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REDAKTORIAUS ZODIS

Gerbiami skaitytojai ir kolegos,

Moksliniy straipsniy zurnalo “Inzinerinés ir edukacinés technologijos” atnaujintoji redkolegija
pristatydama Jums 2026 mety pirmajj numerj, dziaugiasi, jog §j karta j Jusy rankas patenka atnaujintos
struktiiros moksliniy publikacijy leidinys, pristatantis originalius tyrimus ir taikomuosius darbus aplinkos
inZinerijos, inZinerijos moksly bei socialiniy ir edukologiniy moksly kryptyse.

Aplinkos inZinerijos kryptis. Tyrimai atskleidé, kad klimato kaita ir spartéjantis gamtos iStekliy
eikvojimas salygoja poreikj pereiti prie mazai anglies dioksido j aplinkg iSskirianciy ir energija taupanciy
pastaty bei baterinio elektros energijos kaupiklio taikymo elektros suvartojimo kaStams optimizuoti.
Nuotoliniais tyrimo metodais sudaryty erdviniy duomeny rinkiniy tikslumas ir jy atitiktis stambaus mastelio
topografiniy plany rengimui UAS fotogrametrijos metodas laikytinas tinkamu tvirty vietovés kontiiry tasko
erdvinés padéties nustatymui. Analizuojant melioracijos sistemas, pastebéta, kad nusidévéjimas ir
nepakankama priezilira lemia vis daZzniau pasitaikancias uzmirkusiy teritorijy problemas. Tiriant
eksploatuojamy statiniy gelzbetonines konstrukcijas, daugiausia démesio skiriama betonui.

Visuomeninio transporto sistemy efektyvumas ir tvarumas vis labiau priklauso nuo technologiniy
sprendimy, vairuotojy elgsenos ir jy tarpusavio saveikos. Todél efektyvus transporto sistemy valdymas
reikalauja integruoto pozitrio, jungian¢io technologinius sprendimus, vairuotojy elgsenos analize ir
duomenimis grista modeliavima.

InZinerijos moksly kryptis. Vienas pagrindiniy i88tikiy, su kuriuo susiduria mazojo tipo bepilocius
orlaivius valdantys pilotai operatoriai, yra gebéjimas skristi nenaudojant navigaciniy sistemy, todél
papildoma piloto kamera gali uztikrinti tiek nenutriikstamg jvairiy uzduociy vykdyma, tiek leidzia pilotui
operatoriui sekti skrydzio marSrutg ir tokiu biidu vizualiai naviguoti orlaivj Sveisiu paros metu. Adaptyviyjy
technologijy, skirty bepiloCiy orlaiviy naSumui gerinti, konstruktyvus pritaikymas i§skiriamas kaip veiksnys,
labiausiai prisidedantis prie nasumo gerinimo ir efektyviy operacijy diapazono i§plétimo. Sis metodas yra
veiksmingas kuriant naujos kartos bepilocius orlaivius.

Optimizuotas M-14P orlaivio variklio komponenty medziagy charakteristikos parametry vertinimo
metodas jgalino susieti jspaudimo skersmenis su Brinelio kietumo vertémis ir identifikuoti medziagos tipa,
nustatyti jos vientisuma, aptikti eksploatacinius pazeidimus bei pagrjsti sprendimy priémima, atliekant
aviacijos komponenty patikra. Eksperimentinis automobilio pakabos spyruokliy suspaudimo charakteristiky
tyrimas, siekiant jvertinti jy standumga apkrovos salygomis, atliktas naudojant ,,LABA7 Spring Rate Tester
Daily* parodé, kad net ir santykinai nedideli spyruokliy standumo skirtumai gali lemti netolygy apkrovos
pasiskirstyma galinéje aSyje, o tai gali neigiamai paveikti transporto priemonés stabilumg ir vaziavimo
komfortag. Dél mechaninio stiprumo, formavimo, ilgaamziSkumo ir ekonomiskumo derinio plienuose
austenito stabilumas jgalina padidinti stipruma, tvirtuma, atsparumg dilimui ir nuovargio savybes. Nors
pluosto armavimas zymiai padidina patvarumg, tai sumazina atsparumg dilimui ir padidina apdirbimo
sudétingumg ir tuo apriboja galimybe praktiniam pritaikymui. Sios jzvalgos suteikia praktiniy gairiy
pasirinkant medziagas, projektuojant patvarius minkstus roboto elementus.

Socialiniy ir edukologiniy moksly kryptis. Nepaisant technologinés pazangos, zmogiskasis faktorius
iSlieka kritiniu sistemos elementu, kurio biiklé tiesiogiai veikia eismo jvykiy tikimybe. Todél efektyvus
saugos valdymas reikalauja integruoto poziiirio, apimancio darbo organizavima, ergonomika ir
psichofiziologinés buklés stebéseng. SavarankiSkam besimokantiems apie kompiuteriy architektirg ir
mikroprocesoriy funkcionalumg, reikia atsizvelgti | konstrukcinius ypatumus, instrukcijy rinkinj,
adresuojamos atminties dydj, duomeny magistralés dydj ir kitas svarbias savybes. Pasililyta sistema,
apimantis projektavimo filosofijas, gali but nesunkiai ple¢iama ir modifikuojama bei gali biiti skiriama kaip
uzduotis studentams.

Tikimés, kad jvairiapusi§kai pristatomi tyrimy aspektai paskatins skaitytojus susidométi

publikacijomis, dékojame straipsniy autoriams ir tikimés sékmingo tolesnio bendradarbiavimo.

Su pagarba,
vyriausioji redaktoré dr. Lina Girdauskiené



TURINYS

APLINKOS INZINERIJOS MOKSLU KRYPTIS ............oooivimiieinreeeeeeeeeeeeeee e

SUSTAINABILITY AND ENERGY EFFICIENCY THROUGH FACADE-INTEGRATED

PHOTOVOLTAIC SYSTEMS ...ttt ettt s s

Esmeralda Styps, Vilda Grybauskien¢
Lietuvos Inzinerijos Kolegija Higher Education Institution

ENERGIJOS KAUPIMO SISTEMOS TAIKYMAS ELEKTROS ENERGIJOS VARTOJIMUI

OPTIMIZUOTT ...ttt ettt sttt ettt st ettt s bbb sbe e e e b eanen

Arnas Kapocius, Nerijus Paulauskas
Vilnius Tech

MANAGEMENT CHALLENGES OF UNFORMED STATE-OWNED LAND AT

THE LOCAL LEVEL ..ottt st s s e sne s

Edita Abalikstiené, Eglé Juchnevic
Lietuvos Inzinerijos Kolegija Higher Education Institution

