 4 5 6 7
MAE (kWh), 24-hour-ahead

Fig. 3. Twenty-four-houraheadMAE acrosdaselinesProphet+LSTMs theonly modelbelowthe
SeasonaNaive reference line

0 1 2
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Disaggregatinghe errorby operatingregimeshowstheimprovementoncentrates/herethe
asymmetryis strongestroughlyt™ 2 9within the steadyproductionand shutdownregimes but
T 4 5 . dbrig the productiorz shutdowntransition hours (Fig. 4). This confirmsthe LSTM
corrects directiofdependent transition errors rather than acting as a generic denoiser.

Conditional Error by Regime — largest gain at transitions

10 15,5 mmm Prophet-only
mmm Prophet+LSTM

8.93

MAE (kWh)

Production Shutdown Transition Overall
(06:00-18:00) (20:00-05:00) (05-06, 18-20)

Fig.4. MAE by operatingregime;theLSTM gainis largestat productiorz shutdowntransitions

Residual DiagnosticsResidual analysis confirms model adequacy (Table IIlI). The
standalonemodelsleave significant serial correlation(Ljungi Box Q(24) = 42.3and 38.9,p <
0.001)andnon-Gaussiamesidualsyhereaghe Prophet+LSTMesidualsareapproximatelywhite
noise (Q(24) = 18.7, p =0.134), nsay mmet ri ¢ (skewness 10.18),
(71.13 kwh). Il n cont i nudMay 2026) thel mnadel fudher s€lfl n f |
improvesthroughdaily fine-tuningandweeklyretraining,reducingMAE from 7.02to 4.58kWh
over eight weeks.

TABLEIl.  RESIDUAL DIAGNOSTICS ACROSSMODELS

Model Ljung -Box Q(24) Skewness Excesskurtosis Bias (kwh)
Prophetonly 42.3(p<0.001) -0.87 1.82 -3.60
SARIMA-only 38.9(p<0.001) -0.12 3.40 -2.31
Prophet+LSTM 18.7(p=0.134) -0.18 0.42 -1.13

System Performancelhe edge gateway maintained 99.4% uptime over thela§l
deployment period, with three brief restarts due tel€@8l| package updates. The average CPU
utilization of the Raspberry Pi 5 during normal operation was 23%, with peak utilization of 61%
during bach ingestion events. Memory utilization averaged 31% (2.5 GB of 8 GB), confirming
that the hardware is wellimensioned for the workload. The InfluxDB instance stored
approximately 4.2 GB of raw tim&eries data, growing at roughly 70 MB/day.

DISCUSSION

The results confirm that an edbased digital twin can be effectively deployed in a-real
world food manufacturing setting with minimal infrastructure investment. The Raspberry Pi 5
gateway proved adequate for handling the aggregate telemetry of 18 sedser plus two
industrialmetersat 1-secondesolutionwhile simultaneouslyunningMQTT brokering,anomaly
detection logic, and forecasting inference.

The 81% power factor necompliance rate is a striking finding that has direct financial
implications for the enterprise. While the system itself cannot correct power factor without
additional power conditioning hardware (such as capacitor banks), tha tign provides the
visibility neededo identify which equipmenizonesrequireintervention.This directly supportsa
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datadriven investment decision: installing a 50 kVARpacitor bank for the oven zone alone
would bring that zone into compliance and avoid the regulatory fine.

The hybrid Prophet+LSTM forecasting model demonstratedclear advantagesover
individualmodels yvalidatingthedecompositiormpproachor bakeryproductionschedulesyhich
featurestrongweeklypatterngied to producttyperotationsandirregularholiday shutdownsThe
15% deviationthresholdfor anomalyalerting was calibratedempirically and proved sensitive
enougho detectequipmentlegradatiorventsvhile maintaininganacceptabléalse-positiverate.

One limitation of the currentdeploymentis the relianceon a Wi-Fi network for ESP32
communicationywhichintroducesoccasionapacketiossin areaswith poorcoverageFuturework
will explore the addition of a secondaryZigBee meshnetwork as a fallback communication

channel.Additionally, the OpenTwins3D visualizationcurrently requiresa WebGL-capable
browserwhichlimits mobileaccessibilityalightweightREST-basedmobileinterfaceis planned.

CONCLUSION

ThispapemresentedigitalEgiz,anedgebasedligital twin systenfor energymonitoringin
a bakery enterprise. The system successfully integrated 18 ESP32 sensor nodes, two industrial
smartmetersandaRaspbernPi 5 edgegatewayinto acoherentoT-to-cloud pipeline,collecting
17.7 million data points over 61 days with 94.19% adjusted data completeness. Key findings
include widespread power factor roampliance (81% of devices below the 0.93 regulatory
threshold)andeffectiveenergyforecastingvia a Prophet+LSTMhybrid modelachievingMAE =
3.39kWh.

Thedeploymentdemonstratethat costeffective,opersourcedigital twin architecturesire
feasiblefor smalkto-mediumfood manufacturingenterprisesn CentralAsia. Thesystemprovides
actionable insights for regulatory compliance, predictive maintenance, and operational
optimization. Future work will extend the platform to nugiie deployments and incorporate
reinforcement learningased demand response strategies.
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MATHEMATICAL MODEL OF A DEBRIS FLOW BREAKTHROUGH
CONSIDERING THE REDUCTION OF WATER VOLUME IN THE RESERVOIR
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Abstract.In thelast 15years Kazakhstamasfacedmanybadfloodsandlandslideghathavecaused
loss of life and big harm to the economy. Specifically, incidents in the Almaty region in 2010, the Karaganda
regionin 2014,andthe northernand westernregionsin 2024 showedheimportanceof setting upgood
monitoring systemdor hydraulic structures.The goal of this studyis to find out the parametersof a
mathematicamodelthatdescribefiowdebrisflowspassthroughhydraulicstructuredike damsandweirs.
Reachinghis goal will let usconnecthe modelwe createdwith actualobservationsanddata. Thispaper
introduces a forecasting system that can evaluate the effects of mudflows. The system was created using
mathematicamodelingtechniquesUnlike othermodelsthis oneconsiderdoththereservoir'sproperties
and the characteristics of the river bed. To put the system into use, software was developed using Python.
Thetestsshowedhat the modelworkswell in real situationsand can be usedeffectivelyin manydifferent
settings.

Keywords: Forecasting, Mathematical model, Mudflow, Pool, Weir, reservoir; water level;
monitoring.

INTRODUCTION

Over the past 100 years, many disasters have happened because of the failure of hydraulic
structures, causing loss of life and big financial damage. One of the most tragic was the St. In
March 1928, there was a big tragedy called the Francis Dam disa§alifornia, and over 600
people lost their lives. In 1963, a big mountain collapse near the Vajont reservoir in Italy created
huge waves that were as tall as 70 meters. These waves destroyed four villages and caused the
death=f 4,400peopleIn July2002,aflood in KrasnodakKrai destroyed hydroelectriccomplex,
leading to the deaths of 114,000 people and causing economic damage worth about 15 billion
rubles [1, 2].

On August 17, 2009, a big accident happened at the S&8lamshenskaya hydroelectric
powerstation,and75 peoplelosttheirlives asaresult.As aresult,thestation'soolsandbuildings
werebadlyharmed.The accidenttausedadchangesn theenvironmenbf thenearbywaterarea
and had a big effect on the social and economic life of the region and the whole country [3].

Modern monitoring systems need to keep a close watch on both natural andrhadean
activitiesall thetime.Thishelpsin spottingpossibledangergo peopleandtheenvironmenbefore
they happen. The main purpose of monitoring is to give reliable information that helps in predicting
possible emergencies. To achieve this, you need to bring together the knowledge, information, and
technology from different groups and departmeind are in charge of keeping an eye on certain
dangers.

Creatingmonitoringsystemsnvolvesmakingandstudyingmathmodelsthatcanfigure out,
right onthespot,howmuchwaterareservoircanstore,andalsoguessvhenit will befull uptothe
top of the dam. This information is very important for giving the people and officials early warning,
so they can take quick steps to protect the environment.

So, studies that focus on making math models to evaluate how dams might fail and finding
dependable ways to protect information are still very important.
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There are 1,665 hydraulic structures in Kazakhstan, such as 319 reservoirs that hold more
than1.0million cubicmetersof water.Of these 83 areownedby Republicans200areownedby
cities, 34 areprivate,and60 reservoirchaveno owner.Out of the443dams,32 areownedby the
Republican Party, 346 are owned by cities, 45 are privately owned, and 20 have no owner. There
are also 125 dams and 778 other hydraulic structures that are currently in use.

Amongthebig reservoirsthesearetheonesthataremostnotable:Astanabuilt in 1970with
a volume of 410.9 million cubic meters, Seletin built in 1965 with 230 million cubic meters,
Kargalinskoyebuilt in 1975with 280million cubicmetersBartogaybuilt in 1982with 320million
cubic meters, Kapshagay built in 1970 with 18,560 million cubic meters;,ABibulak built in
1963 with 158.6 million cubic meters, Tasotkel built in 1974 with 620 million cubic meters, and
Samarkand built in 1939 with 253.7 million cubic meters.

VerkhneTobolsk (1972, 816.6 million cubic meters), Karatomar (1965, 586 million cubic
meters), Bugunskoe (1967, 370 million cubic meters), and other similar places.

Mostreservoirsandhydroelectrigplants(around60%)areownedby citiesandarelistedon
the balance sheet of Kazvodkhoz.About 20% of these facilities are managed by the agricultural
departments of the akimats. This situation shows that the question of who really owns these
facilitiesis still notsettled.In thelast10to 15years,around20%of reservoirshavebeengivento
private people, mostly for use in farming, raising fish, and enjoying activities like boating or
swimming.However Jeasingusuallydoesnotleadto goodoutcomesbecaus@rivatelesseesften
don't have enough money to fix important structures. [4].

In thespringof 2010,abig flood hit the Aimaty regionbecaus@ dambroke,leadingto loss
of life and heavy damage. A similar sad incident happened again in 2014 in the Karaganda area.
These disasters were a big warning for the country and showed how important it is to stop
something like this from happening again in the future [5].

Beforewetalk aboutthe mathmodelsandwaysto protectdams,it's importantto know what
really causeslamsto fail. Damfailure canhapperbecaus®f severaldifferentreasonsTheseare
thingslike heavyrainor earthquakethathapperin nature andalsomistakesnadeby people poor
design.or badwaysof doingthings.Studiesndicatethatroughly 30%of damsfailing arebecause
of problemsn howtheyweredesignedandnaturalconditionscanalsoaffecthowthesestructures
work.

A dambreakingcanleadto very seriousandharmfulresults.Millions of liters of watercan
fall on areas where people live, and it can ruin everything along the way. The World Health
Organization says that on average, over 10,000 people die each year because of these kinds of
incidents. Also, the harm done to buildings and natural envirosnoan take many years to fix.
Research that focuses on making math models to evaluate how dams might fail and on creating
dependable ways to protect against such failures is very important in stopping possible disasters
from happeningThe manydifferentthingsthatinfluencehow stableadamis needto belookedat
closely and checked regularly. By using statistical, hydrodynamic, and structural modeling
techniqueswe cangreatlyincreasegheaccuracyof predictionswhichin turnhelpsimprovesafety
levels.

LITERATURE REVIEW

In recentyears how reservoiraremanagedaschangedecaus®f climatechangeandthe
uncertain nature of water flow data, leading to a more flexible approach that uses predictions of
incoming water. The article [6] talks about how important it is to predict water flow over a long
periodfor managingdamswell. It alsoexplainshowthetime you havebeforeaforecastcomesn
affectshow dependabl¢hereservoiroperationsare,especiallywhentherearemultiple reservoirs
involved, and both the amount and quality of water are taken into account. In the review, the
authordq7] look atcasesvheredamsfail andwhenlandslidesreatedamsthatthenfail. Theyfocus
on real incidents that have been recorded, as well as experiments done in the lab and in the field.
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Empirical and physically based models are talked about, along with the latest developments in
usingphysicalandmathematicamethodgo understandhemaincausesndprocessethatleadto
failures.

The safety of reservoirs and dams is a major concern in hydraulic engineering and the
managemernf waterresourcesGettingtheforecastight abouthow full areservoirwill getupto
the top of the dam, and being able to know exactly how much water is in it right now, is very
important. It helps stop emergencies and gives people and leaders enough time to warn and
prepare. Modern research focuses on creating and studying math ,mextilsg them to
monitoring tools, and keeping the information safe during these processes. So, the article [8]
introduces a model that mixes autoregressive and moving average parts, which helps in
understanding the behavior of time series data by exptathie variables involved. To improve
the accuracy of the forecast, the model uses two separate movingpdels. The findings from
the Monte Carlo study and using the model to predict water flow at hydroelectric power plants
make the model more usefulri@atworld situations.

Thestudy[9] createchinenonlineamathmodelsusingdatafrom 40 pastdamfailures.The
first eightmodelsweremadeusingdifferentregressiormnalysisnmethodsandarecompletelybased
on experience. At the same time, the last model is aaeatytical method that was developed
using an analytical solution for problems involving floods caused by a dam breaking in a
trapezoidal channel. A review of the math models shows that hyasiodc models using one
dimensional and twdimensional BoussinesBaintVenant equations are used to figure out how
the breakthrough wave moves in each situation. The main goal of the work [10] is to develop a
method for determining how much water would flood the lower part of the pool if an earth dam
fails.

The authors of Peramuna, et al. [11] looked at different methods that are already used,
focusing on what works well and what doesn't, so that modelers can choose the best method for
studying wave actions during dam failures.

The paper by Sreekumar and others [12] looks at and carefully examines the most recent
developments in modeling the processes that lead to tailings dam failures and how flood waves
spreaddownstreamDifferent waysto modelmudflowsarelookedat, suchassinglephasequast
two-phase, and twphase models. Also, methods for figuring out how water flows when a dam
breaksarediscussedThestudycoverstheflow behaviorof tailingsmaterials Additionally, it uses
geographiénformationsystemsaandremotesensingoolsto understandhe effectsof tailingsdam
failures.

Tsakiris and Spiliotis [13] did studies focused on creating a model for how a dam break
happensandfiguring out the outflow hydrographusinga semtanalyticalapproachTheyfocuson
showing how an embankment dam breaks down because of too much water flowing over it. The
methodusegheideathaterosionrhappenstasteadypaceasabreakforms,andit alsoassumethe
shapeof thecrosssectionendsup beingparabolic.Two differentsolutionsaresuggestethasedn
whether the reservoir has a prismatic shape or if its volume changes with the water depth in a
powerrelated way.

The paper [14] introduces a new model that uses the point method to study how soil and
waterinteract,andalsoto forecastheparameterthatdescribahefailurerate.lt is understoodhat
thedamis madeentirely of cohesivesoil andis built asasingle,uniform structure Thewaterflow
comingin is givenasa hydrographwhich wascreatedusingsoftwarefrom anothercompanythat
routes water flow.

In recentyearsmanystudieshavebeenwrittenabouthowto modelthewaterflow processes
in reservoirsThepaper15] suggestsvaysto solvethe equationsisedin kinematicwavetheory.

Numerous investigations highlight the significance of numerical modeling. For instance,
referencg16] exploregheapplicationof numericaimodeling specificallyviacomputationafluid
dynamics(CFD), to examinethe dynamicsof wave generationand propagationtriggeredby
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landslide material entering a body of water. This scenario is simulated as a multiphase flow,
encompassing the interplay between compressed air, water, and mobile alluvial matter. The
landslidetselfis conceptualizedsasolid objectdescendingninclinedsurfaceuntil it encounters

the water. A combined methodology is employed for the computations. The CFD model resolves
the NavierStokesequationsincorporatinghe RNG k-Uturbulencemodelandthevolumeof fluid

(VOF) technique, which precisely tracks the interface between phases as a distinct front.

Furthermorearticle[17] detailsfindingsfrom experimentatesearcltoncerninghevelocity
of a breakthrough wave's leading edge downstream from a hydroelectric facility. This event
resulted from an unforeseen, instantaneous, and partial failure of the dam across its width. The
paper also discusses utilizing a frapeedbased paramatdo pinpoint the onset of a steep
breakthroughvave'sformation,characterizethy periodicwaveswithin its structurefollowing the
dam'’s collapse.

In the work by Ivanov et al. [18], the specific attributes of various hydroelectric complexes
were quantified, including the extent of inundation in terms of depth and width. This facilitated a
broadscale analysis employing a surface triangulation moble¢ calculations accounted for
factorssuchaswavedissipationandobstructiongcrossings)n scenariosnvolving adambreach
atahydroelectrigpowerstationor anelevationin waterlevel. A mathematicainodelandathree
dimensional model were constructed, culminating in a flood zone prediction for emergency
situations, derived from satellite imagery.

Beyondtraditionalmethodsyariousmachindearningmodelsarebeingexploredio enhance
water flow and flood forecasting. For instance, moljective optimized learning models and
hybrid methodologies show particular promise. Jia et al. [18] introduced a novel hybrid machine
learning model, the mutbbjective conservative extremeakning machine (MCEELM), which
has demonstrated significant potential for predicting reservoir storage. This approach is
particularly valuable because conventional models often struggle with the accurate prediction of
extreme events. By comprehensivelynmiizing errors, especially concerning floods, the
MCEELM can substantially improve forecasting outcomes. The paper highlights impressive
resultsjncludinga5.27%reductionin meansquareerrorfor flood eventsandthepotentialto boost
hydroelectrigpowergeneratiorby 130million kwh. Suchmodelsareinstrumentain refining peak
outflow estimations during dam failures and optimizing water resource management.

Similarly, Eghbali et al. [20] proposed a new hybrid clustering model, integrating artificial
neural networks and genetic algorithms (AMBY), to improve the precision of peak outflow
predictions from failed embankment dams. Their research indicatesithatddel offers more
accurate estimations of peak outflows, particularly during significant flood conditions.

MATERIALS AND METHODS

It is essential to recognize that research underscores the significant role of various
parameters, such as upstream water height and volume, in forecasting and modeling floods
resulting from accidents at hydraulic structures. Article [19] investigategdrduiction of peak
flow from a dam breach, a key component of flood risk analysis. The authors utilized support
vectormachineandextremekernellearningmachinemethodologiesTheir analysisrevealedhat
damheightis a principaldeterminantf peakoutflow forecastsyhile strengthcharacteristicslid
not exhibit a substantiakffect. The developedpproachesould be beneficialfor flood modeling
and other hydrological predictions in floptone territories. Consequently, the examination of
contemporary scientific publications reveals substantial activity and a clear need for research
dedicatedo thedevelopmenbf mathematicainodeling,monitoring,andprotectionstrategiegor
hydraulic structures. Future promising avenues include the deployment of intelligent decision
support systems, the integration of Al, and the establishment of cybersecurity protocols, all
contributing to enhanced safety and more effective responseseigencies.
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RESULTS
The mathematical model considers a trapezoidal type of reservoir, the view of which from
the dam side is shown in Figure 1.

Wy

W,

Wo
Figurel. View of thereservoirfrom thedamside

Let usintroducethefollowing notationsMazakov etal. [20], Mazakov,etal. [21] anduw.
Mazakov, et al. [22]

e Ti time stepof thecount(in hours);

| 7 length ofthereservoir(in meters)

Yo, 1 thewidth and areaf thereservoir athebase;

¥1, ST thewidth andareaof thereservoiratthelevel of thedamcrest;

¥2, &1 thewidth and areaf thereservoiralong thevatersurface;

¥3, i thewidth andareaof thereservoirat the highestpoint of the gapin thedam;

Vo totalvolumeof thereservoir;

V11 unfilled volumeof thereservoir;

V21 thevolumeof thereservoirfrom thewatersurfaceto thetop point of thegapin the

dam; danfm ti me &
V31 thevolumeof thereservoirfrom thelower to theupperpoint of thegapin the

&M 1 thevolumeof waterenteringthereservoirduringtime ee T,
&V, 1 thevolumeof waterflowing out of areservoirduringtime a8Y
& Vi thedifferencebetweerthevolumesof waterflowing outandenteringduringtheh, -

dam height;
hi17 thedistancdrom the damcrestto thewatersurface;
h2 T thedistancefrom thewatersurfaceto thetop point of thegapin thedam;
hpr i theheightof thegapin thedam;
¥pr i thewidth of thegapin thedam.
Sincetheparameteis hy, h pr areconstant, andh, changeovertime, thenwe introducethe

notationdy, k andh,, k, wheretheindexk denoteshevalueof thecorrespondingarameteatthe
time T.

Thentheformulasarevalid.
No. Npr=hy v+, Vo, Vo=V +V, o (1)

Length of the reservolr width of the reservoir at the base and crest of the dam,
heighthy, thewidth andheightof thegaph pr are¥ pr knownandareconstantThevolumeof
water entering the reservoir during time is &3d; assumed to be constamtT.

Thenthewidth of thereservoirat thetop point of the gapin thedamcanbe calculated
using the formulas
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Y3~ (Yly ho+ (¥o. ¥1)¥ (h, hpr))/ hy (2)
SurfaceS areasS d S are also immutable and can be calculated:
S=I¥v¥i, i=0,1,3 (3)
Thereforesomevolumescanbe calculated4).
Since the distance to the water surface changes over time, the width and area of the
reservoiraswell assomechangingvolumesatthe watersurfacedevel ata givenmomentin
time, Ty can be calculated using the formulas.

¥ou=( ¥ oY h0+(Y0L Yl)y h, )/ hy,

S =¥, .,

Vl,k:(llg)yhl,ky 6+X S¥YS i+ S )
Vou= (U3 hod (Sok+X St S+ $)(5)

& Wk 1 thevolumeof waterflowing out of areservoirduringtime ae Tcanbecalculatedn
accordance with Torricelli's hydraulic law using the formula

& Vo= QY e T=hp ¥prv X 2¢ g¥ hk (6)

Let us denote bge V=&V, 2 Vi the difference between the water that has flowed out
and arrived in the reservoir. Then the following relations are valid
Viki=Vita@VV, =V, eV (7)
In addition,the calculatedparameteis informativeaeh, i the heightto which thewater
level is expected to drop over the next period of time.
Let'sintroducethefollowing notations:

x=aeh,

Thenthewidth of thereservoiratthesurfacdevel ata subsequennomentn time
Ti+1=T+ 2 Tcanbecalculated

¥ =(F Y hy+( ¥, ¥yY (h1+ X))/ ho, (8)
S=l¥r,.

Thentheexpectedvaterconsumptiorx for thesubsequenteriodof timeis foundfrom
the solution of the following nonlinear equation

X (S+X SYS+S )= V. 9
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Dueto thecomplexityof equation(9), ananalyticalexpressiorior cannotbefound.In this
connectionx the numericaf] dichotomy method is used to calculate the expected watet rise
[106].

Let'sintroducethefunctions:

s(X)=(¥ Y ho+(¥o ¥ )Y (e X)) 1/ hy,  (10)

g(x)=S+*% S¥s(x)+s(x), (11)
f(x,y)=xxg(y), eV (12)

Then,to determineghe expectedoweringof thewatersurfaceafi d i ¢ h artetbaufgr 0
finding the parameter is proposek

Stepl. Let X,=0.

(:0.007 the specifiedcalculationaccuracyLet's assignxl=hg, xp=h,

Step2. Let xk=(xI+ xp)¥ 0.5. Calculatethevalueof thefunction

f (xk, xk) according to formul#12). If thefunction valuef (XK, xk) is lessthanO, then we
move on to step 3. Let's define a new left bounddexk Proceed to step 4.

Step3. Let'sdefineanewright boundaryxp=xk. Step4. Find the accuracyof the
calculation

r=_(xl, xp).

If r OUthen goto step 5ptherwise, gdo step 2Step 5. Thealculation resulis in xk

As aresultof thealgorithm'soperationthevalueof the heightto which thewatersurface
in the reservoir has dropped is calculated.

The maximumwaveheighth maxissoughtin theform

h =0v(h vy )*h%vOL Ycos(d) (13)

max 0 pr prw 2 2

Whered i theslopeangleof theterrainoveradistanceof L.
In formula(13) all coefficientsU>0, 0,4. Basedn the availableinformation abouthe
breakthroughghatoccurred 30 variantsof parametricdatawerepreparedBasedon this
information, the following formula is obtained:
h =1,34h%5(h vy )**VO04 L %cos(d) (14)
2 2

max pr pr

In formula(14)thevolumeof thereservoir(V ;) andthe heightto thewatersurfacé, change
overtime;thedistancdrom thedamsiteto theobservatiorpoint (L) depend®nthecoordinate®f
the observed point.
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Note.Theformulaobtainedn work (14) hasthefollowing limits of applicability (relatedto
themethodologyof its justification): reservoircapacity(V ;) i from 3 million m® andhigher;dam

height(ho) T from 3 m andhigher;distanceérom thedamsiteto theobservatiorsite(L) T from3m
and higher. The above restrictions do not interfere with practical interests.

DISCUSSION
Thecountdownis everyhalf hour:

& T=0.5h ours=30minutes

All further calculations model the events that occurred in the village of Kyzylagash in the
Almaty regiononMarch11and12,2010.The45meterhighdamwasdesignedo store42 million
cubic meters of water.

Basedonthedevelopedutomatedystemamodelof theeventghatoccurredon March11-
12, 2010, in the village oKyzylagash was created. According to the Almaty Department of
Emergency Situations, the accident occurred as a result of heavy rain and increased air
temperature. These conditions led to the movement of ice and provoked the formation of
mudflows.

The situation that developed in the village of Kyzylagash was modeled using formula (14)
and is presented in Figures2

Graph x at time t=10 min
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Figure2. Chartof themaximumbreakoutvavein thefirst 10 minutes

Graph x at time t=20 min
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Figure3. Chartof themaximumbreakoutvavein thefirst 20 minutes
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Graph x at time t=30 min
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Figure4. Chartof themaximumbreakoutwavein thefirst 20 minutes

Graph x at time t=60 min
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Figure5. Chartof themaximumbreakoutwvavein thefirst 60 minutes

As can be seen from Figures52 the volume of water and the heights of subsequent
breakthrough waves decrease over time. This fact aligns well with reality.

According to the data in the figure, the breakthrough wave that reached the village of
Kyzylagashwithin onehourhada heightof 1.5 meters During the sameperiod,the heightof the
wave coming out of the reservoir decreased from 12 meters to 7 meters. Thus, the results of
numerical modeling are confirmed by actual data recorded during the event.

CONCLUSION

Thefollowing resultswereachievedwithin the frameworkof the conductedstudy:

A mathematicamodelhasbeendevelopedo predictthe consequencesf adambreak.An
algorithm has been created to calculate the maximum level of a break wave, taking into account
various parameters of the hydraulic structure. The proposed approach is highly practical in
comparison with existing methods.
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A hardwareandsoftwarecomplex(HSC)for monitoringandpredictingtheconsequences
a dam break has been created in Python.

Based on the solution of the model problem, the effectiveness of the developed PAC was
confirmed. The situation that occurred in the village of Kyzylagaghe Almaty region of the
Republic of Kazakhstan was used as a practical basis.

The obtained results can be used to support deeasaking by the water management
authorities of Kazakhstan. The proposed methodology and technologies offer a qualitatively new
approach to water resources monitoring, identifying phenomena that contobeteergency
situations, and assessing their consequences.
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Abstract In this paper, we introduce a Boyong type contraction in generalized metric
spaces and prove the existence of a unique fixed point for such mappings. We investigiathilibe
of a general class of nonlinear differential equations in the sense of Hylara and HyersUlami
Rassiasisingour obtainedfixedpoint result. Our results extend and improve some existaesellts
and stability resultsin literature. Someillustrative examplesare givento showthe usability of our
main results.

Keywordsand phrases fixed point, Boyd-Wongtype contraction generalizednetricspace,
stability, fractional inclusions.
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1. INTRODUCTION
Thestudyof datadependencin thetheoryof differentialequationss afundamentaareaof
research,focusing on the sensitivity of solutions to perturbationsin initial data and
parameters. This field encompassesconcepts such as monotonicity, continuity, and
differentiability of solutions. Among these,Ulam stability has gained significant atterition
over the last few decadesas a specialized framework for studying how closely an
approximatesolutionremaingo anexactone. Theorigin of thissubjectracesbackto 1940,when
S.M. Ulam posed a celebrated question regarding the stability of funaiguaions in a talk at
the University of Wisconsin. In 1941, D.H. Hyers providedthe first partial solution for
|l i near equations in Banach spaces HdHyerng wh
demonstratedhat for every approximatelyadditive mapping,there existsa unique exact
additive mapping nearbyn 1978, T. M. Rassias generalized this result by allowing the C
auchy differenceto be unboundeda conceptnow widely termedHyerd Ulami Rassias
stability. While the direct method was piteering, it often required restrictive assumptions
and complex manual constructions of solutions, particularly for nonlinear systems. To address
thesdimitations,researchershiftedtowardthefixed pointtechniquewhich offersamoreunified
andflexible framework for proving stability. A pivotal developmenin this directionwas the
introduction of generalized complete metric spaces (GCMS) by Luxemburg (1958), where
the distancebetweentwo pointsis permittedto be infinity. Building on this notion, Diaz
andMargolis[6] provedafundamentatheorenof thealternativeor strictly contractiveop-erators
in GCMS. This theoremprovidesa powerful tool for establishingthe existenceand
uniqueness of fixed points in spaces that may consist of disjoint metric amengm In
2010,SoonMo Jung[5] utilized thisfixed pointapproacho investigatehestability of fi
rst-orderdifferential equationsf theform yNe F (x, y). However,J u n grigirsalresults
(Theorem 3.1 in [5]) were bound by the requirement that the prodwetrtsfin constants must
satisfyKL < 1 (orLr < 1), where L is the Lipschitz constant. This condition meant that
stability could only be guaranteedor systemswith high contractionratesor within

restrictedntervals. Subsequentlyin 2020,B a E MisitandO § g r e (K]Eprovided
a significantimprovementto J u n warks By introducing a weighted metric that
incorporatedan exponentiafunction(et M (X1 Xo)), they succeededh modifying the
contraction properties of the operatdhis creative mankulationof the metric space allowed
themto completelyremovetherestrictiveconditionKL < 1, establishingstability resultsu
nder much fewer and weakerassumptionghanpreviouslyrequired. Despitethe advancements
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made in ([7]), theimethodology and most existing literatuderemains dependent on a fixed
Lipschitz constant(L). Such linearcontractionconditionsare often too rigid for many complex
nonlinear modelsIn the present paper, we aim to extend and generalize the stability results of
both Jung an® a E s ¢ éby iattoduciniy a BoydNVong type contraction in the framewook
generalizedcompletemetric spacesBYy replacingthe fixed Lipschitz constantwith an altering
distance function, we establish stability criteria for a broader class of nonlinear differential
equationswherethe 0 r aof e o nt r antay vaxy mymamically. Our ap-proach not only
uni fies the previous results but al so f@ibvers
due to the contractionratio approachingunity.

Letl beanintervalof therealnumbersandF : | x RY R beagivenmapping.
Let for anydifferentiablefunctionf : | Y R satisfyingtheinequality

M) T F (x, f (X)) OU
for all x WI andsomeU> 0, thereexistsa solutionyo : | Y Rf the differential
equation _
Y& = F (X, y(x)) (1.1)

If () T yo(x)] OK(U,

for anyx W1, whereK : (0,®) Y,B)Y 0i s a Theruwe saly thai the differ
entialequation(1.1) hastheHyersUIlam stability. If theabovestatements alsotruewhen
wereplacddandK(J by G(x) andi (), respectivelywherel, G : 1 Y [0, D )arefunctions

not depending ori and yo explicitly, then we say that the corresponding differential

equationhasthe HyersUlam-Rassiastability (or the generalizedHyersUlam stability).
We may apply these terminologies for other equativve.refer to [1, 5, 3, 4], for more
details of the HyertJlam stability and the Hyerdlam-Rassias stabilityIn [5], Jung
studied the HyertJlam stability and HyertJlam-Rassias stdility result for the
differential equation (1.1) by using the Lipschitz condition on the fundtionn this
paperwe first introduceanewcontractionwhichis calledBoyd-Wongtypecontraction,
for the functionF and, by using it, the Hyeidlam stability and HyerdJlam-Rassias
stability for the differential equation (1.1) is proved which is a real generalization of
Jungods result [ 5] .

The next results provide sufficient conditions which under them the Hilars-
Rassias stability is true.
Theorem1.1.[7] Assumehatf: | x RY Risacontinuoudunctionwhichsatisfiesa
Lipschitz condition

suchthat

[f (X, y1) T f(X,y2)|OLly1T vz

for all x W1 and all yi, y» WR,where L >0is a Lipschitz cinstant.if a continuously

differentionable function yl Y  Ratisfies

Y8 T F (x, y(x))| OU
for all x W1 and someUO0, thenthere existsa uniquesolutionyo of (1.1) satisfying

VOO T yo(X)| O(1 + L)r{
for all x W.
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Theorem 1.2.[5] For given real numbers a and b with<ab, letl = [a, b be a closed
interval and cWI. LetK andL be positiveconstantswvith O < KL < 1. AssumehatF
1 xRY & a continuousmappingwhich satisfiesa Lipschitz condition

IF(x,y) Fi(x,2 |LlyD7 (1.2)
for all xWI andy, zWR. If a continuoushydifferentiablefunctiony : | Y R satisfies
V) T F (x, y(x))| O (%) (1.3)

for all x W1, wheret : 1Y (D)is a continuousfunctionwith

U
| L (t)dt] OK: (X) (1.9)
C

for eachx W1, thenthereexists aunique continuouunctionyo : I Y R suchthat

yo(X) = y(c) + - F (Uyo(Upd U (1.5)
(consequentlyyo is a solutionto 1.1)) and °
YOIT yo(x)| O LL(X) (1.6)
for all x W1. 1T KL
References

[1] D.H. Hyers, G. Isac and T.M. Rassias,Stability of Functional Equationsin Several
Variables, Birkh user Boston, Boston, MA, 1998.

[2] S.M. Jung,Hyers- Ulam - RassiasStability of FunctionalEquationsn Mathematical
Analysis, Hadronic Press, Palm Harbor, FL, 2001.

[3] M. Obloza, Hyers stability of the linear differential equation,Rocznik Nauk. - Dydakt. P
race Mat.No. 13 (1993), 259-270.

[4]M. Obloza, Connectionsbetween Hyers and Lyapunov stability of the ordinary
differential equétions, Rocznik Nauk. Dydakt. PraceMat . No. 14 (1997), 141-146.

[5] S-M. Jung, Afixed pointapproacho the stability of differentialequations/NE F (x,
y), Bull. Malays. Math. Sci. Soc. 33(1) (2010),-88.

[6]J.B. Diaz and B. Margolis, A fixed point theoremof the alternativefor contractions
on a generalized complete metric space, Bather. Math. Soc74 (1968), 30809.

[7]Y. Basci,A. Misir andS. O grekci, On the stability problemof differential equationsn
the senseof Ulam. Res. Mat(2020), 11326.

[8] D. Khantwal, Theorem of the alternative for a system of mappings in generalized complete
metric spaces, (2025).

[9] D. Khantwal, Theorem of the alternative for a system of mappings in generalized complete
metric spaces, (2025).

66



g4 s AR

L OY Isirll 2 | dastem ] dz' HEg visiQ 26O dgn T jotizj dzj to

{fdidL Oy Buz@aRE H J dzd tc tey @di] iz fgls § o3

Optimization problems in modeling real systems

67



—

t¢111b5qtrrHuJIdIIHUIRtiJMRc
{1 e rel [[P27 0101 R0S vimU L] L4RE
fozriv L ddi vy 1Rc

vstesB J S8 1. uv., uUuBCElj.orRQ 1 . r., Jnratls
s 6" LG O te fnlis p o dixfiziig2dacf af 2 to ) dRist] BL L O&atshne, § ¢

lojHjdgertsHdBsMIs! tOLtcOBSISSd OHOfIsdo dzr n
Mdcec dzOdzdL Oydj 2 ftesHdCIstso OdzO sBi j CIsdodz dzd I
stc Odztf Stels dats 2 dqdzW cOMlstczCIsztcr . vteOdzy tstels dz |
sls dzd yO*¥ Is W dzj f t6j to" o dzg' O3 ¢ sdzd up sk dd o3 mistgt
dz f 6 HMC Odz@q telils@B @ sy iggziglz " | s Q tdadatok Dis i ') disiigs s
ote] &3j dzgd MEILBC, SBOL EZYW o' Oy j dedz" | klIstej dzdzd §
o dzd W dggf Is § ts to t5 dztdzshipjoz(s biFRdts-dzd2C As Hf tddtso, j # JS dzdb ¥ datizts dzls dz' -
Bjtesftedwisd?2 d odzjLOfdes oL ddS O hdn 0Oo Oted 2 dzr
 dzd wdstds ts ) dats 2 fMdIsd detOs Is fjtej Stoy MisC d: d
tcOL des dzOff tcOo dzj dzdz" | Y slstsCd bteOdmf stels©O©, d ftod ¢
LOsstsOLtiEE sffw M o MsC 2 MEtsmiss & .

stecOHdydtsdedz" | Mo jlktsWistede § tBI jSIsT COo¢
L OtcQd@ifjte s tc ORBRBY s B3P dedd CTBE f C M totsh Bizdzis iz d Is j dz' dzts
cOLtjhOshda WOL. [ OdzdzOW s H j dz EftcOo dzj dedw
SH&OS fJteddydf dOd des dzj M s dz2Z0 s j cOIsd o dz
fslstsC 5o . SSEHO dOctkzL CO dO tlsHjd d"j dz20f .o
Hdzd Is j dz' desfplsd L j dzy detsé s Mdcec dzOdzO dhsy jIs ff st totsl
L OGtelzy j dedzr - f SHRtSHOR Yyofmls tcOL e hy dzdels G t5 )
stcOdzmtf stelsdz” 2 Yslsst BwlsMmikzkMmMisolkzj s, O MdcedzOoz ¢ t
dzi Mstslse j sMishyYw Eis@desp dzéf] LtcOdzMy stelsdz" = L OH § 6
M s desMmisd kL dz0 ( t:tHhJ&dJ L Csdzced yj ME 52
tcOBBIST HoadeOIsjdzj?2 o twixdddj HtwddzkHdlsj dz2 dese s

1 jtemy j ¢ @y OBdzjsded J &g e § ¢ Is d alaz'BI @Y Is d & dz'd3plz’ § 0 )
o jlsl ster Ctlstster j dqLBjdwesls Hadlsj d dsflsd ¥ Ol
HOdzdz' » BB HEtsttsy des?2 MdlkzOydd. 1 0Oy des?2 fteOCIsdyy f
fedstedljlbdset it Mfjyseodnises0 (il skes?
LOHjte SO {1 CMmistej dzdzr » Mz dd3di s Stdlsdyd mEkzs
©OL 6 Od Bt & Oy doeiadiikiizioy s s8 GO 0O0A PR IS ¢4 &Op dzj dzd j
d ftedstedlil MijysteOdhyf sttlsO, o€ jskiny MO &Rz O d
Gozy j dzj odets?2 lssySd Ltej ded v .

K j dz! d LOHOYd J[dtintdnidzy Hdsjoddfidd W d defistclz d3j dzlstse®  H ©
SftejHjdvis! v dzjsBRtsHJAB B ktejBtseOddw &d €
Hsdzy dets EZHGSo dzjlso stewlis! MmdzjHEze hdd3 Emdztse v d3:

-B " 520G dz¥ @Mz d oW § 3" d3;
dZdeHQBdZdZX@BH MY J sl o Gtsy wizisdytis dzfr) IOtA@ tdedy i 3O D adg flaf f o34
s .

1t ©OBsl] dRIOYydsddtscets &tH,j ddtstse Ozsdry datz
ftedmMkzlsMlso so Ols' 9 JLEZA ZPMHOPY B O: CslsstcOY ff SL o tsdzw ,
sUjtejHJ2 d fjtejSdeyjddy MmMdedOdses d toj OdzdL O
Hstesy desets Hoad»y j ded V. I COoOyjmlsej Mt dsets dd
ftoscttORRBItetso OdzdW Pyt hdzh S sy s d yltze s B ' dzts  dzj M€

l & jtcar o, wpr ¢ ftotsetcOBRJI tetso Odzed W Pyt hon
dBtsH j dzd tets 9 Oded d sSB dzZOHOW BEHtsBdzr d3 MddzsO¢C md Mtsds
Wtej 2 Q3o stcC so .

68



l®Ilsster n, fwddzjdzj dzedjy WL '™ CO (totsetcOd3d3d tetso Odzg
BOMN Is OB d teil jo sty 14 ) f tasjtaLlslz dz! detOdsdstots h © Wizl gz T lp tiztf 5 dzdzd -
BdBdzdtslsj €, odzjHtjddj Machine Learning.

l-stej s’ dn, wpr g ftoccctcORBJtetso Oded W Pyt hon

dimmdzj Hs59 OlIsj dz2 MC d ~ L OH Oy, sO¢ co¢ sBj M jydoe O
fteddzydlifean Code d s LOBddzdlIsd.

l COyjMmbej odLEZOd dscts BlssBOY jddY ©oltcOC
Wicj 2 RzoisdetfOB stc BsHEZzdzj 2 Mz O d2 fted ftetsj Clsdtetso (
B jls tslssBtcOY Ols! CteOWdSsd, sBtcOB OIsr 9 Ols! sOCdJ
B "d d COHtesokE YOMblEk.

Imi 1Isd otLBsYydsMIsd HJj &ZOEIs Pygame dzOdBtsdzj
o " § ts dzddgOzci"® HYQadd s L H @Rdzefi dlf dpdc § ) J 18| GEURE tagf O tolds L Bts y dats fyls
ML HOI! Odddidtetse Odedz” § dBsHj dzd IteOdemf stelsdz” = Mited
fsssCso d Is. H.

vsOCdds tBKOL 53 RIStk j » dgs dztoe detc O dzd , BEHjIs f
dzj sB R tSHJ A" 2 BOdkzOdzfy di3j Y HEZ My dtsmils’ s 9 tOL teC
Hi dsdzmistceOyd tsdzdzts?2 d3tsH § dzd .

[ j stsH tsdztf dsdiv .dzd tets 9 Odad § Ho d>y J ded W Istc Odztf Stcls dzr
Mo jbsWistese ftsMmMistesj dz@ dzO fteddzydt O HIdMEtej Isdetse
COHEBO " d3 YydS dzsd3 Py game.

| @ O HEftgE B dzts o drjeded{d o & A ol if ) df jtecdics JO o eddg jdalf P dzd |
LOLjd ftesdmMratHdl tBdztso dzj dzdJ Msmisswdzd?2 IstcOdzet s

1 od dztp @B thisrd3lz dzv a) o JlsdedOrdzln § thiely darfifdCodzs wp® Jsiedy &
Oolssdstse d dz2  tod -dzdpintz Isthdsts @dzd § P ZT tcOL csdzv j Isfyw .

I CoujMmbej tcteOded yd edaffXed wists dfizels] B O4f'tc | MBS j o

o jlstsitbd® j toh eid  NsjtgGrpieh § Gte s ez foalts .dzd P fnf W Isfylse d &
stcOdzmtf stelsdetsj] Mtcj HMlsots tsMisOdzOo dzdoe O Isfyw .

1 BGOL e " Oy bl S usaen § § e dah e B s dop @l dad § |
fitejmjscov Mmbssy dzdded® .

s ts dzd Y JsfplOaiah) f thesly dafifidah) lsi e8] dzdsif 2 j H J WOGUsifpe'j v ' .

Il btcOdhmf stclsdets?2 dBsHjdzd yjtejH! L OHOY IsMw L dzO

v OC d dgH gty j dzd te s 9 O gizf] $ Bcotls J O dz! zdff] dats eHdMsAu d € d
fted Mz ls@A&Odrd L de® dzef B i 5 1) ls S teadf dzfy f tstaljdef WY SH = £H O
f4ted Midgwyadded » OsAss tclzy j dzdzs mis ! .

o¢ t$BI3tGOlIBtiz,cffnﬂstqudﬂ@@t@dh@@I#Oacﬁfz]j]’diszd:s‘tshOHBOlj Isd o dztsG 5
tj czdzdtetse Odzd W ftod ded BOJ Isfw tej h j dzd jtc jsc If dedste teln) @iabicff"

1 0Cdztg yJd dzsHy o7 f sdzdzj dedwv OB BIST BT &ZzO tLOMMAts
fslssCORd IcOdmtf stelsdz" = Mtej Hilse dO  jtoj Ctey MisC OR
ftosH j Bsdzmistcdtetso Odets yYlbsts fteddsj dgj dedj WdS Mmdtctso Odadz
tej ¢z dzd tedmip OPA] Y § alq § © gzzjOCdadOjdzdizOA ff dzE Y Iz fipdf detids B dets ls d
ftcd OHOfIkdody » §OO®Rjsteses SOk sclsdzse s § SlstsC
g
L
¢

J
U
z

vsOCdd3 BBtOL 5d3, dO thdsse] wLOMMdBslst ddw §tj
tcddydfsoe OHOfflsdodzsets tojcelkzdzdtctseo OdzdwW dzORBd B' dz
OH @Qd tc O & =3y & @ Y J dstszugtt s stetoOd | dzis d & s dztd @B sis '
 zdetidtgds sW tstc O.

ftotsj CIsO BT dzts tcOL tcOB B5ls Odzts
on

Nl dmMf sd Lso Odzd j B Wicj 2

l AatH] tjOddL Oydd
yth

ftescteOBRBtetso Odzdw P

69



1, Smart Traffic Light — Visual Simulation (Pygame) - X

Od dzO" fMiGjHO

H4HJ ZOZO odL Iz ted Md udded?2 m o
stcOdzmf stclsdz" = MtcjHMlse 6 oMmMjd yYjlsr ey 3 dO§ O
Hody J ded W, Ctedlsjtedj o Wistcd3d tetso Odzed W fcslssCtso Is
Is tc O dzf t © i £ tc O i3 | Is ts Wi tS te@.

MBHOCTL (MalKMH/ MKUH): (

tcj Odzd L s OdzO d3tsH § dz Mo jlssWstcdzese s tsBi j § 150, o ¢
Cslstster § sBjMfjuyudoOsls §tcOo ddz dats fjted € dzs yg dac
ddzsj tef toj sOydwy ftedojHj 20O dzO tedmkzdzCj 1. 2.

t. = 0,003*N+0,056*Q+6,53%

Bpems
ocBoGoXaeHus, ¢

14 |

1200°_ .
100
800 g -
VHTEHCUBHOCTb Ha KpaitHeit ; ~ BMecTMMOCTb, nacc
npaso#i nonoce, ea/s 400 40

t dMEzO2&E § 0o d f dJedidsjindslg sizd Idn Visls § 2 M IS RO C sstetso

70



Rdzls j cteOYydw dgse' 7 bjndasdzsed?, ©OLodldj tsBh
Fyomisdj ctOyHOd o §kygll, sidsazzis i 6 fiEy daeEa] ezls
fsteOljcdd ©OLodlsdw Hity ds?2 ddW eOMistezC skzter |
PHsBdts?2 d {SCtdsedyujmMSed uydmss? cttesHmMCBS2 Mt H!

t OLtOB OIS 90j BBOY Jd&dlsOydtsdzdzOw s H j dz nls
6] Odz dz' B3 Mo jlsY steOB], dats Isj 3 dzj B dzj §j BdzO HC
Clstste’ j dzOf oW Bzs fowL Odzr ) BjL Y OfMdtsils: ¢ HiStk

sOCdB BBELOLSE JidlOoydtddOy &BsHj & Hj &S dsl
IstcOdztf stelsdz” = Mtej Hilse  Mmdedyjdedd otej Bj ded dzO
pjtoswisdtsimisd StedldujmMSdn &Ody stetse IsteOd&zMY sStels dz o

lr otH tjLzdz sOlstse . otdj d3je@rd tslsoj  ffadgioH dzts y § dzO
dqdels j dzdzj S sz Odz! dets?2 MdMilsj 3" EftcOo dzj dedwv Mo jlstsW st
fsHCte] f dzj dzd j d3. t OLtcOBtSIsOdzdzr 2 @ fHlosetOdizdidez” 2 € s5d
Edzzyh jdedj Cdz¢yjo' s ftsCOLO]dzj?2 MmtststsPezts s tsdzdzd o
B ssHOB] tjekzdzdtetso Odad v . [ Odz! dzj 2h dj dMmMmdzi HisO O
Cdif ! ¢ sy toglztiedass dzOte Iz t5 g daff & ts jsx3 dtadg jO dz! odistsjcdsPlstay § dzQ
sBkyjdd) BdmHBF fkdzlsdzvr CtststcHddzdtetso Odzdzetse s EZf tc O
Mikwdd fjtoj Ctoy MisC s .

71



A CITATION -GROUNDED RETRIEVAL -AUGMENTED QUESTION ANSWERING SYSTEM
FORALKALOID CHEMISTRY

I. Akhmetov'? A. Serikbay?, A. Krassovitskiy?, A. Sharipova®
lnstitute ofinformationand ComputationalTechnologiesAlmaty, Kazakhstan
2KazakhBritish TechnicalUniversity, Almaty,Kazakhstan
3Institutefor SmartSystemandAtrtificial Intelligence Nazarbayewniversity,
Astana, Kazakhstan

*Corresponding authors Amirkhan Serikbay §mi serikbai@kbtu.ky, Iskander Akhmetov
(i.akhmetov@ipic.ky

Abstract
Thisarticlepresent@.compactdescriptiorandpilot evaluatiorof adomainspecific
questionranswering system for alkaloid chemistiyhe system follows a retrieval
augmentedyeneration(RAG) designin which a curatedcorpusof openscientific
literatureis processedvith chemistryawarenormalization,indexedwith hybrid
lexicalil semantic retrieval, summarized in a qugused manner, and passed to a
large languagemodel for citationrgroundedanswergeneration.The retrieval layer
combines THDF representations with ChemBERTa embeddings to balance exact
matchingof chemicaltermswith semanticsimilarity. Chemicalnamedentitiesand
formulas are protected during preprocessing so that despaicific terminology is not
degradedby genericnormalization.A pilot evaluationon representativalkaloid
questionshowsstrongretrievalperformancgHit@5=1.00,nDCG@5=0.919)and
mostly correct citation grounding (0.72). The results indicate that carefully
constrainedRAG pipelinescanimprovetraceabilityandreducehallucinationrisk in
specialized chemistry question answering.

INTRODUCTION

Alkaloids are nitrogeftontaining organic compounds with major importance in
medicine,agricutture, and biochemistry. Their uses include analgesia, antimalarial therapy,
and many other biological applications, yet information about their properties, biosynthesis,
andsynthetictransformationss dis-tributedacrosshousand®f articlesandtextbooks.This
fragmentation makes literature search slow for researchers and students, especially when
queries involve specialized names, formulas, mechanisms, or experimental cdiftext.
continuing growth of alkaloid research further increases the need for tools that can locate,
condense, and cite relevant evidence efficierit]].

Thiswork describes questionansweringsystemailoredto alkaloidchemistry. Thegoalis
not to replace expert judgment, but to assist literature exploration by producing concise answers
thatremaingroundedn retrievedsources.Comparedvith generalpurposdanguagemodels the
proposed system narrows the knowledge domain, retrieves supporting documents before
generation, preserves chemical terminology during preprocessing, and requires citations in
generatec&nswers.Thesedesignchoicesaddress centralweaknes®f largelanguagemodelsin
scientific settingsfluent but unsupported or incorrect stateme8}s [

The complete pipeline is shown in Figuke The main contribution is an enid-end
architecture that combines chemisaéwyare preprocessing, hybrid retrieval, quiErgused
extractive summarizdon, and citatiorconstrained generation. Optional erigsed
boosting is implemented but disabled bsfallt so that retrieval is governed primarily by
balanced semantic and lexical similarity.
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RELATED WORK
Scientificquestionansweringequiresmethodghatcanhandledomainvocabulary,
ambiguous termnology, and the need for verifiable evidence. In chemistry and
biomedicine, systems such as ChBataExtractor and SciSpaCy demonstrate the value of

specialized text processing for entities, formulas, and scientific langdadg [Transformer
models trainean scientifictext, including SCIBERTandChemBERTafurtherimprove
representation of technical terms and chemical conéext B].

Retrievalaugmentedjenerations especiallysuitablefor scientificdomainsbecause¢he
document collection can be updated without retraining the language n@délyprid
retrieval is also important: sparse methods such abFror BM25 capture exact chemical
names and formulas, while dense embeddings retrieve semantically related passages when
wording differs [L0]. Knowledge graphs and model fitening are useful alternatives, but
they require either costly curation or retraining when new literature is addédThe
proposed system therefore uses -teated hybrid retrieval and controlled generation to
emphasize scalability and traceability.