NUOTOLINIU MATAVIMU TAIKYMO ISMATUOTU TOPOGRAFINIU ERDVINIU

DUOMENU TIKSLUMUI TYRIMAS ...ttt

Giedrius Balevidius" 2, Vaiva Stravinskiené'
! Lietuvos inzinerijos kolegija, > VDU Zemés tikio akademija

IDENTIFICATION AND COMPARISON OF WATERLOGGED AREAS IN DRAINED

LAND USING DIFFERENT REMOTE SENSING METHODS......c.ccooiiiiiiiniiniceieeeeieene

Daiva Gudritiené, Vilma Salkauskiené
Lietuvos Inzinerijos Kolegija Higher Education Institution

LONG-TERM ANNUAL VARIABILITY OF NITROGEN AND PHOSPHORUS
CONCENTRATIONS AND ESTIMATED LOADS IN THE NEMUNAS RIVER

DURING 2001 — 2024 ...ttt ettt st st sttt ettt e bee e

Sinilga Cernulien¢, Jurgita Babiliené
Lietuvos Inzinerijos Kolegija Higher Education Institution

INVESTIGATIONS OF THE PHYSICAL AND MECHANICAL PROPERTIES OF
REINFORCED-CONCRETE SLABS USED FOR SLOPE PROTECTION AT

FLUCTUATING WATER LEVELS ...ttt

Raimondas Sadzevi¢ius', Dainius Ramukevi¢ius', Justyna Dzieciol?
Lietuvos inZinerijos kolegija Higher Education Institution,
*Warsaw University of Life Sciences (SGGW)

KELKRASCIO KONSTRUKCIJOS SPRENDINIAI IR JU JTAKA DANGOS STABILUMUI
Regina Motiené
Lietuvos inzinerijos kolegija

TECHNOLOGIU, VAIRUOTOJU ELGSENOS IR MATEMATINIU MODELIU
INTEGRACIJA VISUOMENINIO TRANSPORTO SISTEMOSE: SAUGOS IR

APLINKOSAUGINIO EFEKTYVUMO VERTINIMAS .....cccoociiiiiiiiiiiiieeeeceeeeee

Albertas Sarinskas
Vilniaus Gedimino Technikos Universitetas

INZINERIJOS MOKSLU KRYTIS

ENVIRONMENTAL CHALLENGES OF FUTURE AERODYNAMICS .......cccoociiiiniiiininn.

Audrius Jonusas
Lietuvos Inzinerijos Kolegija Higher Education Institution



ADAPTIVE TECHNOLOGIES FOR UNMANNED AERIAL VEHICLES ........ccccoeiiiiiinieenceiereeee 92
Viktors Gutakovskis, Vladimirs Gudakovskis, Daniils Marcenko, Aleksandrs Kuzevanovs
Riga Technical University, Institute of Aeronautics, Space Engineering and Transport

BEPILOCIO ORLAIVIO PENGUIN MK 2.5 VTOL PILOTO KAMEROS IR NAUDINGOSIOS
APKROVOS MODULIO DANGTELIO TEORINIO MODELIO TYRIMAS.......ccoiiieieieieereeieeeeeane 96
Morta Januténaité, Esmeralda Styps, Kestutis Grigalitinas

Lietuvos inZinerijos kolegija

DEVELOPMENT AND ANALYSIS OF METHODS FOR DECRYPTION AMBIGUITY

REDUCTION IN PUBLIC-KEY CRYPTOSYSTEMS....citoeieereeee et 104
Petras Nefas, Ruta Janktiniené

Lietuvos Inzinerijos Kolegija Higher Education Institution

EXPERIMENTAL INVESTIGATION OF REAR SUSPENSION COIL SPRING STIFFNESS. .............. 115
Tomas Mickevicius
Lietuvos Inzinerijos Kolegija|Higher Education Institution

FORMATION AND TRANSFORMATION OF AUSTENITE AND THE ELIMINATION OF

RETAINED AUSTENITE.......coottiieiie ettt ettt sttt e e s esebeesveesbaestaestaesssessseesseesssesssesssenssesssens 121
Artis Iesmins, Viktors Gutakovskis, Aleksandrs Okunevs

Riga Technical College, Latvia

PLGA NANOPLUO§TU, PAGAMINTU ELEKTROVERPIMO METODU, PORETUMO

VERTINIMAS TAIKANT SEM VAIZDU ANALIZE IR SKYSCIO ISSTUMIMO METODA............... 125
Andzela Sesok

Vilniustech

BRINELL HARDNESS EVALUATION AND MATERIAL VERIFICATION OF

M-14P AIRCRAFT ENGINE VALVE GUIDES AND PISTON PIN.....ccoooiiiiiiiieeiee e 130
Esmeralda Styps, Valdas Spei¢ys

Lietuvos Inzinerijos Kolegija Higher Education Institution

PERFORMANCE AND FATIGUE ANALYSIS OF 3D-PRINTED TPU FOR SOFT ROBOTIC

GRIPPER APPLICATIONS ...ttt eee e et eae e et e et e eaa e e eaaeseteeeenaeeeaeseenseeereeeenns 137
Aleksandrs Okunevs, Viktors Gutakovskis, Artis Iesmins

Riga Technical College

SOCTALINIY IR EDUKOLOGINIY MOKSLU KRYTIS 143

PROFESIONALIU VAIRUOTOJU DARBO SPECIFIKA VISUOMENINIAME TRANSPORTE:
PSICHOFIZIOLOGINIU, ERGONOMINIU IR ORGANIZACINIU VEIKSNIU INTEGRUOTA
ANALIZE SAUGOS KONTEKSTE ...ttt e et et eeeeee e eeeeeeeeeeeseaeseseeeaeeeeeeneeens 144
Albertas Sarinskas

Vilniaus Gedimino Technikos Universitetas

ANALYSIS AND DESIGN OF MICROPROCESSOR WORKBENCH ARCHITECTURE FOR
EDUCATIONAL PURPOSES ...ttt sttt ettt 157
Saulius Pauksté

Vilnius Gediminas Technical University

GOOGLE PASLAUGUY DUOMENU OPTIMIZAVIMO PROGRAMA ......cccoiiiiiieieeieeeeeeee e 169
Jurij Tekutov' %4, Julija Smirnova'

Klaipédos valstybiné kolegija, 2Klaipédos universitetas,

3SMK Aukstoji mokykla, “Lietuvos verslo kolegija



APLINKOS INZINERIJOS MOKSLU KRYPTIS



SUSTAINABILITY AND ENERGY EFFICIENCY THROUGH FACADE-INTEGRATED
PHOTOVOLTAIC SYSTEMS

Esmeralda Styps, Vilda Grybauskiené
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

Climate change and the accelerating depletion of natural resources highlight the need to transition toward low-
carbon and energy-efficient buildings. Photovoltaic (PV) technologies play a central role in this shift, particularly in
urban environments where building-integrated solutions can significantly reduce dependence on grid electricity. A
structured methodology was developed based on publicly available solar resource datasets, building-specific analysis,
PV system configuration, and performance modelling using PVGIS. Although initial amortization limits financial
benefits during the first years, the overall payback period is estimated at 6—8 years, confirming the viability of facade-
integrated PV as a sustainable solution for public sector buildings.