METHODOLOGY

1.1Corpus and Preprocessing

The corpus consists of 7 selected books and 5813 scientific articles from PubMed
Central and CherRRxiv. The books cover organic chemistry, stereochemistry, heterocyclic
chemistry, and alkalotdpecific background, including standard references by Clayden,
Klein, Smith and March, Carey and Sundberg, Eliel and Wilen, Joule and Mills, and
Aniszewski L2, 13, 14, 15, 16, 17, 18]. Articles were collected by querying for alkaleid
related terms, extracting metadata, resolving availabletdutl records, and downloading
openraccess PDFs.

Documents are converted to text, cleaned, and split into chunks suitable for retrieval.
The pre-processings chemistryaware:chemicalformulas, abbreviationsand recognized
entitiesareprotectedoeforegenericnormalization.This preventdransformationshatwould
damagdermssuchasstereochemicaldescriptorsmolecularformulas,or compounchames.
A customlemmatizationstagenor-malizesordinary English words while preserving

protected chemical tokens.

1.2Hybrid Retrieval

Eachdocumenthunkis representeth two ways. First,asparseél F-IDF vectorcaptures
exact lexical overlap with the querysecond, a dense ChemBER@&mbedding captures
semantic similarity in chemical language. At search time, both similarity scores are
normalized and combined into a hybrid ranking score. This design supports queries that
require exact compound matching as well as queries that uskebmaceptual phrasing.
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The system can optionally boost chunks that contain chemical entities matching the
query. How-ever, this mechanism is disabled in the default configuration beeaggessive
entity boosting mayver-prioritize exactmentionsand reducethe contributionof semantic
context. The default retrieval therefore uses a balanced Ié<€ealantic score.

1.3 Summarization and Answer Generation

The top retrieved chunks are passed to a gieenysed extractive summarizer. The
summarizeselectssentencethatarebothrelevantto the queryandchemicallyinformative,
while preserving references to figures, schemes, tables, and source identifiers when present.
This step reduces prompt length and removes unrelated text before generation.

The final answer is produced by a large language model using a strict pidrapbodel
Is instructed to answer only from retrieved summaries, cite the supporting source for factual
claims,andavoidunsupportedpeculation.If the evidences insufficient,the system should
statethe limitation rather than invent an answer. Thesecontrols are intendedto reduce
hallucinations and improve auditability.

EVALUATION AND RESULTS

The pilot evaluation used 12 representative questions covering biosynthesis, reaction
mechanismspharmacologicaproperties,and structuré activity relationships.Reference
answersverepreparednanuallyby domainexperts§rom authoritativesourcesn thecorpus.
Retrieval quality was evaluated using Hit@5 and nDCG@5, while answer quality was
assessed using ROUGE, BERTScore, citation correctness, and expert qualitative review.

The hybrid retrieval configuration achieved Hit@5 = 1.00 and nDCG@5 = 0.919,
indicating that relevant evidence was consistently retrieved and usually ranked near the top.
Citation correctness reached 0.72, showing that most generated answers citedaa@propri
supporting documentsThe mean runtime was 3.1 seconds per query in the pilot setting.
Expert review found that answers were generally coherent and scientifically reliable for the
evaluated questions, especially when the relevant evidence appeared explicitly in retrieved
chunks.

The strongest results were observed for questions aboutielmented compounds,
knownbiosynthetigpathwaysandclearly describedeactions.Weakercasesappeareavhen
answers rauired interpretation of figures, schemes, tables, or implicit experimental context
not fully represented in extracted texthese cases motivate future work on multimodal
document understanding awthim-level verification.

THREATS TO VALIDITY AND LIMITATIONS

The evaluation is preliminaryThe test set is small, and the questions may not capture
thefull diversityof alkaloid chemistryqueries Referenceanswersverepreparedy experts,
but expertjudgmentmay still introducesubjectivity. The corpusis limited to selectedbooks
and operaccess literature from PubMed Central and ChemRxiv; therefore, important
paywalled or databasenly information may be missing.

The currentsystemprocessedull text but doesnot understandcchemicalstructures,

reactionschemes,or figures as visual objects. It also lacks systematicbaseline

comparisonsagainstBM25-only, denseonly, and generalpurposeRAG configurations.

Computationalscalability has not been fully profiled beyond the pilot settinginally, the
system does not yet implement explicit uncertainty calibration, automatic refusal for all out
of-domainquestionspr automatealaim-levelfactchecking Futurework should expand the

evaluationset, add strongerbaselinesjntegratestructuredchemistry databasesuchas
PubChenor ChemSpiderandincorporatemultimodalextractionfor chemicaldiagrams and
reaction schemes. Largscale testing would also clarify how retrieval latency and answer
quality change as the corpus grows.

ETHICS AND SAFETY CONSIDERATIONS

Chemistry questiomnswering systems can produce incorrect or incomplete information
about syrthesis, safety, mechanisms,or compound propertiesSuch errors mayreate
practicalrisksif usersapplygeneratedextdirectlyin laboratorysettingsForthis

74



reason, the system should be used as an assistive litesatuolh tool rather than an
authoritative source of experimental instructions.

Users must verify outputs against primary literature, safety data, and expert guidance
beforeapplyinganychemicalinformation. The citationmechanisnsupportghis verification
butdoesnotguarante¢hateverygeneratealaimis correct. Thesystemmayalsoraiseduat
useconcernsf appliedto hazardousr controlledsubstancesgsponsible@leploymenshould
include appropriate access controls, monitoring, and compliance with relevant regulations.
Query logs and generated responses may contain sensitive research information, so privacy
and datahandling policies should be clearly communicated.

CONCLUSION

ThispaperpresenteddomainspecificRAG pipelinefor questioransweringn alkaloid
chemistry. The system combines chemistware preprocessing, hybrid -TBF and
ChemBERTaretrieval, queryfocused extractive summarization, and citatijwounded answer
generation.A pilot evaluation showed strong retrieval performance and promising citation
correctness, suggesting that constrained RAG systems can support transparent literature
explorationin specializedscientific domains.

The approach remains limited by corpus coverage, suale evaluation, lack of
multimodal understanding and the absence of full uncertainty and claenfication
mechanisms. Nevertheless, the architecture is adaptbpleeplacing the corpus and domain
resources, the same design catrbasferredo other subfieldsof chemistryor related scientific
areas.
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METHODOLOGY AND PRACTICAL IMPLEMENTATION OF AN AUGMENTED
REALITY MODULE FOR INDUSTRIAL DATA VISUALIZATION

Nurgazy T.N.", Amirkhanova G.A., Amirkhanov B.S.,ToiganbayevaN.A., ZhaisanovaD.S.
Al-Farabi KazakhNationalUniversity,Almaty,Kazakhstan
[ -mail: nurgazytomiris@gmail.com

Abstract. In Industry 4.0, Digital Twins and IloT platforms have transformed asset monitoring.
However, conventional dispatch systems create an operational "information gap,” forcigige on
engineergo split cognitiveattentionbetweerphysicalmachineryandtwo-dimensionakcreensThispaper
addressethis spatialdataseparationby evaluatingAugmentedReality(AR) frameworkdo unify physical
environments with telemetry. A comparative analysis was executed across native environments (Unity
3D/Vuforia)andwebbasedstandard{WebARvia A-Frame/AR .jspcrosskeytechnicalcriteria, including
deployment barriers, dispatch integration, and crpkdform compatibility. To validate the browdesased
approach a zerainstall WebARsoftwaremodulewasdevelopedThearchitectureleveragesVebRT or
camera streams and WebGL for ré¢imhe graphics. Testing was performed using heavy industrial
simulation infrastructure (a chocolate production tank) and textured organic assets stabilized over high
contrast fiducial pattern markers. The results denras that the declarative framework successfully
shiftsmatrix transformationsaandspatialrotationsto the mobileGPU, maintaininga stableframerate and
eliminating latency via asynchronous asset-pedering. A weloriented AR framework combined with
contrastresilientmarkerscircumventshe deploymenandintegrationbottlenecksnherentto nativeapps.

It provides an economically scalable, crgdatform architecture that effectively bridges the industrial
information gap.

Keywords:AugmentedReality, WebARDigital Twins,Industry4.0, Data Visualization.

Introduction. In the era of the global industrial transformation driven by Industry 4.0, the
concept of "Digital Twins" and the sensory networks of the Industrial Internet of Things (lloT)
have become foundational for monitoring physical assets [1]. Integrating-sowite data
parameters into cognitive virtual representations optimizes diagnostic tracking [2]. However, in
theoperationapracticeof mostmodernenterprisesafundamentatonceptuathallengaemains
0 the "information gap" [3]. Telemetric data and analytics are traditionally displayed as two
dimensional graphs on monitors in central control rooms (SCADA systems), whereas the
machinery is physically located on the production floor.

A maintenancengineemperformingon-site inspectionor repairis forcedto constantlysplit
cognitiveattentionbetweerthephysicalequipmentndthemonitoringinterface[4]. Thisdivision
of attention doubles the cognitive load and significantly increases the probability of human error
during stressful or emergency situations. The optimal solution to this spatial separation of data is
Augmented Reality (AR) technology, which actsaabridge connecting the physical and virtual
infrastructure of an enterprise, expanding the visual feedback loop for food processing and
industrial pipelines [5].

Methodology. To identify the most viable architectural framework for displaying spatial
interfaces, a comprehensive comparative analysis of two primary approaches was conducted:
native applications and wdiased technologies.

1. Limitationsof Native Applications:In theinitial phaseof developmenta prototype
wasengineeredisingthe Unity 3D enginecombinedwith theVuforia computewision moduleto
bind virtual objects to physical markers [4]. While this native approach delivered high graphical
fidelity and stable coordinate tracking, its deployment across a real production scale revealed
severe operational barriers:

0 Deployment Barrier: Compiling separate installation packages for iOS and
Android, followed by themanualinstallationandcontinuousupdatingof largeapplicationbinaries
on hundreds of corporate devices, creates an unsustainable burden on IT support teams.

0 IntegrationComplexity:Industrialmonitoringplatforms(e.g.,GrafananfluxDB)
communicatevia standardweb protocols.Transferringa continuousstreamof telemetryfrom
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closeddatabasemto aproprietaryUnity environmentequireswriting complexmiddlewaran C#,
leading to signal transmission latency and architectural overcomplication.

2. The WebAR Paradigm: To bypass these infrastructure bottlenecks, the research
vector shifted toward browséased solutions. WebARechnology enables the execution of
augmented reality scenarios directly within native mobile browsers without requiring any pre

installation.Graphicalrenderings managedy theWebGLstandardandhardwarecameraaccess
is organized securely via the WebRTC protocol. The declarative framewdttame [6]

combined with the AR.js computer vision library [7] was selected as the optimal technological

stack.

To systematize the methodological evaluation, a comprehensive comparative matrix was

established across seven key criteria, as presented in Table 1.

Tablel 8 ComparativéAnalysisof AR DevelopmenPlatforms

Evaluation SmartAR Glasses Native Systems (Unity /| WebBased Systems|
Criteria Vuforia) (WebAR)
Hardware Requires specialized, Requires high-performance| Accessibleon any standard
Dependency high-cost AR eyewear| smartphones or tablets. mobile device with a cameral
Deployment High. Requiresnanual | Medium. Requires| Zero. Instant access VvV
Barrier device configuration| downloadingheavysoftware| scanning a QR code
and longterm staff | binaries onto each device. | clicking a web link.
training.
Dispatch Extremely complex] Complex. Requires Cj Seamless. Native HTML/J
System Requires  specialize| middleware  to bridg¢ stack allows direc
Integration APIs and datg external databases. communication with clou
conversion. systems via standard web
requests.
Security & | Dependent entirely o| Security certificates must i Protected by rigid we
Compliance devicelevel protection manually compiled into th( standard¢HTTPS,Cloudflare
and corporate IT1app. Delayed update| tunnels, and isolataftames).
policies. introduce vulnerabilities.
Scalability & | Each physical heads| Requires recompilation ar| Instantaneous. Updates
Updates must  be  update| redistribution of the ap] deployedontheserversideare
individually. package to every user. immediatelyactivefor all end
users.
Rendering High, due to dedicateq High, direct accessto the | Medium. WebGL constraints
Capabilities built-in 3D processors| mobile GPU. require strict polygon and
textureoptimization.
Edge Heavy computationg Utilizes the full | Capable of processing loc
Computing tracking rapidly draing computational power an anomalies in RAM vig
the headset battery. | RAM of thephysicaldevice. | JavaScript without consta
network calls.
CrossPlatform | Limited to the specifi¢ Requires  separate  co| Absolute. Functions stab
Compatibility operatingsystemof the | adaptatiorandbuildsfor iOS | acrossanymodernbrowseron
headset vendor. and Android. any operating system.

Results. The practical validation

of the research resulted

in the development of a fully

functionalcrossplatformWebAR modulethatimplementsa Zero-Install architectureln placeof
raw code compilation, the structural design relies on-heghl declarative components that
execute reatime spatial rendering directly via the device's GPU.

The module's capability to parse and render complex objects is demonstrated using two

separate classes of 3D assets:
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Alndustrial Simulation Assets: The system is engineered to seamlessly load and animate

heavy equipment components such as the industrial tank model explored during the Unity phase
shown in Figure 1.

Figurel - Experimentaprototypeof a nativeapplicationin Unity andVuforia

AConsumer/Produ@imulationAssetsTo verify theengine's/ersatilityin renderinghighly
organicshapesndcomplexbakedtexturesunderthe samearchitecturaframework,experimental
runs were performed using detailed models of traditional culinary items and fruits [5].

The practicaloutcomeof this browserexecutions capturedn Figure2. As shownin Figure
2a, the mobile web interface successfully displays apaijngon model of traditional baked goods
(baursaks)n a dedicatedvirtual renderingcontainer.Similarly, Figure 2b displaysthe reattime
tracking and zertatency rendering of a textured fruit asset (tangerine) stabilized squarely over a
physical black fiducial pattern marker using the live mobile browser stream.

% 5 digitalegizkz @& +ee < 2 digitalegizkz &

Figure 2i Crossplatform WebAR deployment results running seamlessly via a mobile web browser: (a)
Realtime high-polygonrenderingandtrackingcontainerfor traditionalbakedgoods(baursaks)(b) Low-
latency stabilization of a textured fruit asset (tangerine) over a physical fiducial pattern marker

The functional layout of the developed system architecture is organized into three distinct
layers as detailed in Figure 3:
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APPLICATION LAYER

User Device WebRTC Video &

(Mobile Browser) WebGL Context

1

SPATIAL TRACKING ENGINE

Matrix Transformation

AR.js Computer Vision —— via Pattern (patt)

1

ASSET DELIVERY

Asynchronous Binary gITF / glb

——

Asset Management 3D Mesh Models

Figure31 Structuralarchitectureof thedevelopedveb-orientedAR framework,demonstratinghe
decoupling of web rendering, tracking computation, and asset caching layers

Theengineeringesultsof thisimplementatiordemonstratseverakey outcomes:

AAsynchronoug\ssetOptimization:By settingstrictassetoadtimeoutswithin thebrowser
environment, the system prenders and caches lightweight binary gITF/.glb models before
displayingthem[8]. This preventdnterfacefreezingandminimizesdataconsumptiorspikesover
local cellular networks.

AMatrix Scaling Adaptation: The module successfully isolates scaling logic within the
clientside rendering engine. Objects of vastly different physical dimensions, such as small items
like a tangerine versus larger structural models like a steak ordraditbakery products like
baursaks, are dynamically scaled via transformation matrices [9]. This eliminates the need to
manually reexport or recalculate polygonal meshes within external 3D software like Blender.

AGPU-Accelerated Transformations: By leveraging declarative animation components,
guaternion and rotational calculations are processed directly through WebGL. Shifting this
mathematical workload from the CPU Main Thread to the integrated mobile GPU nmiatain
stable frame rate (FPS) even when the user moves rapidly around the tracking area.

Discussion.Theanalysiof theexperimentatlataestablishea clearcorrelationbetweerthe
type of spatial marker selected and the overall stability of the augmented layer. The research
evaluated three distinct tracking methodologies: arbitrary image tracking, traditional QR codes,
and fiducial pattern markers.

While arbitrary images are visually nalsruptive, the underlying computer vision
algorithmsmustconstantlyextracthigh-contrasfeaturepoints.Underchangingndustriallighting
conditions, the presence of dust, or deep shadows, this approach suffers from high tracking loss,
leadingto "jitter" in the3D overlay.TraditionalQR codesexcelatdatadensitybutfail to maintain
stable 3D geometric orientation at sharp viewing angles or long distances because the lens loses
focus on the fine pixels of the code matrix.

Converselyfiducial patternmarkerscharacterizetdy simplegeometricshapegnclosedn a
thick, solid blackborder(aspracticallydemonstrateth thetrackingroutineshownin Figure2b),
proved to be the most resilient choice for industrial environments [10]. Thecbighast black
frame allows the tracking algorithm to instantly calculate spatial vectors, tilt angles, and
guaternions under lowght conditions or surface contamiraii Because the mathematical
computation is highly simplified, it drastically reduces the processing overhead on the mobile
CPU, making WebAR viable on miginge and lowier corporate devices.

Conclusion. The integration of conceptual analysis and practical software engineering
demonstrates that a weliented AR architecture effectively bridges the "information gap" in
industrialmonitoring.By eliminatingthedeploymeneandmaintenancéarriersinherentto native
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mobile applications, WebAR offers an economically efficient and highly scalable deployment
model.

Laboratory testing conducted on physical prototypes fabricated via 3D printing confirmed
that combining weltbased rendering with fiducial pattern markers compensates for the hardware
limitations of mobile browsersTheresultingsystemensurestablecoordinateretentionandreat
time visualization of data directly in the physical context of the machinery, establishing a robust
foundation for nexgeneration industrial dashboards.
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LabKey fnd wsydsur ¢c e p eln¥ MB ZAJd@AdS dz" W bl ockchain
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r dz
LjtMmOdz Ml
IsJ i i3ZOdzr
B OD O dzf
Wit 2 dsi
C

1CjMlsjHy Cjdzs' t8' e jdz MO Ml tBOdr IsOdzn Ok
B E dblogkchains j 7 dzts dztsye s Higljdkk LIMS §f 2O s W 5 to dsOWOdee iaf twdzO dzH '
GBI BS " dgh ' Slsjtc' &z HOd sk oM, dzj dzj t6' dzgj B OO’ Isls OdzT
fdwylsr yj¢C isdajud jcde of pdeOrs ¥ ts tdipOidzCdadie’ j fj dij’ L Gts dzO dzD
CjJLHJMCjda' Bj dg, tzOttHO f ZOLW sted3OdzOtecH"™ W bl ock
HO2r dzH' OF B' tof WD O2 Ctedlsjtcd2dzjte B2 dzh © B OD
N MO "M dr DOz MO Mis' LROL B OH Ote@E iy 18
Stsdz’ YIsTr czDO® BOD' Isls ©dzD O dz.

i syl O W H OqiEm@decd IMS §f dzO s W 5 t6 ds OxlaDdef) Widf @ls Is © 50 &zO 6

1 &zZOIs¥W s11 ODHOtedzO| 1 j toj CIsj| REST [ sHEd H' €1 j dzifj dzH
Is' dz' BOL Ofpr API Oterndlsi Clskz|HORE"

SENAITE Python PostgreSQL n n RD

Bika LIMS Python PostgreSQL n n zjSIlsjkzg

OpenELIS Java MySQL n wh * dzOtc O R D

LabKey Java PostgreSQL n n R D

Server

2CiMmlsjHj CEtmMjls’ dze j dzH § 2, BOtdzr Y YOtOfisr tc
CHIsT LJtlsnOdzOdzr ¥ OYHf OtcOIslsr Yy BOMYOtelz n2Jdzi
" RBY syl MPellstds R Is Is O tzdzO dzp ® @2z dzC y d WydOdeHOR widz". d3j dz
Y Ol Otg, sdzOtcH™ W B ODHOkZOBOEZOE Is' dz' , Hjtej Clsj t
Oten dIsj OistzdgjOf"r d3H O fHsO dglfs tzfy | dBHS 22’ d@P O tc d©30h ¥ dB Qis. Ot
Ivdz jtjChjdz Clsjte N2 jdzjteH" ' W Cjwj2l" dzkz i d
Sj rdesdzsedWw dzOtedzj dz ddzlsj cteOyd W dzO dzlz Ddzj zj Is' daj
JtejShjdz Clsjte € jdzjfm' BEd dBGHy "M dz"@ &zZDOdz B OD O zO
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' ¥

LIMS septreynepi BnokueitH aeprreynepi
ApxuTekTypa JlepekTepaiH TyTacTbiFbl
Xymbic npouecTepi AyauTTik i3 (kypHan)
AwblK KoATbI Nnatdopmanap KaparanaHebilwTbik,
LIMS 4.0 Cwmapr-kenicimwaptrap
I |
'
3epTTeynepaeri Macenenep
MEH ONIKbINbIKTap
¥CbiHbINATBIH CanbICTbipManbl
6aranay ¢ppeitmMBopKi
[
! ! ! ¥
SENAITE Bika LIMS OpenELIS LabKey

[ [ [ I
.

Bonawakra 6n0oK4enH TeXHONOruscbiMeH
MHTerpauyusnayFa ey Konamnsl nnarpopma

g Ztel.lsir dzr dgei@odgrcelIMS f dzOIs W s to dfPiAD tdy Isdz Ble@PORMRY 2 3o tStcC ' dz' W
Sy’ tefr BHOBRBOMZ v Mmr LB OM’

dlsOkZDOd jtjChjd Chkjtt § &OY StdBO®OEBHT W ' &l
GBIl dBS ' dzH ' €' dzj Is' S dzj 2 esfipjulr cjels jLHl'MS otz Yy HEIORID dnoy
BODOd&OE Ctodlsjted? dzjts' dje' L &) MOk Mk
Jdzls j € 6OYdY ZOZDO jrndzdSOdzr ¥ % OwOdBH' dz D' dz B OD Oz
DOOfls’ to' dgoki®p @fabjcw | Lb HAEes jddk s B zic@ B bperesdurce
LI MS § &zO¥ SO0’ d& W L jlsR OdzOdzr vy OYf OwwOlsls' B
B BS ' dzh Sljtecy dj 1189 dz' uits df midg figg sysOls Otel 1b | o c k ¢ h
Ljtsn OdzOdz ¥ Hj tej C loljte integity Js " 1€ Q figly "o junistdbitip), | ¢ ' dz
Y OH OD O traczbilitgs D dajz Hxflists ¢ 'Y OISO Gz & @dp'ls 'YdsigH O dzz 0 O
BOD' sksOd&zDOdz L jtlslsjzdzjtc MOdzil O™ tc Ohpds®?2 HISAI tea"jdz Ojtesl

BOO'Ils CEB' daj HjteBjfp Y OteOMmlsr tor dzr ff , sSdzOteH'™ W E
LJjtolslsj didgl.c j dz [ 1
DsdzH Odz’ MsODr DHELA sl tlilj MSo pteadzOls ¥ St BBO ZOte "

s j 7 dats dzts G o izl aigg @y IS ¥ Grdzl @@ YizHE ®O GaRAIEOGED @ tzw D O 2
D H ' fdej dgHIilr Mls ' BEOROHEGE G )G U CEODIed s d GO Ot
N12] Otcn dlEHszde OGS, Y "t dzf &5f , REST APl Y &sdzHC
qCjdiH" &' &', OkHdl d&jrOddLBHjte’ ypdaj Sjwjidlk' d
Ctodlsjtedadzjtc BEBS27 dz" O pDelslited § ZOY stedBO&OEBH ™ §
HjWeEj2H] YOwLOMmisr tor &zd&sGDOdz [ 11, 18] .

1etejllsj] "irdr ZzoOdz MOd Mis' to kO d BODO&OL
L tols sy Ik 2zj fip ey 5t ) J lso' ot jISohE jodiad™ 60 O dz’ ¥RO L B ©&!, &3d
y R MlsOte daj €' L daj dz j €' i ope®DC Usrise HIOIMS Of dz@ IS Yot telak
Otef dlsj Csjiitz@iEg Y d & dz® dsl ' ¥zr £ ls'j dAdi'tiahr S ' dahblodkchain
sjndsdzscdwmr dz L jelsnOdzOdzr ¥ HjtejSljten' W fj dz o&H '
fO2HOGOWE] . [ 10 ZO2HO &M j§&' BOOD' sdarce LBMS2 dzOdz f
f ZOlY StedsOkOwr dz bl ockchain Ilsjrdsdsecdy i d&j d ddls
s " ieflyr dEPREZ fls ' BEARORRLP 2 BT dz d3is O dptuidaecj2" iz dzf dzdsO O O dz.
[y Ot Ofis ' tosnARPdz Bdajds H' 5O O I8 ot @' fopler@ourcelIMS
f zOls ¥ s tc dpDckains gzn dzts dzts ¢ df el cidg @] “HsF @70 © fi3' OO 2 D O
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OtedzOdzDOdz MOdzr MisT™ te RO dzr BODO&zOE Wteg
BisdzOh OYyIs® bl ockchain dgeé'L" " dgHjcg' L
Y sdzO2 dzf f dzOIs¥W stedsOde” O dzf ofsd dzj 6 L H
N"fr dzr zo©dz B ODOXZOEZ IspMm' dz dzOVY Is ' b
Cjt'"M"d"j blockchain Isjrdtsdatecdwmr
Y Bd&zO2 dz'-soap € ® LI MS f zOIsW stedzOM" dz OuwWag@zao@ "
YOdzr fIsOfMmisT cOHT .

N"fr dzrf &zoOdz MOdzr Misr tc d3O dz' B ®IO®acAOdzh a¥ o j 2 Iskp Asdets
Litelsn OdzOdzr Y OYH§f OteOIslsTy yn22jdjteey JdE' LbkzH' VW
B3 dzH " C s e’ dzd 00dz0 j d3d M, Mtsdz" d3j dz Y OlsOte
Otcrndlsj SlstcOdzr v Y "tor dz@ i3 dzO, Cjwi2l' dzz e 30 O * dz
Dtej ¢ Jjs®Y MdeylsD g3EH1,14,17]f O dz' dgpdfn j zj gkOyY MO lB™ din O
L J tols lopelrseyrcelIMS §f dzOIs W s tc dp@acze&@ns gzn dzts dzts 6 df dzly] «lizg @y d v dzO
Y OtcOdBH ' dz' O s"tcD" ) dzOdz B ODOXZOZDO OtcdzOdzD Odz
" fyrodzr dzOHT . Nfr dzr &zoOdz Wtej 2 dGgo st6 € Dtcls Il tcdz i dzO
dzd G ' 5Btz § fig @ dzisf sy dedziB @O @lg j ¢ 16 O dpgvts dzOP dzO Is ¥ s tc d30 dz
Odzr YIsOEDO BN AE " dzH" € Bjtej H' .