Key words: Photovoltaic (PV) technologies; PV system configuration and performance; amortization limits.

Introduction

In Europe, significant progress has been achieved in promoting sustainable and low energy buildings,
largely driven by the continuously evolving regulatory framework established by the European Union. Key
documents: including the Energy Performance of Buildings Directive (EPBD) [1] and the Renewable Energy
Directive (RED 1I) [2] require that new and renovated buildings move toward nearly zero-energy
performance by integrating on-site renewable energy sources and improving overall energy efficiency [3].
These measures are crucial as the building sector accounts for approximately 40% of total energy
consumption and 36% of CO: emissions within the EU [4]. Lithuania follows the same strategic direction,
aligning its national policies with long term EU climate-neutrality goals.

Over the past decades, photovoltaic (PV) technology has become one of the fastest-growing renewable
energy sources globally. Its expansion is driven by the abundance of solar energy, decreasing technology
costs, and continuous improvements in module efficiency [3]. However, the performance of PV systems
strongly depends on local conditions solar irradiance, temperature, shading, and seasonal variability
highlighting the need for detailed resource and site assessments prior to installation [5, 6]

The operation of PV modules is based on the photovoltaic effect occurring in semiconductor materials.
In crystalline silicon cells, the energy band gap of approximately 1.1 eV [7] determines the photon energy
required to generate charge carriers. Temperature changes significantly influence system performance: as
module temperature increases, voltage decreases, ultimately reducing efficiency [8, 9]. Previous studies have
also emphasized the importance of irradiance, series resistance, and shading, noting that their dynamic
interactions determine real-world system behavior [10]. Modern performance modelling tools enable precise
prediction of system output and support optimization of module orientation, tilt, and configuration [11].

The aim of this research is to design and evaluate a facade-integrated photovoltaic system capable of
covering a significant share of an institutional building’s electricity demand under Lithuanian climatic
conditions.

Although no specific energy savings target is set, this research seeks to maximize the utilization of
available solar energy to reduce electricity consumption from conventional sources. For the design and
simulation of the system, IECO software will be used, which allows for evaluating the design and energy
production of a photovoltaic system. Additionally, a comparison of the building's energy consumption with
and without the photovoltaic system is planned to assess the benefits it may offer in terms of sustainability
and efficiency.

Materials and methods

Photovoltaic technology forms the foundation of solar energy generation systems, which convert
sunlight into electricity through the photovoltaic effect. This phenomenon occurs when photons from
sunlight strike a semiconductor material (usually silicon), causing the movement of electrons and generating
an electric current. This direct current (DC) can be converted to alternating current (AC) via an inverter and
used to power electrical devices or be fed into the electrical grid.

The methodology for designing and evaluating the facade-integrated photovoltaic (PV) system was
structured into four stages: (1) solar resource assessment, (2) facade suitability analysis and system
configuration, (3) performance modelling, and (4) comparative analysis with institutional electricity
consumption. This structure ensures transparency, reproducibility and consistency with established PV
engineering practice.



Solar resource assessment. The first stage focused on determining the long-term solar potential of the
installation site in Kaunas, Lithuania. Solar radiation and climatic variables were obtained from the
Photovoltaic Geographical Information System (PVGIS), which provides validated monthly and hourly
values of global horizontal irradiation (GHI), diffuse and direct components, and ambient temperature. To
confirm the stability of irradiance patterns, PVGIS data were cross-checked against regional information
from CAMS and the European Environment Agency, which are widely used in PV resource evaluations [4,
5, 6]. These datasets ensure that the modelling is grounded in robust, scientifically verified environmental
inputs.
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Fig. 1. Key Parameters of a Photovoltaic Module. Resources.
Source: [6]

The shape of the I-V curve (Fig. 1) varies according to solar irradiation and temperature. Higher
irradiation shifts the curve toward a higher current, while an increase in temperature tends to reduce the
voltage.

Facade assessment and system configuration. The second stage involved assessing the building facade
to identify technically suitable areas for photovoltaic integration, noting that facade-integrated PV (FIPV) is
a specific form of building-integrated PV (BIPV). The assessment considered facade orientation, usable
surface dimensions, structural constraints, and potential shading. Shading analysis was performed using
PVGIS horizon profiles and verified through geospatial inspection in Google Earth Pro, ensuring
reproducibility based solely on publicly available tools [12, 13].

Based on the available facade area and expected irradiance, monocrystalline silicon modules were
selected due to their high efficiency and favorable power-to-area ratio [10, 12]. Module characteristics-
including nominal power, efficiency and thermal coefficient-were taken from publicly accessible
manufacturer datasheets. Inverter selection followed European PV design principles, prioritizing devices
with Euro-efficiency above 96% [5, 6].

Performance modelling. The third stage estimated the system’s expected electricity generation. All
simulation results were derived from the PVGIS performance engine, which includes established models for
irradiance transposition, cell temperature, optical losses, electrical losses and long-term degradation [13].
IECO software was used only as a supplementary tool to inspect I-V (Figure 1) and evaluate shading
sensitivity.

The presence of shadows or nearby buildings can significantly reduce energy generation. Partially
shaded modules generate less current, impacting the overall system performance if modules are connected
in series.

Standardized loss factors were applied in line with recognized international PV performance research.
These included inverter losses (4-5%), temperature-related losses (7—12%), soiling (2-3%), mismatch (1—
2%), cable losses (~2%) and an annual degradation rate of 0.5% [3]. These values reflect typical operational
conditions for PV systems in European climates [5].



For a facade — roof - installation, like the Lietuvos inzinerijos kolegija Higher Education Institution in
Kaunas (Fig. 2), fixed structures are often the best option due to the simplicity and spatial limitations of the
setup.

Fig. 2. Panel installation on the roof of Lietuvos Inzinerijos Kolegija Higher Education Institution
Source: created by authors

Comparative energy analysis. The final stage compared the modelled PV electricity generation with
representative load profiles of institutional buildings. In the absence of on-site metering data, typical
consumption trends were reconstructed using datasets from Eurostat, the Lithuanian Energy Agency, and the
ENTSO-E Transparency Platform, which provide electricity use data for buildings of comparable type and
size [11]. This comparison enabled the calculation of the self-consumption ratio, self-sufficiency ratio,
reduction in grid electricity demand and avoided CO- emissions using EEA emission factors. The integration
of open environmental datasets, publicly available technical specifications and validated modelling tools
ensures full transparency and independent reproducibility of the methodological process.