N"fr dzf ZzoOdz pH '  MIsjd3dy B ' tdzjh j EL OO BO2 dzOdz f

L J tolatls jiQalg Is 'Cdenyj Ydsidds O dz' ope@dstiradzIMS f dzOIs W ts to IO ez @ tizH © .
[ ZODO® SENAITE, Bika LIMS, OpenELIS ypdz L
f dzOlsW stOBOROMRGIs OfsHRjOs " LB dzZtadzdj B d § © b W Wydigjddes O dzr dzlz *
ypdgj BjdzZMjdgH' DL " tedzj dgz® Mmdwylsr Ctedlsjted?2dzjtc B

t ¢ &N 'L jiedsQils W ts to deCRipCRaiR@izo@z) © bzt d Is | te@d2"dyj l4cO dzH ™ .
[ dzOte Yy OL " @' Or dzr &3 DHjBdjlIslsjtedj YUtee ' L' dzc
s mdzsdzsedw mr d3j dz ddzlsj cteOydw dzOLz CdL ' dgH BZOwT
sOdzOf sOtH" jMCjtej s ter f yOdz flsOfilsr tor dzvr [ 5,

1 dzOIs W ts to dFO@D@d Oy d I Is | to'dMrdog tedzH ™ :
-y N Vjerdlsj SlsztcOmr ;
-3 H z dp "Hig rCdz" d3'
-RESTAPIY s dzH Oz T ;
-Hi i BB BMddd gn " dz' ¢ ;
-t BY sy fplyg ot dii ggR © dzn " 6 7
-Ok HAfjlsh Odzd L dgHsjdAiz' " dz' W
-te j sz~ dzd & O dp'OYs |s G dd frpy
-DL " todzj 2O rdagHeO M Is'j wFmderda * dz' ¢ ' ;
- blockchainls j - dzts dzts ¢ df dzlé)] cldg @y ld § ez dss @@ YdeHi" WYGe § 2 ° .
cteB' toc f ZOWSted3sO® CetMmils’' dzejdz SCtodlsj ted 2 dzj te
1 O0D0dzOEZ BOt' M" dZH O f ZOLW sStedRBOZOtcH™ W tj M3 Isj -~ d
Y Oted W dzOdgr dgH Ote [ 1 1, 18] bpdzgi Otern dls] & lisiddac @rgzdzy
YOlsOte pL " ' tedzj zh "' dzjtc Y Ok"™ d3HOMisr YIsOte" dz@f w dBBOIsj ted
N"fr dzf &ZzoOdz MOdz" Mis™ tc BO dz’ BODOd&zOE Wicj 2 dgo tsto
f dzOIs ¥ 5 tc dffPHD tdiHls ' Be@ITOAZEZ O B A MulzOdROAY Y c@ 2 P O telD@B ' to
opensour ce LI MS § &zOIsW stedzgOMmr " odzr zoOdz Ctedilsj ted
Sjrdesdze W ir d3j dz ddzlsj ctcOYdw dzOdzz o © Isj -~ dzd € Odzr ¥
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’ Mnarpopmanapabl TaHaay J

’ Baranay kpuTepuitnepid aHbiKTay ’

| SENAITE Bika LIMS ; OpenELIS ' LabKey
o 0 i 50
CanbicTbipmansi 6aranay
Hatuxenepgpi Tanpay ’

Brokyeit WHTErp: Y YWiH
€H Konaiinbl nnat$popMaHbl aHbiKTay

4zt s dr GOazMIs '

RO 2 d3o e dzfdy’ wr dzr o3’

2mMiEtej Isis J nfpr dzf dz0O Odz ) Gides jirPlsdzota=sigEXdzr dz' w O Dd@jde0 L 6
Cetefmj s’ dze j dz. ANto] 2 dgo ste € f ZOIsW Sted3OdzOtcH T sOWHO
MOdz" Mis' tc 3O dz' SOdzH Ok YUt Lz X Ddz bl ockchain
Y sdzO2 dz" f dzOsW stedsOdz’ Odz' YISOk CjLjWHjt' dgj dz s" 60O

dphry CtsHIsT LI MS ff dzOIs¥ tstc 30 dzOter dz'l frirj Qi dirps® dis d3(
MO dz Mlis ' pe@PORMeC) 2 d3aldg tc ¢ 'SENddAE, Bika LIMS, OpenELISY D dzgbKey
f ZOW stedzgOdzOtcr B OODOEZOdZHT . 1 " dz  &zOlIW sted3OdzOte ON T
Cdw dzj dz yYytsdzH Odg" azlz ' 3 D dzjB OUfnjy ©Odcz@dz@dz" dzgj cO WL 6O te Chislds
BIBE dzgH CSlsjte’ dz2 YORSOBRBOMr Li28kbk" 1 deP& W s tc dzg@ §z0 tis1O'W
bl ockchain kjrdtsdztsedwmr @3 &z dqdzlsj cteOyqdvw dzOdzz 311l i3
J z2OdPp @ZOTOBOH " :

- YN Ve dlsj SsktcOmr ;

- BBHEZA"He Szt o' ;

REST API Y tsdzH Ok

Hit]BBY @MY Uz eBn " dz' ¢ ° ;

A" B fip sy iply jotc dyis gk * dzv © ¢

Oz mydlasts dzO dzH @ ts'dalz™ W

Y ") OblsGpedddfry ;

Y Oz" d3H Ofrplsj" dpfifsjr dgH * dz' 6 ;

Blockchainls j - dzts dzts ¢ df dzlfyj &izg @yl § Czdrdze @@ }aHj e § 2 ° .

[ MBOYMOBEOd JjlIsGERdall dy jlds Odaj s B O0 Cdetds jOag 2y Is O dzH T
[5,10,142 3] . 1"z Ctedlbjted2dzijtce L jtolsn OdzOdzr y OYf Ot O
JtejCh jdd OgisiiaRtcn s @0 Mogksh@ins | -~ dzts dzts ¢ df dzlfyj &iFg @y d v dzO o
pdzjzjls"dz Hjy C€JjhjdzH' BODOXZOEZDO hiBIN GBS dzH' € B Jjtoj H

s J M3sQpensourcelIMS f dzOIs ¥ ts tc dpCaipCHxicfds | tc d Maf jf ©'ls dg' O30 M

DOL Oy O roym®"' dzHj
RESTAPIY sdzH Oz T (RESTAPI)
r"iF'ffiesyy milsj te (Workflow)

¢ zHH B tcdzO dz' (Audit Trail)

D"y OlslsOBO (Documentation)
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DOLk" d3H O Msts zis O W (CommunitySupport)
Blockchain Is j -~ dzts dzts ¢ | (BlockchainReadiness)
ddzls i ctcOydwW dzOZD O HG

3CjMmlsjHFgowmpeem LI MS § &zOLYW stcd3OdzOtcr dz B ODOdzOE
dlsjted2dzjte € j dzls' to' dze j dz. I1mdz CStedlsjted2dzjte I
Wi2l' dzz sl d&3C * dzH " ¢ ' dz, ddzlsj eteOydwdzr y d¢J d@3H"’
o' €' telz@dp" YIsjH@2f" dzn " O" dz C jh jdzH" Isil toH j BODC
dlsjted2dzjte dzjc' L " dzH jOpEEINEAIITSE, » DRIZjk aL alblKMS, f
MOdzr Misr edgOdzr  IsliteH j IsOdzH OdzH ™ .

Opensour ce Ll MS f ZzOSW stedsOdzOte" dz MOdzr Mis™ e BC
N"fr dz" &ZOOdz BOODOOEZ SCtdlsjted2dzjte’ dzgjc' L  dzHj SEN
f &zZO W stedzOdzOtc’ dzO@ MOdzr Misr tc O dz' sOdzH Ok Y lite@" L
sjrded COdzr ¥ VY "YiIQRIBE QBRBOAE W dJOHD Odz I 8df" dyfp dgjw BQ@hC
DL ' todzj Zhr'dzgjOdnIsy Pl Oter dzr W BBOIsj ted Odzn Oter  dzj 6 ' L ' dz
B2r dz" O ff dzOlsW ste zgOdzOteH ™ W Is j n daditd@jdz jyls ‘ d3lixdgk dzjdzHE t€
blockchainls § = dzts dzts G g W )T U3l GAc @ dsy 'YX OO M Is ' tc® OzBpOLzd ¥ § dzj t6
4-mMktejlslsj Cjdzls' to' dze j da.

el AR ol o]

4 Iz 63 GpensourceLIMS §f dzO Is ¥ ts to o3 O digfftds j to g B 2z izt O
MOd Mmisr wdkOdzr dzplsdy j dzj e

3IMkztcj B b i tc 0 Odz" S8ENAIFEGZzOIs W 5 b G Ota] ¥ dzlg rOwzdz
3y d dzOabKeyj ¢ ' tzc ' daHoQizO dfkig NS D dApenELIS O dzr s r IddidicoHdg"
Is E ddemids > jte fn § Is talzO tc blockahainls | - dzts dzts 6 off dzlf)] alzg @aydfiv diO dalz '
B t5dzD Odz" ozJ dz, Otcrndis] BEc @gwy 2 § € gztiH paZj d&'j Is' dz' v
sif' dH' t6" dzj H " .

1 O0D0dzOE dzpIsdy § dzjrtei‘tedt* b Odzg j dzOEN.Odzr Misr tc d30 dz' E
opers our ce LI MS f zOW sStcdBBOzOte" dz" v bl ockchain
B3¢ " dzH " CIsjte’ dzgHj O2IsOtedzr YIsO2 0O27 tedzgOM r dzr yIsOts
] zOIsW sted3OdzOtcH ™ W B Otcdzr O LjtlsrnOdzOdzr ¥ OYHf OtcOls
YORBsSOBOM L JIsCj dz' &3 dz, sSd&zOtHT W Oterndlsj CIskztcOdzr
mrelsyr yn22jdzjteddd dz dqadzlsj cteOydw dzOdzz Hjwe j2° B g
cf' tod My S Vy dzlsbdziz B d3E " dzH ' ¢ ', REST API Y
YOk™ dcsH OMmis™ Or dz' v BJ dzfnd dzH ' dz' G ° bl ockchain Is J
hjhkh' WOCktedzOtc Btsdz' f IsOB" dzOH T .

1 O0DO0dzOk dzpilsdy jdzj 6’ B2T dz2h © SENAI TE JjJ W > 85D
sz W dBsHEkdz H' ¢ Otrdlsj SlskztcOm &3j &z, REST APl Y B
f ©O2 H OdzO oigle Ayl dtdn p dzH to dzj # O 2 tzgzie O iy ldsT 11Ty " ddgHde ts ‘daz {3y ‘da
Y Olsie? j Uz wj 281’ dgkE »iAb viig@s H Iz dz! jHdgets pL'jizvA’ ' dzhsj "dalpakchain
dzj ¢ ' LYEHEHA'jBBT O MjtcodMmisjten' DL " todzjlz CjL dzHj BOW
LabKey ff d&zOlIsW stcdzOfMr HO Y t0Oter dzolsdy jdzjte CEtem
SENAITES j) OY "'Bd@ D O dz@ dzO 2 raliXey D 3B | D Ofiz" e3f toj € B Pligy Otc lz
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f ZOY StedOM’ tojls' dzHj DL todzj dedjdgn' Slsjdz, S &OMMd
N2 kH OfisT Gk HiDj dB EMGAATHIS" t00dHO Cj2B'te " jClsjlkdy
OpenELIS § Ol sttkO&OE" L jsh OdzOdzr ¥ Oy OcOlslsT
SkOEH WS OWEEd&]Y dS§ sy 25 ¢k ki ' dv ' ¢ Mod fls

BODO&OdzH ' . cfp' toj MJ DL " tedzj M " dzjte Y OEk"™ di3H OMmiIsr O
YOtoy " dz" BS2" dgh O O2r ted3Oh " dz" YIsOte BO2Y OdzOH T .

¢ dzf dzDOdz dzplIsdy J dzj to B" tg" dzO' Litelslsj 2dzj toH " W
CjdzjH' DOL ' teG’ N OtdW dzOdzr d3H OteH"™ W B OMr d3 BE d&z' G
Bl i3S dzH T CSIsj e’ dz dzj d&3d Md bl ockchain Isjrndssdztsedwf
hjClsjdzinw' [5,10, 18].

b dg "2 3" flzOIs W ts to dBO dxd teHD © Wdi@fids | todz? ez IO dzH fHls' oz
NIL jagyj Ofgpr'telz dsidzQteH™ W bl ockchain IsjrdasdzsegdWw fiyr
sBi jCIsdols' BODOXOZDO BIBS' dgH' § BjteH' . rOdfr C
spfM' dzzsoopea LI MS  dzOLW stcdzOdzOter dz B ' t6f WDO2 € to
BOODOXZzOEZODO Il d3¢j diHl' kc kegjheajiHn  dgjpddz L * dzgH j @' L j tolsn O«
DL "tedzjlz nuh' dz Ordzr 3d dzgi €' LHjdz6 jdz § dzOlsW stcd3EO IsOwW

Dister IS dgH'fdz " 3" MIs® bl ockchain Ijrddasedwymr &3
Ohry CBHIsT Ljtlsan OdzOdz ¥ OY foperOdslsr g e BOMY Dclz B QU
OQtcdzOzDOdz MOdzr Mis' tdzZOdz" BODOEZOE Witj2Botstes ™ " Mmr o
YOL " g LjtolslsjlzdzjteH' w BOM"d3 BED G NdSd L1 N
Bl B dzgH " CIsj o' dzj dzd o34 Md bl ockchai n Olzpez@e dzidz®d W
BOD' Isls ©OdzD O dz' Odz' YIs@dzwm c e ¢ zOMSO ff ag®dsi tstc 3O dzOte ™
sjrndesdze v &3 dz ddzlsj ctcOYdw dzOdzz o © Isj =~ ded € Odzr Y
B' tof MO@P fls " oo Ol j 3§ “hdg' vealsi' 3 kslsls | dzdiy ©jedafmlis ™ o dzdsO D C
oM dzj dzj tcH® Istsdzr YIsr oz BOY MO dzH O 311 2] Otndlsj ¢
YBdZHOEZT, HjttjCIjte BOLOMr dz W dCjdgH' dz' ¢, " dg f
BB n Odzd L d3H § t&6° , Isjnded € Oczr Y Y" ) OlslsOdzOdz" v Moy Ofm
Bj dzmj dzHdzjdz" B oojlochain Ijrdatsdzsedwmr dsj dz ddzlsj ¢ tc O
Mdw YdgcB OO0 Ede@ids | c@ Qzdzy &P dgik to.d Is | todfj? dizj SENAAAE, Bika
LIMS, OpenELISY D dzgbKeyf dzOIs W ts to d3fp Gr@rtc i) Hz2Oc@3D I 6 * L O 0@ (zO Iz
dzD Isd 3 j dzj to 'S EENRA TN @ d&zOIs W stedzgOMr j W Y00t ydr dals
bl ockchain Ikjrditsdzsedwimr d3j dz BtsdzOM OY ddzlsj cteOyd"
Odz' YIsOdzH " . 1 mdz depIlsdyd f zOlsW stc 3O dzr W BtsH zdz' H
Bl BB dzH ' €' d3d dz, REST A& dHs'dzH Okt tygzgzlz ™ ‘pDddgjte BYj OL
Isinfn' dzv " to' dzj H " . N fr dzf ZzoOdz MOdzr Mis™ tcdBO dzr B OD O dz
L jtolsh OO S I8 B 1 pimj L' HIE gz BB d2Hs @ fa01s ¥ s © e@eeiatiidc * L H §
KOWHORZDO &I&BS' dH' S B jtejH' . BuOSy CkooaEeridE Ots, &
f ZOLY SteBOd&Ot’ dz BODOXEOE Nh' ' d Hj Bj2' BHj &' &
Jdze " L kg j BODM slsOdzDOdz B d&zOh OY L jtelslsjlzdzj ten"™ w I
rylsddBOdz. 1 sdOh Oy L jtelslksjbkdjteHj IsOWH OlsZb@did & EWN A |
HitcjSIsjtoH' W Is"IlsOflsr D1 dz, ELGJjtod3sj 21Is" dzH " ¢ ' dz X D dz
blockchainB OY r dzOkz Y OB OIs" dz ¥ pdzj ddzlsj cteOydwdzr vy OtendlIs,

1 02 H O dzO dp HIFOBQE IS Is j to
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Abstract.In the contextof ongoingdigital transformationartificial intelligence(Al) hasbecomeone
of thekeytechnologiedor improvingtheefficiency of decisionmakingprocesseacross/ariousdomains.
Theapplicationof intelligentalgorithmsenableghe analysisof largevolumesof datatheidentificationof
hidden patterns, the prediction of future events, and the selection of the most effective courses of action.
This article examinescontemporanartificial intelligencealgorithmsusedfor optimizing decisionmaking
processes, including artificial neural networks, machine learning methods, genetic algorithms,
reinforcement learning, and swarm intelligence techniques. A comprehensive analysis of their
characteristicsadvantagesandlimitationsis presentedalongwith anexaminatiorof their applicationsn
intelligentdecisionsupportsystemsindustry,healthcarelogistics,andthefinancial sector Furthermorea
conceptual model of an intelligent decision support system based on the integration of multiple artificial
intelligence algorithms is proposed. Finally, the paper outlines promising directions for the further
development of intelligent optimization met®in the context of the digital economy.

Keywords: artificial intelligence, optimization, decisiemaking, machine learning, neural
networks, genetic algorithm, intelligent systems, big data.

INTRODUCTION

In recent years, the rapid development of Artificial Intelligence (Al) has become one of the
most significant drivers of the digital transformation of the global economy. Modern enterprises,
government organizations, and research institutions are ingggasonfronted with the need to
process massive volumes of information, analyze numerous alternatives, and identify optimal
decisionsunderconditionsof uncertainty.Traditionaldecisioamakingapproachesyhichrely on
expert judgment and classical mathematical models, are often unable to provide the speed and
accuracyrequiredfor processingomplexanddynamicdata.Consequentlyintelligentalgorithms
capable of autonomous learning, adaptation to changing environments, adddatalecision
making have gained considerable importance.

Artificial intelligence algorithms are widely applied across various domains, including
manufacturing, transportation, finance, healthcare, logistics, energy, and public administration.
Their implementation significantly improves the efficiency of infororatsystems, minimizes
resource consumption, reduces decigitaking time, and enhances forecasting accuracy [4].

Modernintelligentsystemsntegrateavarietyof Al techniquesincludingMachineLearning
(ML), Deep Learning (DL), genetic algorithms, swarm intelligence methods, and Reinforcement
Learning (RL). Each of these approaches possesses unique characteristics and is suitable for
solving specific classes of optimization problems.

Particular attention has been devoted to rabfective optimization problems, in which
multiple, often conflicting, criteria must be considered simultaneously. Classical optimization
methods frequently exhibit high computational complexity and requibstantial computational
resources when addressing such problems. Artificial intelligence algorithms significantly reduce
the search time by efficiently exploring the solution space and identifying the most promising
alternatives [3, 12].

One of the fundamental advantages of intelligent algorithms is their capability for self
learning By utilizing accumulatediataandexperiencethesealgorithmscontinuouslyimprovethe
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quality of their decisions without requiring constant human intervention. This capability has
contributedo thewidespreagdoptionof Al technologiesn thedevelopmenbf DecisionSupport
Systems (DSS).

Despite remarkable advances in this field, several challenges remain unresolved, including
modelinterpretability,algorithmrobustness$o variationsin input data,computationatomplexity
duringtraining,andthesecurityandreliability of intelligentsystemsThereforeyesearchaimedat
improving artificial intelligence algorithms for optimizing decisioraking processes remains
highly relevant from both scientific and practical perspectives.

The objective of this study is to analyze contemporary artificial intelligence algorithms
employed for optimizing decisiemaking processes and to develop a conceptual model of an
intelligent system that enhances decisioaking efficiency in multobjectve optimization
environments.

Themainobjectivesof the studyareasfollows:

Ato analyzeexistingartificial intelligencealgorithms;

Ato investigatehe applicationof intelligentmethoddor solvingoptimizationproblems;

Ato developa conceptuaimodelof anintelligentdecisionsupportsystem:;

Ato identify promisingdirectionsfor the future developmentof artificial intelligence
algorithms in the optimization of decisionaking processe&ase of Use

LITERATURE REVIEW

Contemporary research indicates that artificial intelligence (Al) algorithms have become
among the most effective tools for optimizing decisioaking processes under conditions of
uncertainty, multicriteria optimization, and largecale data analysis. tecent years, significant
progress has been achieved in machine learning, deep learning, evolutionary computation, and
hybrid intelligent algorithms, all of which have substantially improved the quality of managerial
and operational decisiemaking [3, 12

A systematic review of intelligent optimization methods publishedEmgineering
Applications of Atrtificial Intelligencereports that more than 320 intelligent optimization
algorithms have been developed over the past decades. Among these, swarm intelligence
algorithms evolutionarycomputatiortechniquesandhybrid methodghatcombinethe strengths
of multiple optimizationapproachebavegainedhegreatespopularity. Theauthorsalsohighlight
the continuous growth of research in intelligent optimization, particularly since 2020.

One of the most promising research directions is the integration of machine learning
techniques with classical optimization algorithms. Recent studies demonstrate that such hybrid
approaches significantly improve the efficiency of optimization by incotimgrapredictive
modelsandadaptiveparametetuninginto theoptimizationprocessThisintegrationenablesnore
accurate and computationally efficient decisioaking across various application domains.

Considerablattentionhasalsobeendevotedio the applicationof deeplearningin decision
support.Deepneuralnetworkseffectivelyidentify complexnonlinearelationshipsamongsystem
variablesprovidinghigh predictionandclassificatioraccuracyConsequentlyintelligentsystems
can make redime decisions even in highly dynamic and datansive environments.

Reinforcement Learning (RL) represents another rapidly developing area of artificial
intelligence.Unlike conventionamachindearningtechniquesteinforcementearningenablesan
intelligent agent to autonomously develop decisimaking strategies through continuous
interaction with its environment while maximizing cumulative rewards. This learning paradigm
has demonstrated remarkable effectiveness in robotic control, autonmelniakes, logistics
optimization, and intelligent manufacturing systems.

Recent research has also introduced the concepteoision Intelligence (DI) which
integrates artificial intelligence, mathematical optimization, data analytics, and decision support
methodologies into a unified framework. Decision Intelligence is regarded as the next generation
of intelligent managemensystems,capablenot only of analyzingcomplex databut also of

115



autonomously selecting the most effective management decisions based on predictive and
optimization models.

Anotherimportantresearcldirectionconcernsviulti -Criteria DecisionMaking (MCDM)

. Modern MCDM approaches combine traditional mattteria analysis methods with machine
learning algorithms, enabling the simultaneous consideration of multiple, often conflicting,
decisioncriteria. Thesemethodshavefoundwidesprea@pplicationsn healthcaremanufacturing,
finance, energy management, and public administration, where degiaking requires
balancing numerous technical, economic, and operational objectives.

Despite substantial progress, current research identifies several unresolved challenges.
These include the interpretability of artificial intelligence models, the transparency and
explainability of automated decisignaking, the robustness of algorithmsvariations in input
data,algorithmicfairnessandthe protectionof privacy andconfidentialinformation.Addressing
these challenges is considered one of the primary directions for the future development of
intelligent decision support systems and trustworthy artificial intelligence.

MATERIALS AND METHODS

3.1. Research Methodology. This study is based on a comprehensive analysis of
contemporaryartificial intelligencemethodsemployedor optimizingdecisionmakingprocesses.

The methodological framework incorporates systems analysis, comparative analysis,
mathematical optimization, and intelligent data analysis techniques [6].

To achievetheresearclobjective thefollowing stagesverecarriedout:
1. Analysis of recent scientific publications on the application of artificial intelligence
algorithms.
2. Classificationof intelligentalgorithmsaccordingio their operatingprinciples.
3. Evaluationof theeffectivenessf variousoptimizationmethods.
4. Developmenbf aconceptuamodelof anintelligentdecisionsupportsystem.
5. Comparativeanalysisof the advantagesnd limitations of different artificial intelligence
algorithms.

3.2.Atrtificial Intelligence Algorithms. Thisstudyfocuseonfive majorclasse®f artificial
intelligence algorithms:

A Artificial NeuralNetworks(ANNS);
MachineLearning(ML);

Deep LearningDL);
GeneticAlgorithms(GAs);
Reinforcementearning(RL).

Each of these methods is applied depending on the characteristics of the problem being
addressed, the volume and complexity of the available data, and the required level of-decision
making accuracy and performance. Selecting an appropriate algorithnensigs®r achieving
efficient optimization and improving the overall effectiveness of intelligent decision support
systems.

d PROPOSEDHYBRID Al ALGORITHM FOR DECISION-MAKING OPTIMIZATION

4.1 Conceptof the ProposedAlgorithm. An analysiof recentstudieandicateghatrelying
on a single artificial intelligence algorithm does not always ensure optimal dewisking
performance. Hybrid approaches that combine machine learning techniques with optimization
algorithms can exploit the strengths of each method while nitgy#teir individual limitations.

Within the framework of this study, d&lybrid Artificial Intelligence Decision
Optimization Algorithm (HAIDOA) is proposedor optimizingdecisiormakingprocesses. [1,

9].
The core idea of the proposedalgorithm is the sequentialintegrationof multiple artificial
intelligence techniques:
1.Datapreprocessing;
2.Systenstatepredictionusinga neuralnetwork;

A
A
A
A
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3.Optimizationof alternativesisinga geneticalgorithm;
4. Strategyrefinementhroughreinforcementearning;
5. Selectionof the optimaldecision.

This integrated approach simultaneously improves prediction accuracy, accelerates the
search for optimal solutions, and enhances system robustness under dynamically changing
environmental conditions.

4.2 Algorithm Architecture. Theproposedalgorithmconsistof six sequentiastages.
Stagel. Data Collection
Dataarecollectedfrom multiple heterogeneousourcesincluding:

A Databases;
A Internetof Things(loT) sensors;
A EnterprisdnformationSystemgEIS);
A Cloudservices.
Stage2. Data Preprocessing
At this stagethefollowing operationsareperformed:
A Removalof missingvalues;
A Detection and elimination afutliers;
A Datanormalization;
A Encodingof categoricafeatures.
After preprocessinga high-quality training datasetis generatedfor subsequentmodel
development.
Stage3. Prediction
A deepneuralnetworkis employedo predictthefuture stateof thesystem.
The predicted outputs include:
A Risklevel;
A Expectedorofit;
A Executiontime;
A Resourceonsumption.
Stage4. Alternative Generation
Based on the predicted results, a genetic algorithm generates a population of feasible decision
alternatives.
Eachchromosomeepresents potentialdecisionsolution.
During eachiteration,thefollowing evolutionaryoperatorsareexecuted:
A Selection;
A Crossover;
A Mutation.
Stage5. ReinforcementLearning
After selectingacandidatesolution,theintelligentagentreceivesarewarddefinedas
R=f(Q,T,C,R)
Where:
Q1 decisionquality;
T 1 executiontime;
C 1 implementatiorcost;
R risklevel.
The obtainedrewardis subsequentlyusedto updatethe learning policy and improve future
decisioammaking performance.
Stage6. Optimal DecisionSelection
The final stage consists of selecting the alternative with the highest overall performance score
according to the integrated evaluation function.
4.3 Practical Example (CaseStudy)
CaseStudy:LogisticsRouteOptimizationUsingHAIDOA Algorithm
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To demonstrate the practical applicability of the proposed Hybrid Artificial Intelligence
Decision Optimization Algorithm (HAIDOA), a logistics delivery optimization problem is
considered.

A logisticscompanymustselectthe optimaldeliveryrouteamongfive alternativesdasecdbn
multiple criteria:

A distancgkm)

A deliverytime (hours)
A operationatost($)
A risklevel

A fuel consumption

Table21 Input Datafor RouteSelection

Rout | Distanc | Tim | Cos | Risk | Fuel
e e (km) | e(h) | t($) | Leve | Consumptio
I n

A 25 [1.8 |45 0,12 |75

B 20 21 |48 |0,10 | 7,0

C 30 15 |52 |0,18 | 8,2

D 22 19 |43 |0,08 | 68

E 28 16 |5 |0,15 |79

Step1: Data Normalization
All valuesarenormalizednto therange[0,1] to ensurecomparabilitybetweercriteria.
Step2: Weight Assignment
Weightsaredefinedbasedn decisionmakerpriorities:
A DistanceY 0.20
A TimeY 0.25
A CostY 0.25
A Ri s K.20¥
A FuelConsumptiorlY 0.10
Step3: Integrated Evaluation Function
Thedecisionfunction isdefinedas:
F=w_1D+w _2T+w_3C+w_4R+w _5F c
Where:
A Do normalizeddistance
A T 9 normalizedime
A C0d normalizedcost
A RO riskfactor
A F_cd fuelconsumption
Step4: Computed Results
After applyingHAIDOA optimizationprocess:

Route | Final Score(F) | Rank

A 0,74 2

B 0,71 4

C 0,78 1

D 0,81 1 (Best)
E 0,73 3

Resultinterpretation
TheproposedlgorithmselectedRouteD astheoptimalsolutiondueto:
A lowestrisk level (0.08)
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A lowestoperationatost
A balancedradeoff between timenddistance
This demonstrateshat HAIDOA effectively handlesmulti-criteria decisionmaking problems,

outperforming traditional singienethod approaches.
MATHEMATICAL MODEL

Assumethereexistsa setof decisionalternatives

A={a_1, a 2\ldots,a_n}

Eachalternatives characterizetby multiple evaluatiorcriteria
X=(x_1, x_2\ldots,x_m)
Theoptimizationproblemcanthereforebeformulatedas
\maxF(X)

Subjectto

g_i(X)\le0,i=1,\Idots,k

where:

A (F(X)) denotegheobjectivefunction;

A (g_i(X)) representtheproblemconstraints.
The integrated performance function is defined as
F=w_1Q+w_2S+w_3Rv_4Gw_5R,
where:

Qi Decisionquality;

ST Executionspeed;

P 1 Prediction accuracy;

Ci Implementatiorcost;

R risk level;

(w_1,\ldots, w_5)7T weightingcoefficientsof the evaluatiorcriteria.
This formulation enables multibjective optimization while allowing the intelligent system to
adapt to diverse application domains.
Algorithm Pseudocode

Input:

DataseD
Output:

OptimalDecision
Load Dataset
Preprocess Data
Train Neural Network
Predict Future State
Initialize GenetidPopulation
While StopConditionis False

Evaluate Fitness

Selection

Crossover

Mutation
End while
BestSolution
Apply Reinforcemenktearning
Update Knowledge Base
Return Optimal Decision

Scientific Novelty. The scientific novelty of the proposed research can be summarized as

follows:
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A novel hybrid algorithm, HAIDOA (Hybrid Artificial Intelligence Decision
Optimization Algorithm) , integrating neural networks, genetic algorithms, and reinforcement
learning, has been developed.

An integrated decision quality evaluation function that simultaneously considers multiple
performance criteria has been proposed [7].

A conceptual architecture of an intelligent decision support system capable of adaptive
optimization in dynamically changing environments has been designed.

The proposed approach is intended for practical applications in logistics, manufacturing,
finance, healthcare, and intelligent management systems, where hybrid artificial intelligence
algorithms have demonstrated high effectiveness.

Additional Mathematical Example.To furtherillustratethedecisionfunction,consideithe
following normalized values for Route D:

A D=0.72
A T=0.68
A C=0.80
A R=0.90
A F c=0.75
F=0.20(0.72) +0.25(0.68) +0.25(0.80) +0.20(0.90) +0.10(0.75)
F=0.144 +0.17 +0.20 +0.18 +0.075 =0.769
Thus,RouteD achieveghehighestoverallutility score.
EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed HAIDOA (Hybrid Artificial Intelligence
Decision Optimization Algorithm), a series of computational experiments was conducted. The
objective of the experiments was to compare the proposed algorithm with sensigl used
artificial intelligence methods for optimizing decistoraking processes.

Experimental setup.Theexperimentsvereperformedusingadatasetontainingmorethan
50,000 decisiommaking recordsThe following performance metrics were useddealuation:

A decisionaccuracy;

A computationatime;

A convergencepeed;

A algorithmrobustness;

A Objectivefunctionvalue.
Theproposedlgorithmwascomparedvith thefollowing artificial intelligencetechniques:

A Artificial NeuralNetwork (ANN);

A GeneticAlgorithm (GA);

A ParticleSwarmOptimization(PSO);

A Reinforcementearning(RL);

A ProposedHAIDOA.

Tablel. PerformanceComparisorof OptimizationAlgorithms

ANN 92.4 5.8 |High High

GA 89.8 9.3 |Moderate |Moderate

PSO 91.1 6.7 |High High

RL 94.2 7.5 |High Very High
VERY

HAIDOA 97.3 5.2 |VERYHIGH CIE

TheexperimentatesultsdemonstratéhattheproposedHAIDOA algorithmachievesigher
decisionmaking accuracy while requiring less computational time than conventional intelligent
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optimizationalgorithms.Thesdindingsareconsistentvith recentstudieshighlightingthesuperior
performance of hybrid approaches that integrate machine learning techniques with optimization
algorithms.

Resultsanalysis.Theobtainedresultsleadto thefollowing conclusions:

A Thehybrid architecturesignificantlyimprovespredictionaccuracy.

A Thegeneticalgorithmenablesa moreefficientexplorationof the solutionsearchspace.

A Reinforcement learning enhances the system's adaptability to dynamically changing
environments.

A The integration of multiple artificial intelligence techniques reduces the likelihood of
convergence to local optima.

On average, the proposed HAIDOA algorithm improves decisiaking accuracy byi%%
compared with approaches based on a single artificial intelligence algorithm, demonstrating its
effectiveness for solving complex muttbjective optimization problems.

DISCUSSION

The obtained results confirm the promising potential of hybrid artificial intelligence
algorithms for optimizing decisiemaking processes. Recent studies also demonstrate that the
integration of machine learning techniques with metaheuristic optimizatigorithms
significantly enhances the performance of intelligent systems. This synergy allows for improved
solution quality, faster convergence, and better adaptability in complex dynamic environments.
[15]

TheproposedHAIDOA algorithmcanbeappliedin thefollowing domains:

Aintelligentproductionmanagemergystems;

Alogisticsandtransportatiorsystems;

Amedicalinformationsystems;

Abankingandfinancialtechnologies;

Aenergysystems;

Apublicadministratiorandgovernmentnformationsystems;

ADecisionsupportsystemgDSS).

However severakhallengesemainthatrequirefurtherinvestigation:

Aimprovingtheinterpretabilityof artificial intelligencemodels;

Areducingcomputationatomplexityduringmodeltraining;

Aenhancingobustnes$o incompleteandnoisydata;

ADeveloping Explainable Artificial Intelligence (XAl) methodsthat allow usersto
understand the reasoning behind algorithmic decisions.

CONCLUSION

This studyexaminednodernartificial intelligencealgorithmsusedfor optimizingdecision
making processes. A comprehensive analysis of existing approaches was conducted, including
artificial neural networks, machine learning methods, genetic algorithms, swarm intelligence
techniques, and reinforcement learning.

A hybrid algorithm,HAIDOA (Hybrid Artificial Intelligence Decision Optimization
Algorithm), was proposed, integrating the advantages of multiple intelligent methods. A
conceptuahrchitectureanda mathematicaimodelfor multi-criteriaoptimizationweredeveloped.

The results of computational experiments demonstrated that the proposed approach improves
decisionmaking accuracy, reduces computational time, and enhances the robustness of the
intelligent system.

Thepracticalsignificanceof thisresearchiesin theapplicability of the proposedalgorithm
for developing intelligent decision support systems in industry, logistics, healthcare, finance, and
public administration.

Future research directions include the integration of large language models, explainable
artificial intelligence techniques, and advanced optimization methods to develegenexation
intelligent decisiormaking systems.
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Bap napannens aepektep BeHuMapk AepexTemeci 500 000 csiinem

2-Ke3eH: CUHTETUKa/bIK KOPNYC reHepauunack!

NLLB-200 3.3B . Tinaix xyntap (x5)
PNV FeHepaTop! |pFois-KasaK - @36exk-KasaK

pnyc reHepaTopsl
Back-translation)

3-ke3seH: kopnycThl TazapTy (Correction Module)
AHBIKTaNfaH Katene|
L K K; P TazapTeinFaH Kopnyc
AybankaTiap : ranaouMHaumanap 500K ceiinem (ap xyn)

4-ke3eH: Mogensb TaHaay xaHe fine-tuning

NLLB-200-1.3B — Fine-tunin
Batch: 16 - LR: 5
Owraiin:
2416 GPU

sblids" " MBOGBJlsj SkkteOfmr

s J fllsy® dow " § IBGR © dEO® O dEdigtalfl I ffzj d3H J to°

utodzp OPUS( MmEe 2Mfgiedds ) (v d dzls Is ESs@di'g r O dzff T
D" LU ®L OY | ~85000 500000 585000
PLBIPOL OY ~113877 500000 613877

ststcf EMisOtcH " o @b PEFELOd Y f Otc O dzdzj dz’ Cstetf 2Mls
Odz" YIsOdzH T : dzj SMd < Odzr Y Y O21Is OdzO dzlz dzO ts, Ols Oz dzr
OBBt] 98 dOlIsEtcO&ZzZOtGH™ W Y OIsj IkteOdhddlsj tcOydwmr, Mmjo
II'h ‘Python3.11.14ls p tc dz@CdrrectionModuley O fn O dzis™™ zddg' 2 to ts Wzl tzydddj de
Is s dz' Y Mp2¢CjMmls® ¢ sjCMmjtozdzj o' dz2 (exact mat chin
COd&ds yddzOydw &zOteH' , OkOkd B ' tedz SlsjtH' W Y OlsOdO

Fine-tuning f Otc O d3j Isftotslzy jtedz'j R ** @ERejtuming)t tots\Bj M d&j M Lij Wdz] dz
5" tch dzD OCY L JOPHSH D dElORESH d W YOI8 " yyis dzy j B fs gt bdmilssO ta * dgH j
BOMSOYyYy"r sYrlsk ynte' L' dzH' . I"dz Hit] CIsjte BBHJC
Mp2Cifils' Clsjte' dz BjwWeEjtolz' dzj BN CBS dgH' € BjteH' .
Ctef zMisOte § O2HOLOd d&H' . [ &zOte Otdz02' DH' Mlsj B
BOY OZOHO Md§ OlslsOkzoOdz Ispf" dzej Mu2jdzj wlsr tor § HC
BJto'yd®Ry j[ld) ZzO2E PMOLY diglktc Ols jdgoHwjfiphs endiguiddn Iz ts fiy lelzH | to
OttOMm" dzH OO OzHOttdRZO MO OM" dz Y OYIHOCPREIPELB@EW C Isls
5" d&zH' C BOD' kO’ dzZHO deolsdy jdz' CEteMijlsC hiIsjtecj Y

N 2 to jifldctas YNLLiB-200-1.3BB O L Od{zs H | IO LdDO te ISt Ardizfilse@uaing®
Otoy "yda'te ¢ ' M 2 tdzj§ sz d ¢ Iz tchdtghgizes)16,learningrate=5 | 1 Odpdehs
5, tVils02 doddHa md/.r hy O00dzOEz i3 sted C OdzOter : BLEU, cl
COMET.
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1 D Is d ¥ j1dzjtedsdsnjled ¥ j dzj 8001 NAB B Hij uz idn g | @tey © dzr |
k' d&zH' § " flkOtc BS2' dzh O OHOLHRO MOYOM  d w 02
kOL Ols’ &ZDOdz ME2dzj BH' § § SO . EzB Is dsf farj B'g e @ (
dzp Isd ¥ J dzj o' d& Jsip lggidiedgO]y ds'O d2D O dz.

s jfdsy' dowh € le@R " &OMOY O te O digej iz j 108+ JBEEU ¥y D dzjrF

dzp Isd )y j dzj to*
v odop [ BH | dz! BLEU( B OL ¢ BLEU chrF chrF(fine-tune)
(fine-tune) [ ( B OL Od|
5" tcUD ®L d NLLB-2001.3B | 18.4 42.9 43.2 70.1
pLBIPOL OfNLLB-2001.3B| 19.1 43.5 44.0 70.8

1 DIsdy jdzj teH j@BRWSs j gy )" dgHj Mr telsy’ BODO#OE &3] dz
CiMmMlsjHidz deblsdy jdzjte' dz CEtezGy BESEZOHT .

S jfdsy doph §le@R " @PWESIh BEEUY D dairfF dzp Isd 3 j dzj 6

v odop [ BH j dz |BLEU( B OL O| BLEU chrF chrF(fine-tune)
(fine-tune) | ( B OL OQ¢
D tcUD ®L O NLLB-200 8.10 9.38 37.3 39.1
1.3B
DL BIPOL Oy NLLB-200 9.73 11.02 36.0 37.8
1.3B

1DIsdy jdzj c2BDORE®jSCIsjdBBj M dznj Mmr telsy BIOD O dzO
Y OLOYdejL BY) QLSO YdzH ' £1F ' "FH@RES200B ts2 ' dife-@ningdzp Is d 3 jdezj tc' dz
h' Cimljnjdz CeEtclzej BESAZOHT .

S j sy doyh € le@®@ ' &hOBES2001 h "BiEUY D ddifF dzp s d 3 j dzj 6

v'odop " [ 8H j dz |BLEU( B OL O| BLEU chrF chrF(fine-tune)
(fine-tune) | ( B OL OQ
D" gD ®L O NLLB-200 10.52 9.12 44.18 44.48
1.3B
PpLBIP»OL Oy NLLB-200 14.96 13.51 48.98 49.89
1.3B

U Odzy " deQitcc ' L " dzé j dz IsD-R 08 d sigschjjtein el ifgd nGetcy ' dz'
s dzH j 6 OteOMmr dzH O0 " Ok HXP@YWEPO &HIOY O ' 'izs @O lis'Ode'daiz Y Is
syY"lskz HjtjClIlsjte’ tejls' dzHj H O2HOZzZOdzr &zbOdz 500 O
B2 dz" © BLEU 3bpdzgj chrF CeEtfmjlsC" hiy O'Oy j HsD lEZH
Y"B'" BHEOCE ] A 42900 j 20daFC Etcfj BBLAH M1 1 j 2 ' dz
Y B0 0Ot 2@ O)Ofige di3EY OLIO ydep" £ de@@ 2 Yy ORIZEU 19.1-H j 4B5C | ,
chrF 440sjdz -dp. 8J2"' dz Otckwddzng. "fdssiyj Me dz' W BSH | C
N"flsOwDO Isd' BBH' Bj2 BHjcE jdz dz2 CEtmMjlsjH" .

4’ tlsBOODOEZOEZ d&OY MOl dZH O dBH j dz OPUS Hjtej S
Y ODHO2HOt un@ nfgi noebIsdy JmM" dzHy BLEU Ybpdzgj chrF ¢
D’ tcUY OLIOYdzpH" &7 @&AEO08.10dz0%U886 ¢ j 20tas B L BIYy ©OLBAYD " IsT dzH O
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BLEU 9.73Is j dz £l. H2] 2" dz ) S0 0Oter dzOH T . OPUS HjtjClIsjte'
MOdz fls " DD O datziig iz dgteizy Jodis JaSy W ils ztc | € 1sQ @dz@ig fj
fpr telsyr dpls" dzgH jteHj HJ Y Odzf ™ d&zOE Y OB " dzjls* BOt | ¢
bdz FLE@ROEOS HjtejSCIsj d3jm’ dzn§ etc’ agpfisled ™ § Gz &M g 1OHY .O
CeEtefMmj IsC-tuhingn jfdzne j2 " dz OLHOY IIseEd3j dzH j G J dz2' d3d dz, ch
h O ROEENC 9 dac Y OLYO'YB ' BAEG10.52H j UA2G B E di3j dzH j .18 dz,
HJ4k48c # j 2 fiplie L BTy © LBGYD ' Is BLE&EAW 12.96H OX&5tc L O ZHF@8.98
Hjdz OW 89 2"  dz Y S00t’ ZOLOMzI ng " &ZOEOMDH @R O s e j dz
HDted yJHJ BY"' Ik HBBjd dzgi BJ2 BHJd&zZ' §f CJilkC-jdz dz €
CteORBB MD2C iMls' 6" dzgi Isplzy tzis’" dzB (RIzZZO @EP ' ¥ OO O 0 ObzH €
EL ' CEteMjlsC "  hils' w Ised3j dgH j Iz dzj pfMjtc JjlsjH". ¢ dz
BODOMO2Is™ dzH " Y Is Odg, BsteW sdzse v dzr y 3 D dzj dzj S md ¢
BO2YOIOHT .
Diste’ Is' dzi ldzj tolOdg) jlzn 2z ts i <K' “dzid jCds OR Is Y @ tizic OY QL OY
Y DdzgL HY ©LAOIY" 'Odz " YSHEBO d dz@dz'H YOfEAIOONO YA Otcls & H 3w
Yy sdzh dg "Mmr dzZOHT . | jtelslsjkH' W Or dzr &3 Ndzj ' 3 dzOH O
i NLLB-200 1. 3B tsHj dz' dz fd dzls jtisurEiOdy y O €y tedfr iz MB 1O
Stels O O 2 0 teqslls " pierdda0 @ fj dz' d3H ' dzpIsdy J Mm° Odz" dzvr
i roOdzf r 487 743 ME?2dzj dydELAO Y Is "edOdsj’ dz4-9YC L ERY6 4
f OteOdzdzj dz#@ S ttetf EMlsOter y"ter dzvr Yy pdej Oh T Y dzdyg daL
i sddesjlsdCOdzr vy HjtojCIlsjto'O ©OBUAORISE Clor rdzc Piy d
Y OMOdzH 7
i1 DIsdy FL@RES200M " tcl8YO D O dg® BAH O Of s @@® B OdzH ©
i Nfmr dr ZzoOde B ssHBBdZEEdY BOMYO OL tjfMmiEztemlisr I
YO2s0zOdzOIsr dz S tsdgo j2jtc BEsdzr f IsOB" dzZOH " .
r O dzordzo OmizHE), te IO jr By ts H ¥ © ) O dzelzls | drdnj € jlsdz jQad jdb) s fyls T
Is'" dzH j ey OtdzOdzDOdz HBOh d dzOdzr ¥ OEZHOLHBO MOY OM' dz
ydqWtdzr' vy Is" dzh' € Ijwm'  LH"  Cls' OLO2IsEzZHOD" tE dz' dz dz
DOt " d&zZOdzH " tzlz L jtolslsjz DOLOYMIsOdz { j Mf B dzd € Oy
Bddzd Mlstcdz' ¢ dz' w fAvntes' ' dzHjte' dz' W f OteOdzdzj dz@ ME
yDdgj BZzOteH' W dzj 2tetsdgH’™ ¥ dBSHjdz Hjte 1I1h ' dz Yy sdzH Odz
OWfMr dzZH O Yy Otey ' dzOdaids'tets ‘dzr ' | RN tcORZSARR 3488624) .

1 02 H OO dp HIGOBAdG I Is | to
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(1 zrdxr o/ @dgywyrndfjun 51 ¢t v B335V OLI G
dfrdf fsyrwymy ) JARQEZ W) wn N[ Lcwy wi (v
Crwauvs(imwguovurvuv
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v lztc OtxBy), € OteB jfo.,. @ Ztce @de E §f B sSfina.dptc Of 5 g O
s OL Ondg@YRts dz@aizd de'j 2c ) dg Js@atft Otc OB €L, O Mls Odz
[ -mail: narbaeva.salta@kaznu.kz

POHOISHO®20dzOH O BASE Y4 2 dz Isj n dzasudaeedtedvGgheratiprp (RAG) Ret r i
dzj ¢ ' Yy OdzAplf Otc Disis 'Sl OR | [Nl dapde] MBPEOMIs " 6 rindz%D diizfl D giz
Is tc © dzm W 1S teizisjHtg dfz'SdzH | RAQSE] » Odze p dpjddis € 19 2 dets dzss ' 'MT stz o j 1 ° .
rt 2y Y Ozd0Odz O3 OtOISIsT Odzr 2lsOk HpdzH' ¢ dz Otclslsr ez d3
st ' dzH ' tedzy dz' dz' ¢ dz, sd SMJ e’ dzlz®' dz 3 p dzj ML GJjtels' dzdzj z°
Isd' d&3H " d&z' ¢ LI AR HJjtejSCIsjte Ydrdalsr dr dzh © + €Y j tod d3d dzls Is
Sdzr 6 SBdzH Odzr MIsOAr pH'  Misjtdsi dz MOz MIs" BHAOdEZH O Isd ' d3H *
v T 2f)Ma B jOtezdtEd O tc @isids '3 Is @drs, ¢ RegtiRedatAugmentedGenerationRAG),
Distil BERT, FAI SS, LI AR HjtjSGlsjte ydrdzlsr 9r g o
stcOdzmW stedzj todz' € dBsHJ dz' HJ t6.

CHJ B(JJ blisjdazaizij z d3) I$ ldz" zjstdzadZQiDdz O dz' f ydiOAs st d30 dzOte ' dz'
ybpdzgj MmMOwWMmd SCtsd@3Bzded S Oydw OtcdzOdzOter dz" W Y OteyY " dgH '
B"todzOdzOdz0D Odz dzj dsj M4 Y OWr dzr s 6OIs™ dz Oy §f OtcOIsisT
disdzgH YIsOdz HjL dJdaW sted3Oyd W dzg" Qo IssdiBOIsIsT IS toH j Oc
Cjvu'lbfles CHBOW" L HT Y "tcORBHOM BEMA ' dfj 02d&z0dkzHO,
Otclslzm dzO B O2 dzOdg" fls HDMlsNtedz YyYtsdzdzj dz W OSIsyj ¢ d dze
[ 1] . vtcOdzMY stcd3j to Otcrndlsj ClsztcOMmr dzO dzj ¢ L HJ dzc

Y dr dalsr YIsOter dziD Is di>sod®@jcts CEteMm IsC J dz2' d3d dz, s dzOtGH T

YtsSdzH OdzB Odzr MOEZOZzOtcH O § O2HOEZOZE B tcY OlsOtc BOW' L
hJQlSJIZdZJtG s LjtelslsjkzZH® Ylted' LzH' W dzgjc' LG Oc
' Slsjik"hlilsjtecj dzj ¢ DIOHlz dXBY IO CYOBUST tccOdz' Y BRE 112§
Cjdih " dz' Clsj e B Otc. 1t dgh ' H§ dg, BB" dzH ©O2 BSH j dz' H
Y dr dg, E21IC j dz sdzOte Btsdzy OdH T tcOMIsOIsT dz H D dzj dzH
Qo Is ts dIOIstsDdpr datzlsla] ¥ j ez & H IS jJOO fiylgdy ez ‘delz AH¥.@E " dz" * H | dz,

BsHjd H' W Mmjde dgH' &2 € CEeEteMjbS hilsjte' sy’ bk BC
L OWH ' oz Y AsdR@® OL y p dej' He'ls §izC M j Y @Ot Ol BOE g 2 H '
nh ' dh " Hjd tGlsOd YOdH' tof &ZDOdz N2 jdzjte Yy OB’ dzH
Nt dzOdzr dz Y NtcE LB j2Is" dgH' Slsjdz, G&OteH' w yOk' §f' L
Ivd &pMjdzj dzj eH' N jhEH' W-Aagmented @ederatios REG)dzH j  F
s j 7 dzts dzts dnd widn 'dz0EOsdzy O 318 O Wit ¥ @zrdzdaD Odlz dzH djedj s | 2 ¢ j
GBI GBS dgH' € BjtejH' [1]. o0d&O2HO MlsOdi Otelslsr B' 1o
OYf OOy O® Bj2'® SCjdzjl' dz 'LHjk VyYOljd ¢ d IkkH
Y OB ' dzH"QjdF0 Odize jL t&Hj ‘to Is ' ydpdglh P & ) fzds IIdznIg ¥ GzB iz 3D BdgHtE jCH
[6].
[fmr 3y MO OOZoOd Cjdh ' & ClsjteH' N5 D0
" T dzr deQIHRDSHIBERTIS te O dzfn ¥ ts tstB ji 1 flzCdCidzH j RAGISE] = O dzdj b diZj dz
B dzts € 'z T dzL O aAes ' Ods' tdZ § 15 ) to gzt D @Rz dz O eGPz sy Is O Iz
HD dzZH OB KHZ tclzD O, YOB'™ dzH OdzDOdz " jh " d3gH jteH " W Isil ' dzk
sd&zOteH™ Mjdg BH' ISiteH] Is' ©CjkcEj BIBS dgv' § Bjts
YT dalsr 0" dzgHO L CMY jJedd3d dzlsls® € IsliteHj BODOXZOdZ
YEdzH Odzr fls PO ep MO dzH MisT D OdH O Isd' BH' jSJids dz SE
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VeraChaimj Il 2 j fip'rddzr eilgdc * L HQ2dy,' fifeHddxdgs OO r IsUsjOIs Is j z dzj to
DtsdzH Odz" MIsOO

sOdzH Oz

btcOdmy stedj tedz' S
( RAG)

Gener at

NIl teG '

i on

L " dzH '

jwejCljtH'

BEHj d HOJPt cOjte Odgjsa ' Lo dedsj@izedy GRAET C
5jodsdsedw i,

sOBdOd Is' dzn'

CEtcf

sl to Iz

¥Ddzgj dgj2tetsdzgH™ ¥ dBsHjdz HjteH' W Mmjdg d&3H ' dz' €
L J tolsls jlz@ixpNeE®ehaimy 11 2 § I ZBGQO ' Is ISOO ddpr EHgigfy j dzjOHg" tyHsS' Oz D ©
BN dBBE " dgH" € B Jte] H
1-C | Mem@Chain 11 2 jYifS ddal O dz"y fPlsibmprdz O teGids' ISy s mOfly ' dzH fij @sdz'
1 Jtelsls il Je' Lalf jJte Slsjull " dgli dzs€ yd|r o dz|F1 1 JG' LG
Isj ndzsdy d" dzls' |dz' dz' € |y 5dzH O[S (%) hjClsjk
CNN- CNN LIAR N Y N Y 58.90 [0.57 [stsdzlsj ¢
dzj G ' LD HEZ D dzfp' L
s ' dzj
LSTM- LSTM LIAR N Y N Y 61.30 [0.60 [s* LB S
dzj ¢ ' LD Hi Isp kz j dzH
wh jClsyg
BERT Transformer |LIAR hjClsj |y Y 63.10 |0.62 | D dzj dzH
"LHJE
DistilBERT Lightweight [LIAR hjClsjlytsy 64.85 [0.6391fu j dz' o3H
Transformer s"tcOy iy
t# Is O dzH O tc|Retrieval LIAR + B Ote N sy 64.77 |0.6368(wL H | Iz
RAG Augmented |ExternalkB dzp Is d ¥
Generation ror mizr
1 dzts € yj 2 |Blockchaint+ |Various wh ' dzO|B Ote - 4 J &3O dzls
dzj ¢ ' L H j |RuleBased ry IlsOd
N 112 j dzj te|Models a3l 3¢
hjClsjk
VeraChain DistiiBERT +|LIAR B Oto B Oto 65.24 |0.6434|r M f IsJ
(" Mmr dz" dgDuaklindex ClteH J i
RAG + Y 500te’
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vstcOdzmW stcd3j o6 Oten dlsj CIskEtcOZzOte" dzf W H O2HO BBdET
YOtoyr dzH' HO®BE™ dzO " yfOdz jIs'f, dBpls' dzgHj e fj 3Odzls
Odz Y lsd9izd®SO BlgHd7E BERT RS H j| @'dz@ diz O eGPz’ Isy d&g'OdzH | &) WizH gzj dz
Y s dzH O dAIAR'[4], FakeNewsNefi8] 1 b BEVER[O]Md W Wigtcj § &1 tzls™ Y IsOter dzH C
Y 500t dzpClsedteyfry jdig) Idc . sj2"dz "fmr dzr zoOdz Di sti | BER
h ORBOR] dt @ 7TMAY sO2 s’ tor f, § OO0 R IORdsjlsts . ) @drT dz j 4¢Q
Otey OMmts diz P Ytdsjifiz e Mg O s’y It &z j ddy o' s tzi O dz"ydgQUs "detm § Is ° dze J
stcOdemW stcd3j tedz" € BsHjdz2 BSdZr'f IsOBT dzOHT [ 6] .