Results

The performance of the fagade-integrated photovoltaic (PV) system was evaluated using long-term
solar resource datasets and PVGIS-based simulations. The PVGIS SARAH irradiance dataset indicates that
Kaunas receives approximately 1,140 kWh/m*/year of global horizontal irradiation, forming the basis for
system performance modelling [4, 5, 6]. Under these conditions, the 67.6 kW monocrystalline fagade-
mounted system is projected to generate 56,800-59,400 kWh per year, depending on annual climatic
variability.

The monthly distribution of electricity generation reflects the characteristic seasonality of Baltic solar
resources, with output peaking during late spring and summer and decreasing significantly during winter
months. Table 1 summarises the modelled electricity generation for each month and the corresponding share
of annual production.

Table 1
Monthly energy generation and monthly share of annual output.
1 2 3 4 5 6 7 8 9 10 11 12
Energy generated (kWh) 1150 | 1750 | 4300 | 6010 | 7500 | 8050 | 7820 | 6600 | 5100 | 3200 | 1800 | 9300
Monthly share of annual (%) 2,1 3,2 7,9 11,2 | 13,8 | 148 | 144 | 12,1 9,4 5,9 33 1,7
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Fig.3. PV energy generation (kWh) and share of annual output: (a) Monthly energy output; (b) Monthly
share of annual production.
Source: created by authors

Figure 3 provides a combined representation of monthly energy output and the monthly share of annual
production. This visualization highlights the concentration of generation between May and August, as well
as the substantially lower output during the winter period, consistent with the irradiance distribution patterns
in the region [12, 13].

Based on the modelled annual generation, the facade-integrated system can supply approximately 40—
42% of the expected annual electricity demand of a typical institutional building of comparable size [11].
Using EEA emission factors, the annual production corresponds to 27.8-29.2 tons of avoided CO- emissions,
reflecting the environmental benefit of replacing grid electricity with locally generated renewable energy.

Photovoltaic systems use different types of panels based on the material and manufacturing process
of their cells. Choosing the right type of panel is essential, as each type has unique characteristics in terms
of efficiency, durability, and cost, which impact the overall system performance. The efficiency and
performance of a photovoltaic system depend not only on the type of panel but also on the type of support
structure used to mount the panels. Each type of panel and support structure offers advantages and limitations
that should be considered based on the specific conditions of the project. For a facade installation (Figure 2),
fixed structures are often the best option due to the simplicity and spatial limitations of the setup. In terms
of panel type, monocrystalline silicon modules are recommended in this case, as they maximize efficiency
and energy generation in a limited area.

Overall, the results confirm that the facade-integrated PV system provides a meaningful contribution
to building electricity supply under Lithuanian climatic conditions, with predictable performance derived
from validated irradiance datasets and standardized PVGIS modelling procedures. Finally, the modelling
results confirm that facade-mounted PV systems can provide meaningful energy, environmental, and
operational benefits even in regions with moderate solar resources.

The system maintains reliable performance characteristics, predictable seasonal behaviour, and
favourable interaction with institutional load profiles—demonstrating its suitability for Lithuanian climatic
conditions.

Discussions

The results of this study demonstrate that the fagade-integrated photovoltaic (FIPV) system can
achieve stable and regionally consistent performance under Lithuanian climatic conditions. The modelled
annual electricity generation of 56,800—59,400 kWh corresponds well with long-term irradiance patterns
derived from PVGIS and other validated European datasets [4, 5, 6]. This agreement indicates that the
selected modelling approach is suitable for assessing PV performance in Baltic environments, where
seasonal irradiance variations heavily influence annual output.

The seasonal distribution of electricity production is characteristic of northern latitudes, with a
pronounced generation peak during late spring and summer and markedly reduced output in winter months.
This pattern is consistent with the irradiance distribution incorporated in PVGIS simulations and verified
through horizon-based shading analyses [12, 13]. Although winter performance is inherently low due to
reduced solar altitude and shorter daylight duration, the fagade orientation facilitates relatively effective
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utilisation of diffuse irradiance during transitional months. This feature aligns with findings from studies
evaluating vertical FIPV surfaces in similar temperate climates.

The applied system configuration-monocrystalline silicon modules combined with high-efficiency
inverters-contributed to achieving yield levels within the expected range for fagade-mounted systems. Loss
factors used in performance modelling, including temperature-related, inverter, soiling, mismatch and cable
losses, correspond to internationally recognised PV performance benchmarks [5]. The resulting loss structure
supports the reliability of the estimated performance ratio and confirms that facade-mounted PV systems can
perform comparably to conventional rooftop systems when high-quality components and well-oriented
surfaces are used.

The comparison between PV generation and typical electricity consumption profiles of institutional
buildings shows that the system can supply approximately 40—42% of annual demand [11]. This share is
notable for a facade-integrated system, as such installations often face spatial limitations. Because
institutional buildings primarily operate during daylight hours, a considerable portion of the generated energy
can be consumed on-site, reducing the need for storage solutions. This alignment between generation and
demand enhances the practical value of FIPV systems for public-sector facilities.

The estimated avoided emissions of 27.8-29.2 tonnes of CO: per year further underline the
environmental benefits of integrating FIPV into existing building facades. When compared with electricity
emission factors provided by the European Environment Agency, these reductions demonstrate the potential
of medium-scale FIPV systems to meaningfully contribute to national decarbonisation efforts. Since the
system relies on publicly accessible irradiance datasets, openly available technical specifications and
validated modelling tools, the environmental and performance outcomes presented here can be
independently verified and replicated.

The installation of a photovoltaic system in the Student Residence Hall in Kaunas brings numerous
environmental and urban benefits, along with certain regulatory considerations.

1. Environmental Benefits: CO. Emission Reduction: By generating energy without direct emissions,
the photovoltaic system significantly reduces the building’s carbon footprint. It is estimated that a 67.58 kW
system could reduce around 35 tons of CO: annually, supporting the EU’s sustainability goals; Resource
Conservation and Pollution Reduction: Solar energy use decreases reliance on fossil fuels and reduces air
pollution, thereby improving urban quality of life and minimizing impact on natural resources; Sustainable
Awareness: Integrating solar technology in a visible environment, such as a student residence, fosters a
culture of sustainability and raises community awareness on responsible energy use.