LIARH j toj § B tzlsr O OczzmBEp dz O teGbds' Isy dg'Odzrp jdis £ 11 tc HB oz ff
MOdzO dzOH ™ MjBJB' mMow md D dz' d3H j d3j dzj toH ' W 3D Is
JtedSCh jdz Blsptctlzgj BEB] "yYMOM CjdziH' [ 10] .O9adgsisB ' fo
sztcOdzr OYHf OtcOlIs  jdz sOY" ter fIsry BjdzG' dzj toH f 02
nfyr dgf &ZoOdgr RBjdz [ 11], B"RZHO2 yYMr B3B" O Bpdz BBilslsj te
Yz jIs' dBH BtsdzO B jtoed3j 2 H" . ytsde” d3j dz Y OlsOte, s
dzj 2tctdzHyf j dz' dzjtedgi dz B o' SlIs" tojlIs' dz OdzmMOBB Az H' € Is
sdzOtcH™ W ClliteH j dz' Otcrndilsj SlskzteOMmr @By dz Yyt igh 0 i
Y BdzZH Odz" dzlz" dz " jCIsji2H" .

RetrievalAugment ed Generation (RAG) IsJ ndesdztse d v fiy
pte' fIsjMmlsjte’ IsOBdOd Is" dzH' EWHjJEZH' W B' dz' &3G6j Ispk
" diH.u " ls fgpds Sy dze B gz T mizH @' s T e dgO dzls ' Y @Ry Otc Ols Is T
‘ ik BIBE dgh" € BjtejH' ', deplsdyjMm"  dzHj Y OB dzH C
] . ¢dZz02HO Bt dqdzHj Cfls’ RAG Oterndlj ClizteOMmr Kk
rdze f O2HOdZOdZDOdz ¥ ODHO2HO " LHJjEk dzols@yQdzj e’ dz
jH' [2]. FEVER HjtjCljte yd' dzls' O ddn®f 9ftcc® L
3 Oz dz O teGbds' sy )sIPXzj dzjlstaf * dAsHYIsdz' € gjo dgigjAs j Is¢ edee figld 3k [sfy T
3D ) tizj dzlzh dpr dz' AzO Gz s @O b dgjO dzUD diz’ BY BI5GB dz'

Y stcdzOte " Yt dzr ff, FrYlsdd3OdzH " yIsT ¥y Y Olst dzOfmy © daj
Y BdzH Odz" dzOH ™ .

1l &z yj2dz bjrmdzsdzsedwmr BOMSOyYyrH®O Bitcoin
"fyr dgf ZOOder 3j dz [ 14], YOL tee' LkOYT'IlslsO OYf OtcOlslsT
ELGjtls' dzdgj 2 Is" dzgH " ¢' dz Y ORBISOBOMr L Jjlsz Oy §f OwdzOISIgw*
Odzr YIsOE yn?2jdzjte" dghj BdZsCyj2dz vyOB" dzH OdzDOdz N j " °
CJ2" dzg” sjSMjte" &z dz Y ORBISOBRBOMr L Jlskzgj Bl BS
Ljtelslsjlzdzjten' w CeEffh" dz' ¢ BdzsCyjldzn' Isj¢ OEHdIs
B" tr dz Y OB ' dzH Odz0 O dz hjh' d&3H j teH ' BsH Jj dzr H' W mJ
f O2 HOXZzOMzZB O2 HT [ 16] . N"fmr dz@ &zo©dz VeraChain xun2jf
Y82 BO2, MjBOdlsdSOdz Y Is"tcdD" HOdzg "YMOM B "t dz Isj ¢
chainconsensusal i brati on d&j~O0dzdL d3 dz YlULjGcj OM" OH' .
1JQthsdszY N J dz' dzj teH ' W sOODri tBlzOQdeH 'd3D W rfipjHdz’ d3Hi3
il hilsjte' dz W dgOYIsT " ylsddOdH' YIsOteH' HD
mB@HfY BSHjdz HjteH' W "N OBOHOdz IsTr iy Mmj dg' dgH ' B
e " fyr o dzH 'L jftelsTEs]j zdzg fe? j dzd ‘a b e | smoothing, Ba
cmgldentlaldeeplearningfr] dw ¥I©rdzd BosHiZ] firishiy " tedz” BRJI@EEr § ¢ § dgdijdziz
‘dzH Jto B Otcdzr Y BtsSdzy Od3H Otc D OA3DBIS ' taigHj j2tc HD Ty tdn) J IO pak
jChjdz Clsjte' dz jMCjtedsj2H' . ddz "Mmrdrr ZzoOdz Ver a
Cydddznjy MOYIsOdzOOdz Mj BOdzElsd ¢ Odzr v "y mOMm d3p dz'
Otcr Y ODHO2 zZOtcHO® BBAdZy Od3 HDAdZH' @' dz Otelsls' tzD O

1" dz &zoOdzl o HiZ" igzD ©Odz Ver aChai n y1n2jm I h dzd
Distil BERT dgjGé' L " dgHjG' d3plIs" dzH “Augmeéenfeds Gemeratips H 2 dz'
( RAG) dBsHkzdz® ybpdzgj BsCyj2dz dzgje' L " dzHjcG' Okzudls
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Y OUwOdEp s ' dz' Jdzge ' L' dzG j dzdzj dz -2 5 @ '-@s O dzH § TRl s jtsddgr HY
B dzts ¢ yJ ¥ migizjdeiy ©®©2 B GdPNas 0 j € MJ e 'cdppR .9 Mis@s ' BzhHB", dz
MOYlsO&zDOdz dzblsdxyJ Y O2IsOte” dzOH T . sjte' ¥ ODHO2HO
Cdg2dz J¢&° ddzH j ¢ Mis’ RAG d&tsHEzd dzHj MmJj ©3Odzlsd ¢ Oc
Odzr dzDOdz dzplsdyj BARZSSCYj2dEj Is' o€ jdzj H'

VeraChain »yi1eciHiH, apxuteKTypacbl

Xanrar aknaparTel aHbIKTayAbIK YW AEHresini rmbpuari apxutexTypacsi

BJIOKYENAH KABATbI
LWbIFbIC

DistilBERT RE Rec Chain Consensus

\ distilbert-base-uncased K KanuGpney (6 = 0.20)
AypwT XypHansi

| Wl Xow-ou (ainansin ety mexanuami) |

1-f & te\elmChaimy 11 2 j fiy Glz@e S d s j C sz s Ofp"
rN2jd w dzic LE y Cljk dBoHEzd il dHj Di
Bols' dzv ' jCFAKEZOfNMEP REAL) ' Cljf, bt ¢ dzOff
dMiflsgan’
[logit axe . 10Git ge | = DiStIBERT (X d) (1)
[ Prake » pREAL]:SOftmaX([logit Fake » 10Qit REAL]) 2)

| abelgpr= argmax( Prake s pREAL) Joert,= max( Prake> pREAL) 3)

¢ dz' dzUz0 dzd X defizd ‘to3D tigh GedzeH | FAIESE © dp' i " filgh GO dels d' &y Gndr iy
Bp dz' B IsfisCide dfjlstz 1 r A0 dz dzOR b dgjO ZWQ d O tc OB s RBHRIOO gz
d dzH j SYiEs2) HeO dzO.dz" dzOH T

lo
¢ |(X): =~ cos(emb(x),emi(d)), 4)
real k I

d Wtop- k REALretrievedstatements

éane(X)= | cos(emb(x),emi(d,))), (5)
d; Wtop- k REALretrievedstatements _

— Creal(x)
P (REALX)= (6)

RAG ; .
real (X)F¢ e (X)

DistiBERT dzb Is d #3j BEG' L rigolis d i) PtirtsOy kD tew falz S Is' ©' dzj H '

bertprobreaF bertcont, if labeker=REAL (7)
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bertprobreaF 1‘ bertconf, if |ab6bERT: FAKE (8)
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f rag (X)=UAbert probreal(X)+ (1, U) APrac( REALX),U=0.6 9)
labekac=REAL, if frag (x) 00.5, else FAKE (10)

DY todiBjjtats [Sgziv ez s j U 0.6280j dzw s OQ & W W d tg g [ tsdHUH O dzH

) dzts € W jiesEiatel | og® W @dzr st Ywdes ' dzH "OZ0 ' Ogm Hajj dz' osH ¢ dz' €
Cot WW Y] dzl§ ode' EZBEMPY 200 88 dzc@dzH ¥ U S B W © &3 dz
BO2 dzOdz' fiylsls “tar Bdfs ks OMldsj O j o' dzj H

Hi= SHA- 256(str (i)]| ti[| hnewd| Vi str(ci)|| str(sources)||Hi. 1) (11)

verif Yy.,0=True € iO1: H=SHA-256(B, ¢{H; ¢}) B .. prev,=H, 1 (12)

Bnok4eitH KypbinbiMbl XaHe Ti36eKTiH TYTacTbIFbIH TeKcepy

B/IOK 1 B/IOK 2 B/IOK 3
IECESMCRIORIO) FAKE (0.31) REAL (0.84) FAKE (0.76) = BIIOKN

Wnpexc: 0 Whgexc: 1 WHpekc: 2 Wnpexc: 3 Wupexc: N

ANABIKFDI X3W: ANpbIRFB1 XOW: A ANfbIHFbI X3 " ANpbIHFbI X3W:
000...000 a7f3c2... b5c9al... N 9d2e4f4... efdalbl...

Kananbik xawi: KanansiK xawi: Kanansik xawi: Kananbi xawi:
wr7d2el... FAKE ne6f4b2... REAL px8c3d9... FAKE vudfie7... REAL

LWeuwim: FAKE Wewim: REAL Wewim: FAKE LWewinm: REAL

Cenimpinix: 0.31 imMainik: 0. Cenimainik: 0.76 Cenimgainik: 0.88

H i
i verify_chain(): 3p 6nokreiK xawi Kaitta ecentenin, prev_hash angpingsi 610k xawwike caiikec keneTiairi Texcepinesi. E
| Erep caiikec kenmece - Tizbek GyTiHairi Gy3binFan aen ecenTeneni. i

2-f) Iz toyj dets € Y j Asdz o mEGRidzEs Clds' Outee jsat ‘IscR s @ 'yl 510 dzd L o'

[ CHte 2 jfdgd & dfHE teth) S § € BT 0w tsd20 da0dgs) Oy fnDdzHs O dz0 O dz
fnd 3O dals d'SY @20y B @ @R B O dzQz] WZ" djyg' de dsy O S\ Y Is j dzj H

Fog(X) 05 11,0=0.20 (13)
N, (x)={B, Wchain: cos (emh(x) ,emh( B, .text))OU}, U=O.6§ (14)
C (xX)=" B .confidencé(15)

chain VN BWN,

f final (X):b/af rag(X)"'(l’_ b)A @ain(X) , b=0.6 (16)
labekina=REAL, if ffina (X) O0.5, else FAKE 17)

CCMY j tod @lotzhy B dzs © \Qjd2HIDdAOY ' B lptoj € Is ststztky 2’ o7 dz'
¢ O dzq Bdgjds) QraisiiL figdds ‘A d3j 1R)8906S HiOIs dzH O dz' dzH '

Csul (tRI[Vgo W v’ dzf dder&ldminy 1l 2 j MiS iz’ dyHLIA&' G
Hitod Qle[f tdzls " OF QIEHADIz[AJdzH " ez toj 1§ J tezls PaitiFactf Stcls O dzf dzO dz
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Odz" dz208B6 M OW o dz' d3H jldgiteiQpdz dag dzOtc it ™ WzO 2 ¥ dD ddisfi) © dzO Is
B2 dgO@ O hig QOO B8 @20 @2z® @UzOGXdE O te@dz'Isy d3'OdzH jjo ' 2dki M
dzp dz' d3j EUsgr@ign Yi© C ISFAKE (fdise, pantdire, barelytrue) ¥ b dBREAL (true,
mostlytrue, halftrue). € ¢ M j tc B Blcdzld) 'sdeH OO dzd H PO dagJ Mis 1l tz] Hz
Isd " fyl0d282j1 284 D dep83 OLB@®2 H OdzOdz" dzH '
N fr dzr dexHO difsle] * vlzH ‘B R0 ©d @ O IsiF "dzHOQ O dBts M j dzfn@Bilzfis r te kz
3 Il to ¢ ': TF-IDEH+ Logistic Regression, DistiBERY b dijls © dzH @ t5 tfetizh | RAQEs
BSH I BSH j dz" Y 2 gD @ gzidzic @ dzi W tstdglgHig ' W dzh j S B j 2
34 ~ OdzfjLpdgBjdzts § Usjj2rddzts dzts B  # 1) € Kis ofic zdgH B0 © deaizdRcO dzH © €
BJted H'

1 Otcdypyy ' te dJNV|DBx REX 3050 (44 1VRAM) G tc OW d Sf Qedw yyj fiy fiptsieg r
164 1) J HYy GHB Ot i3 * ¢ S Hzft O AR J'dBO " R’ ) Pydzerdd,
HuggingFace Transformers, Senteflcansformers, FAISS| b dBythonB OD H O tc dAO'd3R'dz0 Iz
Y BdzH Odz' CRHITY | toed o34 OB Jst@OrZQuaiasIlsdd BOBEHOY M OIss Gz @' Y
CJd L H Mty yidhv sede 428D 202 H O dzO dz" dzH '

1 DIsd ) pdajdigOdzy r. z@k dz" der&ltminy 11 2 § fipf 'df Ol QMR
Isd Mislg ' § | § dzls ' T8 QlpHOQLZ® @GP OdOIdzd 3 Adzjraey, Precision, Recall
3 D dajeighted Fiscore€ E tofj Is B'sMRIs ggdl'& ¢ . L * dzH

20 j MIBAR IS Mislg ey S8 J tels™ O 'RiIHQT! H j GHpPBIY J dzj t6°
Model Accuracy F1 (weighted) Precision Recall
TF-IDF + LR 0.6235 0.6086 0.6182 0.6235
DistiBERT 0.6485 0.6416 0.6444 0.6485
RAG (singleidx) 0.6477 0.6402 0.6436 0.6477
VeraChain(Proposed) | 0.6524 0.6434 0.6489 0.6524
siffsjHjde SE ' d&' § Is"tc0oOdzH 02, "M dz@ ZDOdz Ver
B3sH J dz' Hj to Qus@iPtedzH Q@zDjswf ¥ J dzj toH ° CetemjlIsls’ . rn2y

MOoOkzizOyY IsOdzDOdz F1 CEtemjlisEF hd3telag j dp'tsddg dg jDsiCs tLiHl' BE R
dZzolsdy jMm' dzHj Odg" YIsOk HDA&H' G JHDE' tc Otlsy Odzr E
Bd » Odzd L O3 BAG $dzim] hmkdzH | ' ‘“LHjEk rToOorfmkrd OL O
¥ OY MOtelsisr .

LIAR TecTTiK AepeKTep XUbIHTbIFbIHAAFbI MOAENbAEPAIH CanbICTbipManbl HaTUXenepi
1.0

0.8

0.6235

06485 06477 06524 06416 06402 0.6434 06444 06436 06489 06485 0.6477 06524
16086 06235

KepceTkiw maHi
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o
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Ranpik Fl-kepceTkiwi HakTbinbik KaMTy TONbIKTbIFbI

Baranay kepcetkiwTepi

TF-IDF + LR I DistilBERT RAG B VeraChain (Proposed)

3k AR j Mial§ g § 61 tzlsr O rREHQ TR ) tizh )by © deodisOfder j dzj o
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I fyr dz &zoOdz VeraChain yl12jf' BOtd Y BODO&OL

DIsdy J dzj eH Il MCdz'tedgy Gdz" Il 2 j dz2' W fr]sz d3H ' dz' € GCEtMm] k

hain consensus calibration djnOdzdL 3 h JC0OtOC

DdzH' €' dz Otclsls™ tcOIsr dzr Odz' YIsOdzH " . wtsde’ d3j dz Y Ols

" BHjteH' W ELCGJ sy @dgi §IsOgls ) tdfdzgO dzts dzOtcHr W € j 2
v

OBIsOBOMTr L jIlsjH" . r2jds "R M T ZHOBRH ' O
OwoOdzr vyIsr EVWH4E&E WBOYBEMEZHB5 [ 6jtc Y OWOdz y256B " tor dz
1 h BB2r dzh © Mp2¢CjiMmls’ & OdzrOwls Asdzelsf@ dz dglspe lsikfiydg dB ts dpr
¢ dz dzZ0Odz dzbIsdy j dzj 6 "M dz@ ZzoOdz VeraChain x312jMm c
Otelsls™ er f yOdzO Yy ts2 3O2, YOB'"™ dzH OQdzDOdz h j M " d3H Jj toH
sjSCMjte" &z BIBE' dgH' ¢ dz YORBSOBOMr L jlsils' dz' dz CEt6
Dister Is" dgH'"d3r is® Di sti | BERT, -Au§mented Gengr&tidmls ' Re
(RAG) »ybdzgj BzsSSCyj2dz sjrdesdzsedw dzOter dz B o' S Is' t6j
AN23Mm° "Mmrdg dzur . rn?2jdzw Isd' d3H" dz' ¢6° LI AR HJjte]
B OD OdzOfilpr ¢z' oz® &A% H D dzH 3 € @ p434M O dzd3O Y BIO ezt @ gz Is € s ¢iz* dzj
NdC LH . wGd d3sz Y Ol Otg, fr]lsG)dzHG)tslslsr B't ddzH]
o' dzplsdy j dzj-w@ ' WE dgjplein H 6., 5' A6 dg' dzO Odzi p a2
Hj CMis® RAG OtendljClskztcOMm" dz, chain conse
G‘L‘dzHJG‘ OzHdls YOBOISTdz Bt YU22JHJ B ' to
dzH ' ¢ dz Otlslsr er f yYOdzO Y2 dBO2, Y OB' dzH OdzD O
dz ELGjBIstcHzZiz) OY B2Odzlzr dz Y OB OBOMr L jIsjH'

11X < 310&

Isjlz dzplsdy jdzj e’ "Mr dzf zoOdz pH'® Mis® w X OdzO
fjCIlsdo Odz jCideg dz CEeEteMmjlsls' . ¢ d&zH OO 70]
dz' HjtoH" f ©O2 H OdzO dzlz BdzsSCyd?2dz 42 " dz CE
dz CQayj2dslz yn2jdze v Isd° d¢sH' dz' ¢ dz sHOdz pDte*
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ARCHITECTURAL TRADE -OFFS IN CARDIOVASCULAR GENOMICS:
COMPARING LORA FINE-TUNING AND RAG FOR HIGH -PRECISION VARIANT
REPORTING

A. Kakharov, A. Bekturganova, S. Turmakhan, Sh. Kurmanbek, D. Turmakhanbet,
N. Tasmurzayev, G Amirkhanova
Facultyof InformationTechnologyandAtrtificial Intelligence Farabi University,
Almaty, Kazakhstan
Internationalfaculty Asfendiyaro\KazakhNational Medical UniversityAlmaty,Kazakhstan
[ -mail: adilet20052303@gmail.com

Abstract. Accurateinterpretationand reporting of geneticvariantsis a critical taskin clinical
genomics,requiring strict adherenceto standardizedrepresentationsand evidencebasedknowledge
sources.Large LanguageModels (LLMs) have shownpotential for automatingvariant interpretation
workflows; however,their reliability in highly specific, identifier-sensitivedomainssuch as genomics
remains limited. In this study, we investigate a ggmexific clinical report generation task focused on
pathogenic and likely pathogenic variants of the STXBP1 gene. We conduct a systematic comparison of
three adaptation strategies: (i) RetrievatAugmentedGeneration (RAG) using FAISSbased dense
retrieval, (i) parameterefficientfine-tuningof a biomedicainstructionmodelusingLowRankAdaptation
(LoRA),and(iii) a hybridapproachcombiningRAGwith fine-tuning.Themodelsaretrainedandevaluated
on HGVSto-report instructiori responsepairs derived from a curated ClinVar-based dataset.
Performanceis assessedising ROUGE and BLEU metrics to quantify structural similarity and
terminologyaccuracy Experimentalesultsdemonstratehat LoRAbasedine-tuningachieveghehighest
generatiorfidelity, while the hybridipproachsuffers from retrievainducedsemantic interference caused b
y nearmissvariantmatchesThefindingsindicatethatfor narrow, templatedriven,singlegenereporting
tasks, parameteefficient finetuning is more reliable than retrievdilased or hybrid architectures unless
retrieval precisionat thevariantlevelcanbesubstantiallyimproved.

Introduction. Clinical variant interpretation is a core step in medical genetics, where a
compactvariantrepresentatiofe.g.,anHGVS string) mustbe mappedo molecularconsequence
and clinically meaningful assertions for downstream decisiaking [1, 2]. Standardized
nomenclatures and interpretation frameworks exist precisely because small notation errors can
changehe biological meaningf a variantandleadto incorrect clinical communicatiof, 3]. In
practice, interpretation workflows are anchored in curated resources such as ,Clh\¢ar
aggregates submissions and interpretations and is widely used as a reference point for variant
centric reporting tasks [1]. Despite advances in automation tools, variant interpretation remains
laborintensive subjectiveandproneto inconsistencieacrosdaboratorieswith discrepancyates
reaching 22.6% between automated systems anecbigfidence ClinVar classifications [4].

Large language models (LLMs) are attractive for this workflow because they can generate
coherennarrativesummariesndfollow instructionstyleformatsthatresembleclinical reporting
[5, 6]. Recent developments in medidaimain LLMs, including models such as BioBERT,
Bioformer, and domakadapted variants, have demonstrated promising performance in biomedical
textmining andinformationextraction[7, 8]. However,genomicss anunusuallystrictdomainfor
LLMs becauseorrectnessftenhingeson exactidentifiers(genesymbols transcriptcontext,and
HGVS semanticsyatherthanapproximatesemanticsimilarity [2, 3, 9]. A fundamentalimitation
remainghe propensityfor "hallucinations,'with documentedatesrangingfrom 25%to over80%
depending on model architecture and task complexity [10, 11]. This poses substantial risks in
clinical genomics where erroneous interpretations can lead to misdiagnosis and adverse patient
outcomes [11].

To address these limitations, most current approaches fall into two practical adaptation
paradigmsfine-tuning (FT), which pushesilomainpatternanto modelparametersandretrievat
augmentedyeneration(RAG), which groundsgenerationin externaltext retrievedat inference
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time [5, 12, 13]. In medical applications, RA€&Bhanced systems have demonstrated accuracy
improvements of 24% over base models in some implementations [14]. Modern RAG pipelines
typically combine dense retrieval with vector indexing systems (e.g., FAISS) to support efficient
nearesneighbor search over large text collections [15]. Howeveiexet is not trivially solved

for genomics because short, hightropy identifiers (such as HG\&&ings)cancausenearmiss
retrieval, where similar-but-nonidenticalvariants are returnedand inadvertentlycontaminate
generation [9, 16].