2. Community and Urban Environment Impact:

Energy Resilience: Self-generated energy reduces dependency on the electrical grid, providing energy
resilience during periods of high demand or price increases.

3. Legal and Regulatory Barriers in Kaunas: Installation Permits and Urban Planning Regulations: In
Kaunas, a permit is required to install photovoltaic systems on fagades, with reviews to ensure structural
safety and visual impact, especially in protected areas; Safety and Efficiency Standards: European
regulations mandate that photovoltaic systems meet quality and safety standards, particularly to withstand
environmental conditions such as high winds; Financial Incentives: Lithuania and the EU offer grants and
tax credits for renewable energy, which could help reduce installation costs and improve the project’s
feasibility.

Overall, the discussion highlights that fagade-integrated PV represents a technically feasible,
environmentally advantageous and operationally compatible solution for institutional buildings in Lithuania.
The system’s performance is supported by robust irradiance data, validated modelling methods and a
configuration optimized for limited facade area. These findings align with broader trends in the adoption of
BIPV technologies across Europe and support further exploration of facade-based renewable energy
integration in public infrastructure.

Conclusions

The facade-integrated photovoltaic system demonstrated high technical suitability for Lithuanian
climatic conditions.

Seasonal variability in solar resources results in higher summer generation. however, the system
maintains stable performance during spring and autumn due to effective utilisation of diffuse irradiance. The
system’s strong alignment with institutional building load profiles results in a self-consumption ratio of 65—
75%, enabling the PV installation to cover approximately 40% of annual electricity demand. This
significantly reduces dependence on grid electricity and directly addresses the research objective of
increasing on-site renewable energy generation.
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PV installation on the facade enables the avoidance of 28-29 tonnes of CO. emissions per year,

contributing to national and EU-level decarbonisation objectives and demonstrating the environmental
benefits defined in the research tasks.

Economically, the estimated 6—8-year payback period confirms favourable investment potential. The

findings show that facade-integrated PV offers a viable and sustainable solution for public-sector buildings,
especially where roof space is limited or architectural constraints exist.

Photovoltaic systems are continually developing and improving, the only counter point is that a big

amount of resources (in this case sun irradiation) are needed, and not all locations are good to carry out the
installation.
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TVARUMAS IR ENERGIJOS VARTOJIMO EFEKTYVUMAS TAIKANT | FASADA INTEGRUOTAS
FOTOVOLTINES SISTEMAS

Santrauka

Klimato kaita ir spartéjantis gamtos istekliy eikvojimas formuoja poreikj pereiti prie mazai anglies dioksido j aplinka
i§skirianciy ir energija taupanciy pastaty. Fotovoltinés (FV) technologijos vaidina pagrindinj vaidmenj Siame pokytyje,
ypac miesto aplinkoje, kur j pastatus integruoti sprendimai gali gerokai sumazinti priklausomybe nuo tinklo elektros
energijos. Remiantis vieSai prieinamais saulés iStekliy duomeny rinkiniais, pastaty specifine analize, FV sistemos
konfigiliracija ir nasumo modeliavimu naudojant PVGIS, buvo sukurta struktirizuota metodika. Nors pradiné
amortizacija riboja finansing naudg pirmaisiais metais, bendras atsipirkimo laikotarpis yra 6—8 metai, o tai patvirtina,
kad j fasadg integruotos FV yra tvarus sprendimas vie$ojo sektoriaus pastatams.

ReikSminiai ZodZiai: Fotovoltinés (FV) technologijos; FV sistemos konfigiiracija ir naSumas; amortizacijos ribos.
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ENERGIJOS KAUPIMO SISTEMOS TAIKYMAS ELEKTROS ENERGIJOS VARTOJIMUI
OPTIMIZUOTI

Arnas Kapodius, Nerijus Paulauskas
Vilnius Tech

Anotacija

Straipsnglje nagrin¢jamas baterinio elektros energijos kaupiklio taikymas elektros suvartojimo kaStams
optimizuoti. Sukurtas saulés jégainés ir baterinio kaupiklio sistemos darbo optimizavimo matematinis modelis. Modelis
jgyvendintas Python programavimo kalba, o optimizavimo uzdavinys sprendziamas taikant misriyjy sveikyjy
skai¢iy tiesinio programavimo (MILP) metoda. ApraSoma daugiakriteré tikslo funkcija, kuria
maksimizuojamas kainy arbitrazo pelnas ir saulés jégainés pagamintos energijos suvartojimas. Atliekama
metiniy rezultaty analizé¢ ir vertinama baterijos parametry jtaka. Tyrimo metu nustatyta, kad santykine
ekonoming naudg reikSmingiausiai lemia baterijos C koeficientas.

ReikSminiai ZodZiai: baterinis elektros energijos kaupiklis, matematinis optimizavimas, MILP, kainy arbitrazas,
daugiakriteré tikslo funkcija

Ivadas

Fotovoltings (PV) ir véjo jégainés yra vienos i$ pagrindiniy technologijy, gaminanciy elektros energija
Europos Sajungos (ES) Salyse. Naujausiy tyrimy duomenimis, ES 2024 metais 47,5 % bendros suvartojamos
elektros energijos buvo pagaminta i§ atsinaujinanciy iStekliy, i§ kuriy saulés ir véjo jégainés sudaro 61,4 %
gamybos dalj (Eurostat, 2026). Vis délto i§ 2025 mety birZelio ménesio statistiniy duomeny apzvalgos
matoma, kad tai buvo pirmasis ménuo ES istorijoje, kai PV jégainiy pagaminta elektros energija buvo
pagrindinis elektros energijos Saltinis (Eurostat, 2025b). Tradicinés elektros energijos tinkly sistemos néra
suprojektuotos prisitaikyti prie dideliy tinklo apkrovos pasikeitimy, kuriuos sukelia saulés jégainés ar véjo
elektrinés. Pastarieji elektros energijos $altiniai yra nepastoviis dél natiiralios oro salygy kaitos, todél elektros
gamybos ir suvartojimo santykj tinkle sunku prognozuoti. Tokiu atveju vienas i§ sprendimy yra sistema
stabilizuojantis elementas, pavyzdziui, elektros energijos kaupiklis (toliau — EEK). Praktika rodo, kad
energijos kaupimo sistemos integravimas yra geras sprendimas siekiant stabilizuoti tinklo jtampos lygj,
uztikrinti galios perdavimo pastovuma. Sprendimo metodas yra tinklo perkrovos atveju saugoti energija
kaupimo sistemoje ir esant didesniam galios poreikiui i§ pastarosios sistemos grazinti reikalinga elektros
energijos kiekj atgal j tinklg (Rey ir kt., 2023). D¢l Sios priezasties, augant atsinaujinanciy iStekliy
sugeneruotos energijos kiekiui, taip pat auga ir EEK paklausa. Remiantis statistiniais duomenimis
prognozuojama, kad EEK paklausa ES iki 2030 mety sieks 200 GW ir iki 2050 mety — 600 GW jdiegtos
galios (European Commission, s.a.).

Europos Sajungoje industrijos sektorius iSlieka didziausiu elektros energijos vartotoju, todél
besikeicianti energetikos rinka skatina istirti, kaip Sio sektoriaus atstovai reaguoja j elektros kainy kintamuma
bei pasitlos nestabilumg. Elektros energija uzima didziausig dalj (33 %) ES industrijos suvartojamy
energetikos produkty, todél auksta elektros kaina ir nestabilus tiekimas riboja konkurencinguma. Si
tendencija matoma lyginant statistinius duomenis ES ir kity didziausiy pasaulio regiony (pvz., JAV ar
Kinija), kuriy vidutinés kainos industrijos vartotojams 2023-2024 metais buvo 45 % mazesnés (Eurostat,
2025a; IEA, 2025). Atsizvelgiant j elektros energijos paklausos augima ES industrijos sektoriuje ir didéjantj
poreikj suvaldyti tinklo nestabilumus, tokiems vartotojams sitiloma remtis PV ir bateriniy elektros energijos
kaupikliy sistemos (toliau — BEEKS) technologijy kombinacija. Atlikti tyrimai jrodo, kad bateriné¢ kaupiklio
sistema gali biiti panaudojama sprendziant paklausos trikumo problemas industrijos sektoriaus vartotojams
(Heffron ir kt., 2020). Taip pat, priklausomai nuo rinkos, BEEKS gali biiti gera investicija siekiant sumazinti
elektros energijos suvartojimo kaStus. Europoje atliktas tyrimas parodé, kad tvarus BEEKS panaudojimas
siekiant pelno kainy arbitrazo principu yra pelningas 23 i§ 25 tyrime nagrinéty Saliy, i§ kuriy pagal
pelningumg pirmauja Rumunija, Latvija, Lietuva ir Estija (Shabani ir kt., 2025). Kita vertus, atsizvelgiant j
Ispanijoje atlikto tyrimo rezultatus galima teigti, kad BEEKS panaudojimas PV gaminanciy vartotojy atveju
ne visada yra pelningas ir priklauso nuo Salyje galiojan¢iy mokes¢iy jstatymy ir elektros kainos (Echevarria
Camarero ir kt., 2023). I§ pateikty tyrimy rezultaty matyti, kad BEEKS taikymas néra universaliai pelningas
sprendimas. Taigi, Siame darbe tiriamas baterinio elektros energijos kaupiklio darbo optimizavimas, siekiant
sumazinti elektros energijos suvartojimo kastus.

Tyrimo objektas — baterinio elektros energijos kaupiklio darbo optimizavimas.

Tyrimo tikslas — sukurti baterinio energijos kaupiklio darbo optimizavimo modelj saulés jégaines ir
baterinio kaupiklio sistemoje, atlikti metiniy rezultaty analiz¢ ir nustatyti baterijos parametry jtakga.
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BEEKS optimizavimo modelis

Tyrime nagrinéjamas matematinis modelis, skirtas optimizuoti baterinio elektros energijos kaupiklio
veikimg sistemoje, kurig sudaro saulés jégainé, apkrova, elektros tinklas ir baterinis kaupiklis. Modelis
taikomas kitos dienos (angl. day-ahead) planavimo uzdaviniui, kai zinomi arba prognozuojami PV
generacijos, elektros energijos suvartojimo ir elektros kainy duomenys. Optimizavimo tikslas — surasti
optimaly baterinio kaupiklio jkrovimo ir iSkrovimo grafika, kuris sumazinty sistemos elektros energijos
suvartojimo kastus, atsizvelgiant j jvesties duomenis ir baterijos techninius parametrus.

Eksperimentams naudojamas jvesties duomeny rinkinys, apibtidinantis industrinio objekto elektros
energijos suvartojimo profilj ir vidutinio pajégumo saulés jégaing. Daroma prielaida, kad objektas yra
Lietuvoje, todeél elektros kainy duomenys pateikiami i§ Nord Pool rinkos portalo (Nord Pool | Day-ahead
prices, s.a.).

Tyrime nagrinéjama sistema apima saulés jégaing, apkrova, elektros tinkla ir baterinj elektros
energijos kaupiklj. Baterijos jkrovimo ir iSkrovimo grafikas priklauso nuo PV generacijos ir elektros
energijos suvartojimo poreikio, todél modelis turi jvertinti visus sistemos komponentus ir apribojimus.
Optimizavimo modelis sudaro kitos dienos galios srauty pasiskirstymo plang tarp §iy sistemos komponenty,
siekiant sumazinti sistemos elektros energijos kastus. Sprendimo kintamieji apibrézia, kaip energijos
suvartojimo poreikis padengiamas naudojant PV generacija, elektros tinklg ir BEEKS (Zare Ghaleh Seyyedi
ir kt., 2025).

Optimizavimo modelis apibréziamas fiksuotame diskretaus laiko horizonte, kuriame jvesties
duomenys laikomi apibréztais. Sudarant kitos dienos veikimo plang neapibrézti duomenys i§ anksto
prognozuojami ir modelyje naudojami kaip apibrézti parametrai. Kiekviename laiko zingsnyje modelis
suskaiCiuoja galios srauty sprendimo kintamuosius ir atnaujina sistemos blsenos bei iSvestinius
kintamuosius. Kadangi baterijos jkrovimo biisena kiekviename momente priklauso nuo ankstesniy jkrovimo
ir iSkrovimo sprendimy, tai BEEKS veikimo plano sudarymo uzdavinys yra susietas laike (Hu ir kt., 2021).
Modelyje diskretaus laiko horizontas apibréziamas pagal 1 formule, kai vieno laiko zingsnio trukmé yra 15
minuciy, o visas laiko horizontas — 24 valandos.

teT=1{1,2,...,96}, At = 0,25, (1)
¢ia: t — laiko zingsnio indeksas, T — diskretaus laiko zingsniy aibé, At — vieno laiko zingsnio trukmé.