Conversely, parametefficient finetuning (PEFT) techniques, particularly Ldwank
Adaptation(LoRA), introducelow-ranktrainablematricesinto transformetayers,requiringonly
0.1-2% of total model parameters to be updated [17]. In genomic applications, LoRiriing
has achieved performance competitive with full {fineing while dramatically reducing
computationatequirement$13-15]. While FT excelsatlearningstabledomainspecificlanguage
patterns, emerging evidence suggests that hybrid approaches may offer synergistic benefits, with
fine-tuning establishingeasoningrameworkswhile RAG providesdynamicaccesgo rareentity
information [18].

The clinical focus of this study is the STXBP1 gene, which encodes a critical regulator of
synaptic vesicle docking [16]. Pathogenic variants in STXBP1 constitute a common cause of
developmental and epileptic encephalopathy (DEE), with an estimated iceiolie®1 363.81 per
100,000 births [19]. Seizure onset typically occurs within the first year of life, with 41% of affected
individuals developing epileptic spasms [19, 20]. The complexity of STXBRied phenotypes
underscores the critical importance of accurate vamd@erpretation [21].

StandardNLP metricssuchasBLEU andROUGEoftencorrelatgpoorlywith clinical utility,
as they emphasize lexical overlap rather than semantic accuracy [17]. Emerging evaluation
paradigms now incorporate domapecific metrics including medical entity accuracy and
semantic textual similarity assessed via transformer embeddingdri2B]s work, we study a
controlledsettingfocusedon STXBP lvariantsusingMedGemma4B, amedicatldomainlanguage
model trained on diverse medical text, as the foundational architecture [23]. We systematically
compargA) abaselineRAG pipeline,(B) LoRA-basedine-tuning,and(C) a hybrid approactto
establislevidencebasedyuidancdor implementing_LM -drivenvariantinterpretatiorsystemsn
clinical genomics workflows.

Methodology. In this studywe comparedhree architectural approachies the automated
interpretation of genetic variants in the STXBP1 gene: (A) Retrdugmented Generation
(RAG), (B) FineTuning using the LoRA method, and (C) a Hybrid approach (RAG +-Fine
Tuning).

An openaccesslatasetClinVar-STXBP 1:NLP-DatasetPathogenity authorSkyWhal3,available

on the Hugging Face platform, was selected as the basis for the experiments. This dataset is a
specialized collection of curated records from the ClinVar database, containing exclusively
STXBP1 gene variants with a confirmed clinical status of "Pathogenitikely Pathogenic."

The choice of this specific dataset was driven by the need to train the model on highly reliable
examplesof pathogenianutationsthatcritically affectsynaptictransmissionkor the purposeof

our study, the original dataset was modified and adapted to the Instruction Tuning format. The
preparation process involved data structuring, during which each record was transformed into an
"InstructionResponse” pair. The instruction included a varidantifier in HGVS format (e.qg.,
NC_000017.11:9.42543217G>Ayhile thetargetresponseonsistef adetailedclinical report.

In the final stage, the data were split into training and testing sets to validate the model's
generalizatiortapability. Thetrainingsetconsisteaf 23,080HGVS-to-reportpairs,while thetest

set comprised 2,250 examples, ensuring a robust and statistically significant evaluation of the
generation quality.
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GoogleMedGemmadb-it, pretrainedon biomedicaltexts,wasusedasthebaselinanodel.
Theexperimentsvereconductesdnacomputingnodeequippedvith anNVIDIA RTX PRO6000
GPU, which enabled the use of bfloat16 precision for computational optimization.

’ RAG
Pipeline
Input Data
(STXBP1 Variants) ) LoRA ) Output Metrics
HGVS Codes (e.g., Fine-Tuning ROUGE-L, BLEU Scores
NC_000017.11:9.42543217G>
A)

) Hybrid
(RAG + LoRA)

Figurel. Experimentalvorkflow andcomparativeanalysisof RAG, LoRA, andHybrid architectures

We applied the LowRank Adaptation (LoRA) method to adapt the model weights to the
specificstyleof geneticreports.Thisapproactallowedfor trainingonly theadaptersvith arankof
r=16 (with =32) integrated into the attention modules (q_proj, k_proj, v_proj, o_proj), while
keeping the core weights of the model frozen. The training was conducted for 1 epoch using the
AdamW optimizer. For the RAG system, a vector knowledge base was constructed from the
training set using the FAISS library and the BAAl/kgreallenv1.5 embedding model. To
enhanceetrievalaccuracywe applieda Combinedndexingstrategyindexingwasperformechot
only ontheresponsgextbutalsoonthe"Questiort+ Responsetoncatenationyhich mitigatedth
e issue of context loss when searching for short mutation cbdes.the hybrid model, the
retrieved context was fed as input to the fineed LoRA) model.

Results. Quality assessmentwas conducted using automated metrics: ROUGE (to
evaluatestructuraltext similarity) andBLEU (to evaluatgerminologyaccuracy)While standard
NLP metricslike ROUGEandBLEU evaluatdexical overlap theyoftendonotcorrelateperfectly
with clinical safety. To address this limitation and ensure factual reliability, we introduced strict
exactmatch metrics. Specifically, we measuredClinical Significance Accuracy(the exact
matchratefor predictingthecorrectvariantstatus suchasPathogenior Benign)andHGVS Exact
Match to verify that no critical identifiers were hallucinated or altered during generation.
Thefine-tuning processiemonstratedtablealgorithmicconvergenceAnalysisof thelossc
urve indicates that the model successfully minimized error, reaching optimal performance levels.
The stabilization of validation loss values confirms the appropriateness of the selected
hyperparametemandthe effectivenes®f the Early Stoppingstrategywhich preventedverfitting
and preserved the model's generalization capability.
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Training Loss Dynamics
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Figure2. Trainingandvalidationlossdynamicsof the MedGemmadb modelduringLoRA fine-tuning

Theresultsof testingthethreearchitecturesrepresentedn Tablel.

Table 1. Experimental results of fitiened and radpased models

Method Rougel Rouge2 RougelL Bleu Clinical
Significance
Accuracy
FineTuned 0.6914 0.2799 0.6913 0.4752 0.6356
RAG 0.2963 0.1261 0.2960 0.2110 0.0022
RAG+FineTuned 0.4825 0.1498 0.4832 0.2620 0.2844

Experiments showed that for the task of interpreting STXBP1 variants, thd inieg
(LoRA) method is the most effective, achieving a ROUIG&core of 0.69. As demonstrated in
Table I, relying solely on lexical metrics masks the semantic noise introdiyceetrieval
methodsEvaluatednthestrict Clinical SignificanceAccuracy the Fine Tunedmodelachieved
63.56%, significantly outperforming both the Hybrid (28.44%) and baseline RAG (0.22%)
approaches. Furthermore, a strict regased audit of the generated short reports revealed a
100% exact match accuracy for HGVS identifiers and gene symbasFinleTuned model
perfectlyretainedthe critical mutationidentifiersprovidedin the prompt,with zeroinstanceof
clinically dangerous identifier hallucinations across all 2,250 test cases. We observed an
interference effect in the hybrid approach: adding context from RAG decreased the metrics to
0.48.Thisis explainedby thehigh specificityof geneticdata:RAG oftenretrievessimilar butnot
identical variants (semantic noise), which leads thetfined model astray. The baseline RAG
systenmshowedheworstresulty0.29),asit lackedthespecificstylerequiredfor medicalreports.
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Comparative Performance Analysis (MedGemma-4b)

Architecture
B RAG (Baseline)
07 B Hybrid (RAGFT) 08
W Fine-Tuning (LoRA)

ROUGE-1 ROUGE-2 ROUGE-L BLEU
Evaluation Metrics

Figure3. Comparativeperformancef evaluatiormetricstROUGEandBLEU) acrosdifferentmodels

Conclusion.In this paperwe investigateda genespecificvariantreportgeneratiortaskfor
STXBP1 pathogenic and likely pathogenic variants and compared three practical approaches:
retrievataugmentedenerationl.oRA-basedine-tuningof abiomedicalinstructionmodel,anda
hybrid method that combines retrieval with the ftneed generator. Using HGWB-report
instruction response pairs and evaluating with ROUGE and BLEU, we found that LoRA fine
tuning consistently produced the most faithful clinistlle text, while thepure RAG baseline
performed worst, and the hybrid setting degraded relative tdadimag due to interference from
retrieved context that was similar but not identical to the target variant.

Overall,theresultsindicatethatfor narrow,templatelike reportingin a singlegenesetting,
parametesefficient finetuning is the most reliable option unless retrieval can be made strictly
variantaware and noiseesistant. A limitation of the current study is its focus on a single gene
(STXBP1) and a highly structured dataset. Howetlds was an intentional proaff-concept
design to rigorously isolate and evaluate the architectural differences between rbasmdhl
(RAG) and parametric (LoRAapproaches without the confounding variables of rgdtie
variance. Having established the superiority of parametrictfineg for structured clinical
reporting, our future work will focus on scaling this pipeline to broader, fgatte panels and
more complex clinical genomics tasks.

Funding. This work was funded by Committee of Science of the Republic of Kazakhstan
AP23488586 "Development of an intelligent system for monitoring and prevention of
cardiovasculadiseasesisingdeeplearningandloMT (Internetof Medical Things)"(20242026).
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Jdd?2 (Mar kov Decision Process, MDP) Mt Mmdzj
]
d

.0
N Q

teMsteOdhlsets MeMlsswdd?2 S: ojClkst IsjCkhdn
SESdEscdUi NedR  kmdsed2, tdjeejbduintdr s

PG BN Q=wrgN
R ~ Sy

N -
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| ltesmistcOdzZB A dR Y tcOo dzv s 5 j 2 IdOadnyf s dzdzd Is | dz! dz
EmMstcs2Misa © (EMlsOeCd MdMmlsj 3 slssf dzj dzgdv, o j dzlsd &
i A 2 dzC g ds't dzO 6 te @Ry e Ly edgd ™ JS dsciB W dpOotgHd v Aefiptings @M Is j dzd 2,

1 dzj ce s tslstcj Bdzj dedV, tOMABHO otH' d SOyYjMmlseaO
| 1 sdzdIsdC O EftcOQodzj dedw ~: MmlstcOIsjedw or BsStc® H
PPO (Proximal Policy Optimization).

[ dzv B Jj LB OMdsets tsBlRZyJjddw O06jdlsO BJjL W dhis
dgmfsd LEkzjlmy yd& de3aftsDy § B thdz@ed ¢ @3S H j dz' , oty tots
BISCtetsC dzd BOIO M Issydesmis! & HsMisOlssydzes?2 Hdzv
fMte § H [zto-(edtiamsfer).

dHOfIsdo dzsfls! d g iy dasdn)’ o ddOHzf{Rts9 Oded § o3 ¢
mMd misj d3j W dzw j Isfpw M stse dztsMmls OHOf Isdtctso Ols |
dzj sBrsHd BsMisd §sdzdsecs §jtoj sBlzyjddy o&GsHj dj?.
OHOf Isdo dztse s BON d dedesc ts tsB IZyYd dzd v :

i [ dedzGRedz yj dzdj (Onl ine Learning): da ftej tcr o dats,
fsmMskzf Os h dr HOdzdzr = M dMftsdz Lso Odedj &3 BB sStsH s 9
OHOfIsdoedzr » BflsdBdL Olststese ( Adam, RMSprop) ;

i Transfer Learning: dmf sdz! L s9aOdzedy e HESB Iz,
C Oud ftzd y d O dze drOeyuffaBO'dzde’ tsadzC t6 Jsl§ deeZ) B¢ te O Msjpdzd JB3O

dzj sBrtSH B RilDOded®L 7 o 5

i Federated Learning: Mo 3 Misdesy BeERYJ dedj
fdtejHOud Mm" Bree jHnddpdeirded § Ctdalt dHJ dzyd Odz! datsfyls g
cOMf tej H Y dzy dede" = dMistsydzed € 59 ;

i Continual Learning: fttjHtlsotOh jddj " $OlsOMmls
ZO dtseor' n HOdgdzr »  dMitd LtseaOdedj 3 d3j IssHisO I
Progressive Neural Networks.

]l totsc toc O dgigdEndrd Ld@ g \H & Ote d ldsjj dz'kzdiz! s Osdzts dzts dndsy S § d 2
1 6156 to O BBHOd] L Py juilz | Mls o fgzy Jolf iy dzj fdatfjjrz e M j 6 ts
sjrdsdztcedy ME et Misj ¢ O:
T I Mmstetsj dzdetsy 1 [ MmJ deftsteder = EL dztseo: Fr eeRTOS dzO
C/ C++, MmlLjded jMESTOT;
i Edgeztetse jdz: Python 3.11, Tensor FI|-d3®H | ozg 2, /
NodeRED Hdzv tsteC jMisteOydd ftslssCtse HOdzdz = ;
T [ B &zOyidaR0OIs W tPgthe® (FastAPl H d&zREST API), Apache Kafka, InfluxDB,
PostgreSQL, Grafana H&v odLBEkzOddL Oydd;
T AWt 2 BotsteSd Hdzw tBERYJ ddWY d&sHJ dzj 2-BaseliresBs or F I
Hdzw RL-l] eacnkHtz?w Cd&zOMMdud MEdar diJ IstsH B9 ;
T DevOps:Docker, KubernetesH dz@ ts dzls j 2 dzj det tv © ] Isf G dzdsitHub
Actions, dmsddlststeddze JdWtcOMstezSIskzter yjtejLr Pro
dbterdisj Clskzted®@sHL ATM H dzv  f tetsE dztsL d tots oy @z WL QRIS
Bhesc s todtscts foscdetsL Jotso Oded™w f OteOd3j stetse  d3d €
Misd € d to tsHp o2 tc OLSTR) filigdzts 1O dzdoL degtogi@IdedteH ezfs Q B Szt YO Is
12 OO stese i YyOMmlsslsts?2 i tetsMO o 13 0d3dkglaEzds;, (¢
otcjd3gj dzdz" = h OetBo). o¢terndlsj SIsktcO® dBtsH j dzd :
T 1 A sH iptzd2ts tc d30 dzqBatehyafralizationy Dropout(0.1);
i o dztsl2BILSTM M128dzd 2 to s edBapalit(0.2);
T o dztR2IBILSTM M4 dzj 2 tc ts tdBapalit(0.2);
i [ i~ Odaddzdiziz OMatfi "HeadAttention(4 ¢ ts dzi@O L, d3j tbdgfs M ls !
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i 1 r A tHigze@Ense(8P § tots c8lEOItc O BBl L e s ¢ dzd BZOIs O.

1 toj H o Otc dldsjj figds dfiztstgts © ghwlElm Is s to d Y O Cifgizne dzd w @isOE) j Is O
Smart Greenhouse Wageni ngen University, 2022) fsCOL Od
f tots G dzts L dlde) ogtfQjdimfiOs Lz HRMSEE 0.43°Co 2Oy dais RMSF=2.1%RH, Is t
Mtstslse jIsMisalzjls Ztctso dz¢ Istsydetsmis d, HisMIs Ols 5y dzts B3z
OHOfIsdoedzr » MdMmlsj BOR k4§ tcOo dzj dad v .

CCMmY j tod di3 dzls Odz'ldz R O df§lQjrdzHd MMdzj H s Oded W ML H Odz
Mmlsd dzH , osmMftesdLotsHwh d?2 Cdzgyjo'j WkdeS ydsdzOdz' o
mMdMmisy &3 dBsddlststeddzc O Isjfdazdy o &OBBtOlstteds = kM
i 12§ dzfn tsiodainE® O EGP32N s dzdzz@p Sy did € o ts ¢ dzd d301s O;

i Edgeh dz# dz@ O LNYIDIA JetsonNano (4 GB) L Of & h j dddsisadeow Lite

G55 H § a2 d5d ; |

i) tots @ tc O dzadzcftatiafjdgi@dvd P RSB0 vy BB dg3H dz¥ Odzd H B d g dzj 2
o6 dzsL dietso Odzd W ;

i R dzls j ¢ 5©®R O ddtOIs ¥ MedgsRAzureloT Hub;

i 1 j-BON B tictg HO dz' alds § @B fz@O LGjafanamH j Is O dzd tH@&iff jj Rz dzH dzts G 5
ddzlsj oo OdzO.

1 Of t6 Oo dfjindafrj H lofipliisve. | fyshylsigsPa tslf 'te j H jndizjj de'lz ¢ h ( §
smdeso dzr | dzOEydzr §j L OHOY(Jd:

1.1 OL e Oeztiets € Bz tc HETeRjtcents[As j He ddbOdy §f tc j H Py e 51 O y d
dts B tc O BHsGdedff | ~daf) Shpdds@ | dzfsp j MY | eodedd Ssdp P @GR dets G s
ot d3jded d CdBjteBjL s OMdasmisd;

2. RinmMdzj Hso Odzedy d MeOodzedlisj dz' dzr 2 OdzOdzdL BJ StsSH
Transformer, CNNL STM) Hdzv L OHOYd KRztceth Ocsoatsets f ot
BgCtetsC dzd BOISO; tOLwOBSISSO OdZMOBBAdZj 9" = d EdB

3.1 OLtcOBBISC O OHOfIsdodzts?2 MmMdMmisi &3¥ Ef§f ttOo dzj dedw ¢
( PPO, SAC) f WEdS ydg 2 BzsesCtodilsj tod Odz' dzts
1 dzj cetstf slstcjBdzj dedj, SCOyjMmbsoets ftesHkzSydd) ;

4, ¢ SL HOdzd § ydgWtesotsets Ho2dzdC O s f dzd ydets?2 1 €
BsH j dzj 2 d HOdzdzr = dL d3j o) dzd 2-tor edniindzi w @ o G dze &
BJLBYOMtses sBERZYJ dd¥y OG] dzlstso ;

5, { OLtcOBBISCO dirnOdedL dBso 0 9B | WO is(datRIEEO ded|S. HRAXPE |
B4 -~ Oded L Bso  do dadizsO dztb e s M dzts © O dzd W Ef tcOo dzw s h d n
OG to ts dzts &3O A3d ;

6. [YyjdzC O 1 CsdesdBdyj MEts?2 1 WWjClsdodesisd t©OL teOB
9" GsSH -beoesit anal ysis), cOmMyy s Mest O stk
sdfdyder = bjfddyd = "LWw2Mmlse sOLORMSOdO.

AdWtcsoe ts2 Hots2dzd ¢ Isjfdzdmdzg f yFvshmogthb ptgd 56 15
(Digital Twin) fjHfsdkOcOjls MsLHOd]] odtlk:
sBdztso dzv j Bs?2 o toj Odz! desdy o tej d3j dad dzO tsMdese j H O da
BIStesC dzd BOssd Isjfddyr ydWtses?2 Hots2ddS of ftsdd
i i d sk dz d)jdk® degflSSds 5 § didoet@ls @z s @o dzw s g 2 Mk o K & o
Jmzd" Mmyj dotedd) ;

i BJ L Y Mitede@ Vs B z  j Qg jvdds st y jigfden € o] § dzj ded M@ O
dzOdzj j dzdw kM jtcB O toj Odz! dzr o3 f tsfj 9 Od3;

i Is § Mlis d tc Hzis ® dpds js O Islj ete(Qo df jOdafvs tc Al fizjsteg dzj H to jodzd § o3
ftesdL o tsHMIse t5
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i 5B dzOtelzy j dedj BIsC dztsdzj dzd?2 toj Odz? detse s MsMistsw dzd
dzj M cOo desils j 2 ) .

AdLdyj MSOvY dsHjdz BIStesC dzdBzO0 Isjfddyr st
BOd&ZzOdzMO, BOXZOdAMO o dzOcd d cOL stsB dj dzO:

dT/dt=(1/C_th)- [Q_heat+ Q_solarn Q_venti Q_loss]
dWi/dt = E_plants + W_irrig W_vent
dC_CO=(1/Ndt[G_ COCR_respi A _photol Q_vent -qC]

CGHY &Iyl dzsy BS sMis+ Isj § dzd § dsty of Eiztstf 85I HYOE@D, Q@_fHsej ad3”
Q_solad § tsfls iz ffigley Azl jj 15 gztf @z®entd Is j § dzts fusilst@itpdels d d@ tgsb s |

0 bjfdsfsljted UjtjL BcteO) HOB NufgO dint dpfplOm i ¥ y ded®
a _ @UtslsGS@tslﬁ]qfnlsmeGRgr@spa H' n OWzd fiy s jJAdpifictod Z e s dzd
cO o ftosyjmmj Welstshddls,jL O.

1 OtcOBj Ister WdLdyj MEts?2 dsHjdzd dHjdsdWdydizs
qLazjtejdd? M ftoddddzjdedj @3 & IssHise MdMmlsj dgdets2
Subspac#/ethods) d B tc d dgtEz® jfipis o, di3J I A edhe @y z s ©d pajdaipP vic ts dzdz" d&3d
mdlswasd -( Phgsmed Neur al Net wor ks, Pl NN) ,
otsmMftesdL o jHjdzd] Mdzsy dzr 7 dzj dzddzgj 2dzr = Lt WWjiClstse .

{AdHOJ " j tjLkd O™ d {tc®@Olddon ¢ Oftzou dz@ag
mMsmistsdls o fMmdzj Hiz® A j d3:
1.1 OL OB 5ls ©OdzO sted ¢ d dzOdz! dzOW Otern dH zO ¥ B® R d
Bsddlsstcddzc © Isjfddyr, tBjMmfjuyude Osh ow MmMCo tsi
] delMstc® Hts EZftcOQoadzwesh jets otsLHj2Msadw fp L OH
2. 1 toj H dztigtsjod@d B to A3 tsEOSTM-AttentionPPOH dfffts o d3j fridsjdiitsjcdi] W
OHOY fHtsedtsL qietso OdedW dBJS st dzd B3OSO d Y lIsc
Hddes s S sdzlskztej ;
OLtcOBtslsOdz tstcd 6 d dzOdz! dezB H jagzils2ts HE O® © S B )l dEfs -
CesmdMmilsj &3y dz2O0 tshmdetse j Transfer Learning M
4. ltojHdzsy jdz fsHaBBH € WBteddOdzdL Oydd L OHOyYyd E{
CORdes 6 sy jMDP I pisO to n dWulg dets usdkjL2dz0 ¢ te @opyH] jlsdzcpO,s h j 2
Bdsdtsedyd Mscdj, tdjttcjbduimséd) d CdsdBduj
l1tcOCIsdyj MG Ow U dzgp HeEzEAgls ! . tcOL tc OB 5ls O dzdzts 2 fnd fi
ALY 2Mlso O Lotsdzdls HtsMIsdy' MmMdzjHkzeshdr ftOCIsdy
T ftser h pdzth) O2 HAgdgts dsdp’f Azd QY Hziz Fde@bitR5%L @y ilsd dzdL Oyd d
EmMdzse d?2 GBS tesS dzd 3OIs O;
i Mmded x jYdilsitc | B lezj] flalfts eddg Acdz@@30% §f sMitcj HiNs P iEARE Isd o dzs G ¢
Zf tcOo dzj dedV MdMisj BOBd tsistsy dzj dad W ;
i MtsC tc OhgQifyfRjgste Hof Iz H ts B to (zGEH 20% B dzO ¢ tslsi tOMpdsis e O o dzj dzd ©
MdMmisj BORB] ftsdzde © d f§ dlsOded W ;
i MmMdedy jdedy flsjte! EtesyOw s OdzszO6Ez0 % & O € g W3
tcOdzdzy G5 5B AdZOtelzy JdedW d GJteJHEG ] Y HJ dedW;
i Zd®jde h jdedj btezHBL OltcOls Octdsdkdyj M sds § jt
70%.
1 OC dz¥ yJldzd jte OB tsls § ftod HMIsOo dzj d&zO Ctsdzyd f ydw
BsdedIsstcd 26 © d BEftcOodzj dedWw BJCtesS dzd BOIssdz s ¢ 0
dms kzMmmnls o jdasdpsaidg 1€ jlssOlzts dfttwt]dyr b dzj rdabdsjcttsdzj B QPdz0 dzd L

L
J
t
1
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ffeh jlsoks hdn fsHARGSHSe §COLOd vyt IsteOHdYdJsdd
f sdzdzs? diBjtey toj OdzdL s9 Ols! ftslsjdydOdz bboydtsets L |
seteOdzed Yj dzdzr 7 oL By desMmisj 2 OHOYIsOyYydd d tsffilsdd3d
Otcrn dlIsj C Isfzde@s W B twdf™ B MY jydeaoOjls SCodfdzj CMmder 2 MmB
fnd dzfm sfipjdd$ds B tc O Bde@ € @ dzd x| fids ©& s ofipls ©EZ detg dgfqdels ] s e Oy d

f BB dOYdD B O0dOddlsdud mMtdhd Mmjtedmodd. 1 tddj dzj
(LSTM, CNNL STM, Attention) sBd M juyude Oj s or MsC Izt
f OtcOdi3j Istetso Bd Ctets$ dzd 3O Is O, O i3j sdBHESY Is ez u Padpd ¥

EftcOo dzw s fZMlwasf?2 M EZyy b dBdsctsCtedlsjted Odz dats 2
L dzj B34 delssd3s MdMmisj dgr wodzw jlsfqw ydWteseots?2 Hot2dzd§ I
BJ L St ®Bkzg Pdzd fabdisej Mis d tcigls © @zdzjf dof®» azj dzd &£ d MSC O EhH j toB
toj Odz! detséts ftesdLotsHMIsa ®. [ jrOdedL 3" OHOYIsdo dzts@ ¢
md Mmisj &34 ZzOC Of dzd © Ols ! stfrls dL tcOMmY toj HJ dzy dede’ -
CtsdzW d H J dzy d @ dzty dets igI@UsdH] dz' rds Lev 2 fils d H O 3PS Isd yd M d 4
tciLzdz sOIsT odzjHic] dzgdW @ is® OB § K26 gzdztiz s s f)iRHEefs G3ls

fmdzd 3 § ded J§ ftslstcj Bdzj dzd 8 % 1 dzj t@cOHIRO%dAEDY R19s o j o) H O Is
OCsEzOdz dzsfls! d ftcOCIsdyj M zs L 2Oy d s mls ¢ HJf
Ot tesd3r M dAff dziAlsig® (Cisfdlf kB dzd € d s OL OR fls Odz.
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AdWtctsa d 52 dfdfimy sdz' L o Olstaff g 102 qudiz" -
LCMyjtedsj degsse d ftesdL o tsHMmlse j dadz

Digital twins and their usein optimizing scientific experimentsand
production processes
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snilsyrh cetstodL sdzlslsOQOT fpnL ' dzjls' dz OO’ dzH OtcD O, ¢4 dz
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ClsstcdzOteH™ W CEfh ' d&2' ¢ Ciw ' mMls' €Isj HJ, EoOyr slsO
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INTELLIGENT MONITORING, DIAGNOSTICS, AND LOAD FORECASTING FOR
PUMPING AND POWER PLANTS USING HYBRID MACHINE LEARNING

G. Zholdangarovat, M. Kalimoldayev?, M. Arshidinova® M. Akhmetzhanov
Institute ofinformationand ComputingTechnologiesKazakhstan
S.SeifullinKazakhAgrotechnicaResearchUniversity,Kazakhstan
mukaddaturgan@gmail.com

Abstract. This paper presents a hybrid intelligent architecture for monitoring, diagnosing, and
predictingload in powersystem$fasedon pumpingunits. Theproposednethodcombines multi-sensordata
mining system with hybrid machine learning models that combine Support Vector Machines (SVM) anc
Particle Swarm Optimization (PSO). This article introduces the subject area under study and the basics o
modern methods. It examines modern trends initorimg electricity and water consumption, aimed at
analyzing technological solutions that will increase the efficiency of pumping systems and allow for optimal
resource management. This study develops a hybrid intelligent architecture that integrateensolt data
acquisition with optimized machine learning for réiahe condition monitoring, fault diagnostics, and load
forecasting.Theframeworkcombinesyibration, electrical , hydraulic , and thermal parameters collected via
a RaspbernyPi 4-basedexperimentaplatform. A balanceddatasebf approximately2,000samplesacross10
classes was generated. Tirand frequencylomain features were extracted after preprocessing. Support
VectorMachineswith RBFkernelwereoptimizedusingParticle SwarmOptimizationfor hyperparameter€
ando. ThePSGSVMmodelachieve®3.9%classificationaccuracy outperformingconventionabrid-search
SVM by ~2%, with strong macawveraged Precision, Recall, and &tores (>0.93). Detailed peailass
metrics confirm robustness, particularly for inner race faults. Integration of diagnostic outputs with time
series energy consumption modelimgaleles predictive load forecasting, accounting for degradation effects.
This contributes to predictive maintenance strategies, reduced downtime, and improved energy efficiency i
smart power networks. The proposed approach addresses key challengesastistdghamics, sensor fusion,
and smalsample industrial diagnostics.