PV generuojama galia gali biiti naudojama padengti apkrovos poreikj, jkrauti baterija arba eksportuoti
] tinkla. Modelyje taip pat jvertinama apribota PV generacija, kuri papildomai apmokestinama pagal
nustatytg apribojimo bauda. Apkrovos poreikis padengiamas vietine PV generacija, baterijos iSkrovimu arba
importu i§ elektros tinklo. Baterija jkraunama i$ vietinés PV generacijos arba importu i$ elektros tinklo, o
iSkraunama ] apkrova arba eksportui j tinkla. Modelio parenkami kaupiklio jkrovimo ir iSkrovimo galios
srautai sumuojami i§vestiniuose kintamuosiuose, kurie apraSomi atitinkamai 2 ir 3 formulése.

ph =xfVEP +x0P, vterT, (2)
pds = xPt +xPC¢, vteT, 3)

¢ia: pe" — bendra baterijos jkrovimo galia, p* — bendra baterijos iSkrovimo galia, x"® — galios srautas i3
PV j baterijg, x%B — galios srautas i3 tinklo j baterijg, x®" — galios srautas i$ baterijos j apkrova, x*¢ — galios
srautas i§ baterijos j tinkla.

Bendra i$ tinklo importuojama galia apskaic¢iuojama kaip galios srauty i apkrovg ir baterijg suma,
kurios lygtis nurodoma 4 formuléje, o i elektros tinklg eksportuojama galia apskaiiuojama kaip PV
generacijos ir baterijos galios srauty j tinklg suma, kurios lygtis nurodoma 5 formuléje.

gémp = xf’L + xf'B, VteT, 4)
gfxp = fo’G + xf’G, VteT, ®))

Cia: g™ — bendra importuojama galia, g — bendra eksportuojama galia, x5 — galios srautas i$ tinklo j
apkrova, x,% — galios srautas i§ tinklo j baterijg, x,"* — galios srautas i§ PV j tinklg, x,*>“ — galios srautas i$
baterijos j tinkla.

Remiantis moksline literatiira, optimizavimo modelyje baterijos talpos nusidévéjimg galima apraSyti
supaprastinta tiesine priklausomybe nuo baterijos iSkrovos. LFP baterijy pelningumo tyrime teigiama, kad
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talpos degradacijg laiko Zingsnyje galima apskaic¢iuoti bendros i§ baterijos iSkrautos energijos ir nustatyto
nusidévéjimo koeficiento sandauga (Wankmiiller ir kt., 2017). Nusidévéjimo kastai skaiCiuojami
supaprastinta tiesine iSraiska (6 formulé¢). Priimta, kad baterijos 1 kWh talpos kaina yra 300 Eur.

Caeg = @ Cp= 2,71-1075-300 = 0,00813

— dis
Cdeg = Cdeg * ZtET Dt At, (6)
¢ia: cgeg — nusidévejimo kastai vienam iskrautos energijos vienetui, o — nusidévéjimo koeficientas, Cg — 1
kWh baterijos talpos kaina, Cqee — bendri nusidévéjimo kastai, pd* — bendra baterijos iskrovimo galia.

Tikslo funkcija apibrézia, pagal kokius kriterijus modelis iesko optimalaus lygties sprendimo.
Modelyje taikoma daugiakriteré tikslo funkcija, kurioje maksimizuojamas kainy arbitrazo pelnas ir PV
pagamintos energijos suvartojimas. Tikslo funkcijoje taikomi svoriai, skatinantys modelj iSnaudoti PV
pagamintos energijos pertekliy, taip pat jvertinami ir baterijos nusidévéjimo kastai (7 formulé).

Jarb = Xter Ctgteprt — Dter CtgimpAt — Ceurt Mter fo'CAt — Cieyg
Jprer = Wa,L Xter XAt + wpy g Yier x( P At — w6 Neer x¢ € At
max Jnyp = Jarp t Jpref » (7
¢ia: Jap — kainy arbitrazo dedamoji, Jyrer — galios prioritety dedamoji, Jnyp — daugiakriteré tikslo funkcija, C;

— elektros kaina, g — eksportuojama galia, g™ — importuojama galia, ccur — PV apribojimo bauda, xF¥¢ —
apribota PV galia, C4e — nusidévejimo kastai, wg L, Wpvs, Wa,g — galios srauty svoriai.

Modelio apribojimai apibrézia sistemos galios srauty ribas, baterijos technines ribas ir kitus sistemos
veikimo limitus. Taikant apribojimo taisyklg, modelis uztikrina, kad PV gaminama energija pirmiausia
priskiriama suvartojimui. Baterijos veikimas ribojamas maksimaliomis jkrovimo ir iskrovimo galiomis ir
baterijos jkrovos (SOC) ribomis, o tinklo lygmenyje gali biiti taikomos importo ir eksporto galios ribos.
Modelyje taikomi apribojimai taip pat uztikrina, kad tame paciame laiko zingsnyje nebuty jkraunama ir
iSkraunama baterija, nevykty importas ir eksportas tinklo lygmenyje. Dél Sios priezasties optimizavimo
modelyje taikoma MILP formuluoté, kurioje galima tokius apribojimus aprasyti dvejetainiais kintamaisiais.

BEEKS optimizavimo modelio programai sukurti pasirinkta Python programavimo kalba. Python
pasirinkta dél to, kad jos ekosistemoje yra daug atvirojo kodo biblioteky, skirty duomeny apdorojimui,
skaitiniams skai¢iavimams ir rezultaty vizualizavimui. Naudojant CVXPY biblioteka programinéje
aplinkoje aprasomi optimizavimo modelio kintamieji, tikslo funkcija ir apribojimai pagal MILP formuluote.
CVXPY biblioteka suderinama su daugeliu standartiniy uzdaviniy sprendimo programy, o tyrime
optimizavimo uzdavinys sprendziamas HiGHS programa.

Sudaryta eksperimenty grupé¢ skirta metinio laikotarpio rezultatams jvertinti, kai modelis optimizuoja
baterijos darbg kiekvieng mety diena, o rezultatai lyginami tarp visy pasirinkty BEEKS parametry
konfigiiracijy. Eksperimentai skirti jvertinti metinius ekonominius, techninius rezultatus bei sgsajas tarp
baterijos techniniy parametry ir rezultaty. Vertinami pagrindiniai rodikliai: baterijos ekonominé nauda (9
formulé), baterijos ekonominé¢ nauda per panaudojama baterijos talpos vieneta, baterijos talpos
nusidévéjimas, iSvengti importo kastai (8 formulé).

Rexp' B = ZtET Ctxf'GAt

Cimp: B = ZteT CtxtG'BAt

Cavoia = Xter Ctxtl:g'LAt ) (®)

Pret = Rexp:B + Covoia — Cimp:B - Cdeg ’ )
¢ia: Rexp, — baterijos eksporto pajamos, Cimp,s — baterijos jkrovimo i$ tinklo kastai, Cavoid — i8vengti importo

kastai, Pne; — baterijos ekonominé nauda, C; — elektros kaina, x>€ — galios srautas i§ baterijos j tinklg, x%? —
galios srautas i$ tinklo j baterija, x*" — galios srautas i§ baterijos j apkrova, Caee — nusidévéjimo kastai.