Keywords: intelligent information system; hybrid mathematical models; machine learning; load
forecasting; electric power systems; condition monitoring; equipment diagnostics; time series analysis;
predictive maintenance; optimization; PS&/M method; multisensor @at

Introduction. The development of an information system and mathematical models for
monitoring and forecasting the load of electric power systems based on hybrid technologies is .
relevant scientific and technical task aimed at improving the reliability and efficienepenfy
systemoperation. Thereation of such aysteminvolves theformation of an integrated architecture
that ensures the collection, integration, and intelligent processing of data on the operating modes
power facilities. The proposed approach is based on hybrid technologies that combine traditione
mathematical magling methods with modern machine learning algorithms and time series analysis
techniguesThedevelopednathematicanodelsarefocusedon adequatelylescribingoaddynamics
while accounting for stochastic factors, seasonal and daily fluctuations, as well as the influence o
externalconditions.Theinformationsystemmustensureadaptabilityandscalability,allowing model
parameters to be adjusted as new data are accumulated and operating conditions change.

1. Literature review and problem statement Extensive research exists on pump fault
diagnosticsisingvibrationanalysismotorcurrentsignatureanalysigMCSA), andmachindearning.
Classical methods (e.g., FFT, wavelet transforms) provide good feature extraction but struggle witt
noisy industrial environments and mtffiult scenarios. ML approaches such as SVM, Random
Forestsandneuralnetworkshaveshownpromise yet manysufferfrom suboptimahyperparameter
selection, limited dataset diversity, or lack of integration with load forecasting.

Key gaps identified: (1) insufficient sensor fusion across domains; (2) reliance on manual or
grid-search tuning leading to local optima; (3) poor scalability to predictive maintenance in power
systems; (4) limited consideration of degradation effectsienggy consumption.
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Foreignstudieg(e.g.,usingensemblanethodsor deeplearningon centrifugalpumps)achieve
high accuracy in controlled settings but often lack-tizaé embedded implementation.

Thispapeffills thesegapsby proposingamodularRaspberryi-basedlatformwith PSGSVM
hybrid modeling, validated on a realistic seeflmdt dataset, and linked to energy load modeling.

Dias et al. [1] proposed a methodology based on machine learning (ML) techniques for
troubleshooting pumps. The study focused on detecting cavitation faults in pump systems. Motor
current data obtained from PROFINET networks via intelligent relays wasfarsdthgnostics. A
support vector machine (SVM) was used for pattern recognition, and MO tools were introduced for
feature extraction and selection. Entropy and maximum value were identified as significant
predictors. The system achieved 88.7% accuradguh detection and 100% accuracy in dry run
detection. These results demonstrated its effectiveness for predictive maintenance of industrial
communication networks.

Wang et al. [2] proposed a methodology that combined complementary enséerlgirical
modeg CEEMD) partitioningalgorithms samplesntropy(SampEngandrandomforest(RF) methods
for pumpdiagnosticsCEEMD solvedthe problemof modemixing by partitioningthe nonlinearand
unstablenatureof vibrationsignalsinto aseriesof intrinsic modefunctions(IMFs). SampErwasused
to quantify the complexity of IMFand provide reliable feature vectors. These vectors were fed into
an RF classifier and used to classify pump failure modes. These vectors were fed to an RF classifier
and used to classify pump failure modes. The average diagnostic accuracy of the nubdel rea
97.08% demonstratingtabilityin scenariosuchasbearingwearandimpellerdamagainderoptimal
noise ratios.

Muralidharan et al. [3] conducted a comprehensive study aimed at diagnosing faults in
monoblock centrifugal pumps, which are an important component in wastewater treatment, oil and
gas and food industries. The study focused on the use of vibkbasmd codition monitoring
methods for fault detection and classification. Among them, the diagnosis of bearing faults and
operating mode disturbances was considered.

2. The aim and objectives of the study AimDevelop and experimentally validate a hybrid
intelligent system for simultaneous fault diagnostics and load forecasting in pumping units within
electric power systems. The purpose of the study. To create a monitoring information complex that
providesdiagnosticof thetechnicalconditionof pumpingunitsin irrigation systemsy monitoring
the parameters of measuring sensors (water sensor, current/voltage sensor, vibration sensor).

In accordancevith the purposeof theresearchthefollowing taskswereidentified:

1. Analysis and systematization of methods for diagnosing energy
consumption and faults in pumping systems;

2. Creationof mathematicalmodels characterizingthe operationof pumping systemsand
adaptation of machine learning methods;

3. Developmentof the architectureof an intelligent information complex integrating
mathematical models and machine learning;

4. Developmentof algorithms and software for studying the stability of complex energy
systems;

5. Developmenbf anexperimentasetupandsoftwaredevelopment.

6. Conduct experimentalstudies implementing the proposedapproachedasedon PSQ
SVM algorithms and compare the results with traditional methods.

Objectives:

1. Designandassemble multi-sensoexperimentatestbench.

2. Generateand preprocessa comprehensivdéabeleddatasetfor bearingconditions.

3. Implement feature extraction in time/frequency domains and PSQGoptimized SVM
classification.
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Integratediagnostiaesultswith energyconsumptiorandload predictionmodels.

Evaluateperformancaisingconfusionmatrix metricsanddiscussracticalimplications.

Analyzelimitationsandoutline pathwaydor industrialdeployment.

3. MATERIALS AND METHODS

Researcimethods theoreticabndexperimentastudiesmathematicahndcomputemodeling

and algorithm development. Collection and analysis of sensor measurements, mathematic:

modeling, application of machine learning algorithms, experimental research and comparative

analysis of results. In addition, the following research methoelsused in this work: analytical

method heuristicmethodof universaloptimizationor particleswarmoptimizationalgorithm(PSO).
EXPERIMENTAL SETUP

Theimplementatiorof thisdevelopmenwill improveforecastingaccuracypptimizeenergyresource

managemengandreducetherisk of emergencyituationsn electricpowersystemsYou canseethe

diagram in the following figure 1.

o g b

Balancing mass

Figureli ExperimentaSetup

Figurel showstheexperimentasetup A threephaseanductionmotorwith aratedpowerof 0.5
hp and a rotational speed of up to 6000 rpm was used as the power source. A frequency convert
(variablefrequencydrive, VFD) with anominalfrequencyrangeof Oi 599Hz wasinstalledin front of
the motor to control its operation under various working conditions. The motor was supplied with
electrical power from the main source through this VFD. The shaft was connected to the motor by
means of a coupling [4]

Four pump bearings applied both static and dynamic loads to the shaft. Flexible coupling anc
fastening systems were used to facilitate the replacement of the bearing and the shaft. Althoug
defectscouldpotentiallybepresentn all pumpbearinggduringtheexperimentspnly onebearingwas
considered in this study in order to maintain reference conditions. A vibration analyzer based on th
RaspbernPi 4 platftormwasusedfeaturingan AC voltagerangeof £5V, afrequencyrangeof 2i 10
kHz, and a maximum sampling rate of 25.6 kHz. Vibration acceleration data were measured using
Rondsaccelerometewith ameasuremermntangeof +£80 g, afrequencyrangeof 0.7/ 10,000Hz, anda
resonance frequency of approximately 30 kHz.

Figure 2 presents the hardwiaseftware system implemented for monitoring irrigation pump
parameteranddiagnosingts technicalconditionwithin theframeworkof developinganinformation
system and mathematical models for monitoring and forecasting the load of electric power system
based on hybrid technologiééou can see the diagram in the following figure 2.
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Figure21 Main SensorandAuxiliary Equipment

The system is built on a modular architecture and consists of the experimental setup, a set of
sensorsandacomputingunit basedntheRaspbernPi 4 platform. Theinstallationis equippedvith
vibration sensors, water flow sensors, as well as current and voltage sensors, enabling simultaneous
analysiof boththemechanicatonditionof theequipmentandits energyperformanceharacteristics
[5]. Thevibrationsensorgecordmechanicabscillationsof the pumpunit alongthreeaxes,allowing
thedetectiorof wear,shaftimbalanceandbearingdefects Waterflow sensorsneasurgehevolumeof
pumped liquid and provide an assessment of system operational efficiency. Current and voltage
sensors monitor electrical load parameters and form the basis for constructing energy consumption
forecasting models [6].

All data are transmitted in real time to the Raspberry Pi 4, where synchronization, time
stamping, and preliminary processing are performed. The data are then transferred to a personal
computeffor filtering, normalizationandformationof trainingdatasetsBasednthestructurediata,
informative features are extracted in both the time andi freguency domains. Statistical signal
parametergmean standardieviation,skewnesskurtosis,etc.)arecalculatedandspectralnalysisu
sing the Fast Fourier Transform (FFT) is performed to determine dominant frequencies and energy
characteristics [7].

The integration of sensdrased monitoring with hybrid mathematical models and machine
learning algorithms enables not only the diagnosis of the technical condition of pump units but also
thedevelopmenof predictiveload modelsfor electricpowersystemstherebyimprovingreliability,
energyefficiency,andresiliencaundemon-standaraperatingconditions.Y ou canseethediagramin
the following figure 3.

Current and Voltage
Sensors

Water Flow ; : ; Diagnostic
A sensor | | R Dataset Feature Extraction Machine Learning —f Results

Experimental Setup Raspberry Pi 4

Vibration Computation
Sensor Reslts

Vibration
Sensor

Figure31 ConnectiorDiagramof the ExperimentaSetup

In theaboveschemgFigure3), thecurrentsensoi(Acrel Split-coreCT (150/200A) is usedto
measureheelectricalenergyconsumptiorof the pumps;ithewaterflow meterABDT-LD Compact
TypeElectromagneti€&lowmeter)areusedio monitorwaterdischargethevibrationsensors usedto
diagnose the mechanical condition of the pump units; the temperature sensor (DS18B20) is used
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to monitorthetemperaturef the pumpunits;andrelaymodulesareusedfor automatiqgpumpcontrol

[8].

The data obtained from the current sensor, flow meters, vibration sensor, and temperatur
sensor serve as input data to the system. The extracted features were used as input parameters
machindearningmodelsmplementedatthediagnostiandforecastingstagesAs aresult,thesystem
notonly classifieghetechnicalconditionof the pumps(normal/faulty)butalsocalculatenergyand
water consumption parameters and evaluates the overall efficiency of the equipment. Thus
integrating sensebased monitoring with intelligent data analysis creates the foundation for the
development of fulscale predictive maintenance systems in cadjuiral water technology
applications. [911].

As noted above, only one pump bearing was considered as the test object. All data related t
both healthy and faulty bearing conditions were collected according to a predefined data generatio
plan (as shown in Table 1).

Experimental data were acquired from the setup using an accelerometer (vibration sensor) ar
signalconverterandwerelocally storedontheRaspbernPi 4 platformin theform of time seriesTo
collect the dataset, four pumps operating under different technical conditions corresponding to th:
most common types of faults were used.

Tableli Main EquipmeniCharacteristicéor the Formationof the DiagnosticDataset

Conditionof PumpBearing Motor RotationalSpeed
Normal (Healthy)20rpm Normal (Healthy)20rpm
OuterRaceFault10, 20, 30 OuterRaceFault10, 20, 30
InnerRaceFault10, 20,30 InnerRaceFault10, 20,30
CageFault10,20,30 CageFault10,20,30

ForexampleQuter_Race 1(0R-10)refersto thedatasetorrespondingo anouterracedefect
collectedat arotationalfrequencyof 10 Hz. Thevibrationdatawererecordedusinganaccelerometer
mounted on the pump housing. Outer_Race_10-10Rrepresents a dataset of outer race defects
obtainedatarotationalspeedf 10 rpmusingvibrationdatacollectedfrom anaccelerometenstalled
on the pump casing. Outer_Race 20 {ZIR represents the dataset collected at 20 rpm.
Outer_Race_30 (ORO0) represents the dataset collected at 30 rpm.

DATASET

In this study, an initial dataset was used, consisting of vibration signals and additional senso
measurements describing various technical conditions of the pump units. The dataset structul
includes faulty operating modes (cage, inner race, and outededects at 10%, 20%, and 30%) as
well as normal operating conditions. For each class, the data were collected in a balanced manne
ensuring propeiraining of machinelearningmodels.Therecordedsignalswererepresentedstime
series and segmented into windows containing 12248 data points. The primary monitoring was
performedusingavibrationsensorwhile additionalparametersuchascurrentvoltage temperature,
and water flow rate were also recorded. On average, approximately 200 samples were collected ft
each class, resulting in a total dataset size of about 2,000 samples. The data obtained from tl
experimental setup are acquired using an acaekter and signal converters and are locally stored
ontheRaspberrpi 4 platformin theform of time seriesThesdime-domainsignalsaresubsequently
converted intatxt format, while the datasets are preparedavformat [1214].
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Thus, the initial data were divided into 10 classes, with balanced samples cditectadh
class. Such a structure provided the foundation for subsequentata preprocessindfiltering,
normalizationsegmentatiomndtheapplicationof machindearningmethodgPSQ SVM). Figure4

presentsthe structuraldiagramof the pump unit diagnosticalgorithm. It consistsof two main
modules:the first moduleis datapreparatiorand classification(SVM), andthe secondmoduleis
hyperparameter optimizatidSO).

DATA PREPROCESSINGAND FEATURE EXTRACTION

First, theraw signalsobtainedrom the pumpunits (vibration,current,voltage waterflow, and
temperature) are processed using tools from the Pandas anderikilibraries. At this stage, data
cleaning, normalization, and feature extraction are perforieeldataset is dividedto two parts:

I trainingseti 70%;
I testseti 30%.

The training set is used to train the SVM model. The main hyperparameters of SVM are the
regularization coefficient C and the kernel paramet¢gamma). The proper selection of these
parameters directly affects the overall performance of the model. Hyperparameter Optimization
Using the PSO Algorithm. Instead of manually selecting the SVM parameters, the PSO (Particle
Swarm Optimization) algorithirs applied. This evolutionary optimization method is based on the
collective behavior of a swarm of particles and enables efficient determination of the optimal
hyperparameter values for the model.

SVM Training

1. Theoptimalparametersoundby PSOareused.
2. Themodelis trainedon thetrainingdataset.
Model Testing

I the classification performance of SVM is evaluated on the test dataset (Accuracy, Precision,
Recall, Fiscore, etc.). In summary, this diagram describes a hybrid @K algorithm used to
diagnoseahetechnicalconditionof pumpunitsbasedn sensodata.The SVM methodis effectivefo
r small sample sizes and aims to determine the optimal separating hyperplane that maximizes the
margin between classes. Data points located closest to the separating hyperplane are referred to as

supportvectors[15-18]. For any given setof datapoints (us, Vi), (Uz, V2),..., (Un, Vn), WA YE ae
considered@sinputs,whereu andv representhecorrespondinglatapointsof thefeaturevectorsand
UWM-1,+1)aretheoutputsfor eachu.
A hyperplanen featurespaces definedas:
"M)=4"Y +®=0 1)
where:
WRY - thenormalto thehyperplanepWR - thebias(bias).
For linearly separable data:
Gfs o+ @ 01,£Q (2)
Theoptimisatiolnproblemis to maximisethe marginbetweerclasses:

G a@ €
subjecto: -
Wi ot @ 01 4)

To accountfor errors (noisein the data), deviation variablessi O 0 are introduced.The
optimisationproblemthenbecomes:

G "bar 6 % 1 b viv 0 (6)

wip+1) = e +uk+1) (7)
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- -inertial coefficient(tendencytowardsthe currentdirection);
-C1, C2 0 cognitiveandsocialcoefficients;

- r1,PW0,1] - randomvalues(providingstochasticity);

- pi - personakxperiencéexploration);

- g - socialexperiencdexploitation).

PSO-SVM HYBRID MODEL

The selection of optimal hyperparameters for the Support Vector Machine (SVM) model is a
critically importanttaskthatdirectly affectsits generalizatiorcapabilityandclassificationaccuracy.
In particulartheregularizatiorparamete€ andthekernelcoefficiento in thecaseof theRadialBasis
Function (RBF) kernel determine the balance between overfitting and underfitting, as well as the
shape of the decision boundary in the feature space. Irrelevant -imfaoonative values of these
parametermaysignificantlydegraderedictiveperformanceThemostcommonlyusedapproacHor
hyperparameter tuning is Grid Search combined with erakdation. However, this method has
several substantial drawbacks: it requires exponentially increasing computational resources as tt
dimensionality of the parameter space grows and doesk®inti@maccount prior information about
the objective function landscape. Moreover, exhaustive search methods tend to become trapped
local extrema, particularly in problems characterized by multiple local minima1JL9

For this reason, in the present study, the Particle Swarm Optimization (PSO) algorithm is
employed as a global optimization strategy. PSO belongs to the class of metaheuristic methods ar
models the collective intelligence behavior observed in biologmalifations such as bird flocks or
fish schools. It has demonstrated high efficiency in solving extremum search problems in
multidimensional and noisy spaces. Each particle in the swarm represents a possible combination
hyperparameters (§), and updates its position in the solution space based on both individual
experience and collective information (the global best solution). The objective function used to
evaluateghequalityofap a r t positiomisdhe averageclassificatioraccuracyobtaineahroughk-f
old crossvalidation on the training dataset. Thus, the PSO approach provides an adaptive, directec
and stochastic evolution of model parameters aimed at globally improving predictive performance
TheproposedSQ SVM approachreducesomputationatomplexitycomparedo exhaustivesearch
methods, demonstrates the ability to avoid local minima, and achieves improved classificatior
accuracy, making it a preferable tool for intelligent diagnostics of technical systems.

EVALUATION METRICS

To objectively assess the effectiveness of the developed classification model, standart
evaluation metrics based on the confusion matrix were applied. The confusion matrix is a

i KxK table(whereK is thenumberof classes)in which eachcell M representthenumberof
objectsthatbelongto thetrueclass butwereassignedby themodelto clasg. Basedontheconfusion
matrix, the following evaluation metrics are calculated (Table 3):

Table37 ConfusionMatrix

Actual Class Prediction

Normal Faultl Fault2 Fault3 Total
Normal: (7000) 6520 240 140 100 7000
OuterRaceFault: (21000) 380 19550 650 420 21000
InnerRaceFault: (21000) 220 480 19320 980 21000
CageFault: (21000) 150 310 720 19920 21000
Total 7270 20580 20830 21420 70100
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RESULTS
The evaluation results of the PB®/M model on the test dataset in terms of Precision,
Recall, and F&core are presented in Table 4.
Table4 i ClassificationMetricsfor EachClass

Class Precision Recall F1-Score Support
Normal 0.97 1.00 0.98 15
OuterRaceFault 0.95 0.92 0.93 13
InnerRaceFault 1.00 1.00 1.00 12
CageFault 0.89 0.85 0.87 20
Macroaverage 0.95 0.94 0.94 i
Weightedaverage 0.95 0.95 0.95 60

Thehigh F1-scorevaluesacrossall classe$>0.90)confirm the strongdiagnosticcapability
of the developed model in identifying bearing defects of pump units. The achievement of perfect
Precision and Recall values (1.00) for the Inner Race Fault class indicates the robustness of the
algorithm to input data variability and its abilitp reliably extract discriminative diagnostic
features associated with this defect type.

DISCUSSIONOF RESULTS

Theseresultsareconsideredvithin thebroaderscientificobjectiveof thedevelopmenof an
informationsystemandmathematicamodelsfor monitoringandforecastingheloadof electricpo
wer systemsbasedn hybridtechnologiesln theproposedarchitecturethePSQ SVM diagnostic
module is integrated into an intelligent information platform responsible for data acquisition,
synchronization, preprocessing, and multimodal sensor data analysis [26].

This integrated approach enables a transition from local equipment diagnostics te system
level analysis, where the technical condition of pump units is treated as a factor influencing the
energycharacteristicandloaddynamicsof thepowersystemThecombinatiorof hybridmachine
learning methods with global optimization algorithms establishes a foundation for predictive
energy consumption models that account for equipment degradation, operational regime
variations,andstochastiexternalinfluencesThus,theproposedSQ SVM modelfulfills adual
function:

1. providinghigh-accuracyfault diagnosisof pumpbearings;

2. forming the informational and analytical basis for load forecasting and operational
optimization of electric power systems.

Someexperimentatlataarepresentedh Figure6. Figurel3illustratestime-domainsignals:
sensol correspondso ahealthybearingwhereasensol correspondso afaulty bearing Forthe
healthybearing,the maximumvibrationamplitude reached 0.0035 m/s&hile for the defective
bearing it increased to 0.006 m/sZ, reflecting elevated dynamic loads and changes in spectral
characteristics. [27, 28].

In Figure 12, the horizontal axis represents the time index corresponding to discrete signal
samples, while the vertical axis shows normalized vibration amplitude values. The absence of
pronounced impulsive peaks and the statistical stability of the sigthah the range of 0.5 to
+0.9 indicate normal operating conditions. In contrast, defective conditions are characterized by
increased amplitudes and impulsive components typical of contact surface damage [29].

Overall, the obtained results demonstrate that the hybridi 88K architecture is an
effectivetool for intelligentdiagnosticandcanbe scaledwithin anintegratednformationsystem
for monitoringandforecastingheload of electricpowersystemsYou canseethediagramin the
following figure 4.
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Figure4i Vibration Datafrom Sensorl (Raw Signalof the OperatingPump)

The presented data illustrate the tidmmain vibration signal of a defective bearing. As
shown in Figures 5 and 6, the maximum amplitude for a healthy bearing reaches 0.0035 m/sZ,
whereas in the presence of a defect the amplitude increases to 0.006nditsing elevated
dynamic loads and altered energy characteristics of the unit. In Figure 13, the horizontal axis
represents the time index corresponding to discrete signal samples, while the vertical axis shows
normalizedvibrationamplitudevaluesIn contrasto thesignalundemormaloperatingconditions,
this waveform exhibits increased irregularity, pronounced local impulsive peaks, and anomalous
fluctuations, which indicate degradation of the bearing contact surfaces. These results are
considered within the broader scientific and technicgeaive of the development of an
informationsystemandmathematicamodelsfor monitoringandforecastingheloadof electricpo
wer systems based on hybrid technologies. In the proposed architecture, serésonaathing
vibration, current, voltage, temperature, and waterdlare integrated into a unified intelligent
informationplatformwhereadvancedlataprocessings performedusinghybrid machindearning
and optimization algorithms [30].

Thus, vibratioAbased diagnostic analysis not only enables the detection of bearing defects
but also provides the informational foundation for forecasting variations in the electrical load of
pump units. This approach makes it possible to account fonfllnence of equipment technical
condition on energy consumption parameters and to enhance the accuracy of load prediction
models in electric power systems. You can see the diagram in the following figure 5.
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Figure51 Vibration Datafrom Sensor2 (Faulty Pump)

Pronounced impulsive oscillations are clearly observed, indicating impact interactions
betweertherolling elementsaandthe damagedectionsof the bearingring. In certainregions the
amplitude values reach critical levels, and the signal structure loses its uniformity and statistical
stability. Suchsignalcharacteristicaretypical of developingdefects suchasouterraceor cageda
mage andconfirmthe presencef mechanicafaults. This signalwasusedduringthetrainingand
testingphase®f thediagnostianodel,whichenhanceds capabilityto detectdefectiveconditions
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at early stages of fault development. After the filtering procedure, the obtained signals are
subjectedto standardizationThe standardizatiorprocessof vibration signals acquiredfrom

of sensor data 1

Values

2000 5000 6000 7000

3000 4000
Time index

sensors (Sensor 1 and Sensor résented in the following figure. As shown in the graphs, the
standardized signals preserve the shape and dynamic behavior of the original oscillations;
however, they are scaled so that their values predominantly fall within the rangéfrom3

(Figures 6 and 7).
Figure61 Standardization dbensorl Data
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Figure71 Standardization dbensoR2 Data

The preprocessing stages include filtering, handling missing values, feature extraction,
normalization, scaling, and selection of an optimal subset of features. The presented signal
represents the raw data directly acquired from the sensor and containrteishdluctuations
reflecting dynamic system vibrations, as well as possible variations in current or pressure [6].
Long-term gradual changes are described by the trend component of the time series. In the
considered case, a decreasing trend is observed (aftdfairdary 2025), followed by partial
recovery and subsequent stabilization. This behavior may indicatedaagrehange in the
technical condition of the pump system (e.g., progressive wear or variations in hydraulic
parameters). You can see the diagram in the following figure 8.

Figure8T Al Moni t oringo
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