Tyrime naudojami BEEKS jvesties duomenys parinkti taip, kad baterijy konfigtracijos skirtysi
pagrindinémis techninémis savybémis: talpa, jkrovimo ir iSkrovimo galia, galios-talpos santykiu (kitaip
vadinama C koeficientu) ir leistinu i8krovimo gyliu. Eksperimentuose analizuojamos baterijos pateikiamos
1 lenteléje ir eksperimentuose vadinamos pagal lenteléje nurodyta identifikatoriy. Svarbu paminéti, kad
eksperimenty metu numatytoji pradiné baterijos jkrova yra 50 % nominalios talpos.
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1 lentelé

Tyrime nagrinéjamos BEEKS parametry konfigiiracijos
Baterijos ID | Talpa (kWh) [kroﬁ:{l{l))galia I§krozfli(r\r)1vo) galia Efektyvumas DOD C koeficientas
B1 760 380 380 0,900 0,90 0,500
B2 120,5 50 50 0,920 0,90 0,415
B3 261,2 130,6 130,6 0,900 0,95 0,500
B4 72,3 30 30 0,920 0,90 0,415
BS 144,6 30 30 0,920 0,90 0,207
B6 1410,73 500 500 0,900 0,90 0,354
B7 216,9 30 30 0,900 0,95 0,138
B8 200,7 187.,5 187,5 0,900 0,90 0,934
B9 602,1 500 500 0,900 0,90 0,830
B10 1204,2 1000 1000 0,900 0,90 0,830
B11 677 500 500 0,978 1,00 0,739
B12 1129 1000 1000 0,978 1,00 0,886

Bateriju parametry jtakos metiniams optimizavimo rezultatams analizé

Eksperimento tikslas — objektyviai jvertinti modelio apskaiciuotg baterijy ekonoming nauda ir atlikti
baterijos parametry jautrumo analiz¢. Eksperimentas atlickamas 2025-2026 m. laikotarpiu, naudojant
1 lenteléje nurodytas baterijy konfigtracijas. Baterijy ekonominés naudos lyginamoji analizé atlickama
atsizvelgiant j santykinj rodiklj — baterijos ekonoming nauda per baterijos talpos vieneta. Sis rodiklis jvertina
baterijos ekonominj naudinguma nepriklausomai nuo talpos dydzio, todé¢l yra objektyvus vertinimo rodiklis.
BEEKS optimizavimo skaic¢iavimai atlickami kiekvieng mety laikotarpio dieng 24 valandy horizonte, o
galutiniai rezultatai skai¢iuojami sumuojant. Baterijy ekonominés naudos rezultatai pateikiami 1 paveiksle,
o ekonominés naudos per talpos vieneta rezultatai — 2 paveiksle.

Baterijos ekonominé nauda (EUR)

Baterija

B12

B6

B10

B11

B3

B8

B7

B2

B4

=3

4tokst. 8tokst. 12 tikst

16 tikst. 20tokst. 24 tOkst. 28tokst. 32 tokst. 36tOkst. 40 tokst

Baterijos ekonominé nauda (EUR)

44 tokst. 48tokst. 52tikst. 56 tikst

1 pav. Eksperimento metiniai rezultatai — baterijos ekonominé nauda
Saltinis: sudaryta autoriy

Saltinis: sudaryta autoriy remiantis oficialiomis BEEKS techninémis specifikacijomis

60 tikst. 64 tikst

Grafikuose vaizduojami kiekvienos baterijos ekonominio naudingumo rodikliai, iSrikiuoti nuo
didziausios iki maziausios vertés.
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Ekonominé nauda per baterijos talpos vienetg (EUR/kWh)
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2 pav. Eksperimento metiniai rezultatai — baterijos ekonominé nauda per talpos vieneta
Saltinis: sudaryta autoriy

Atsizvelgiant | baterijos ekonominés naudos grafika matoma tendencija, kad didesnés baterijos
bendrai sugeneruoja daugiau naudos. Kaip matyti i§ pateikty grafiky, baterija B12 i§ viso sugeneravo
daugiausia metinés ekonominés naudos — 61 615,57 Eur. Taip pat baterija B12 vertinama kaip objektyviai
naudingiausia, kai metiné ekonominé nauda per talpos vieneta buvo 54,58 Eur/kWh. Verta pazymeéti, kad
baterija B6 yra antra pagal sugeneruota meting ekonoming nauda (56 354 Eur), taciau pagal santykinj
metinés ekonominés naudos rodiklj yra viena i§ zemiau reitinguojamy baterijy, kai rezultatas buvo 44,52
Eur/kWh. Kaip matyti i§ tyrime nagrinéty konfigiiracijy lentelés, §i baterija yra didziausia i§ visy
nagrin¢jamy, todel galima pastebéti, kad baterijos talpa nebiitinai yra svarbiausias baterijos parametras, kai
vertinamas santykinis ekonominis naudingumas. Pras¢iausia metinés santykinés ekonominés naudos
rezultatg pasieké baterija B7, kai rezultatas buvo 31,66 Eur/kWh. Kita vertus, baterija B4, kurios metinés
ekonominés naudos rezultatas buvo maziausias (3 249,51 Eur), pagal metinés santykinés ekonominés naudos
vertinimg yra reitingo viduryje, kai rezultatas buvo 49,94 Eur/kWh.

Atsizvelgiant j tyrime nagrinéty baterijy konfigliracijy parametrus, galima pastebéti, kad didZiausig C
koeficienta turi baterija B12, o maZiausia baterija B7. Sis isidéstymas sutampa su santykinés ekonominés
naudos rezultaty reitingu, todél pirminé rezultaty analiz¢ leidzia daryti prielaida, kad didesnis C koeficientas
gali buti susijes su didesniu santykiniu ekonominiu baterijos naudingumu. Baterijos parametry jtaka
skirtingiems rezultaty rodikliams toliau pateikiama 3 paveiksle, kuriame atvaizduojama koreliacijos matrica
tarp baterijos parametry ir rezultaty rodikliy, kai koreliacijos santykis vertinamas Pirsono koeficientu.

Koreliacijos matrica

Spalvos rodo tiesine koreliacijg tarp baterijos parametro (eiluté) ir rezultato (stulpelis) tarp visy lyginamy baterijy. Mélyna - teigiama priklausomybé (didéjant
parametrui, didéja rezultatas), raudona - neigiama priklausomybe (didéjant parametrui, maZéja rezultatas). Reikimeé langelyje yra Pirsono tiesinés koreliacijos
koeficientas nuo -1 iki 1. Reik3més arti nulio reiskia silpna ry3j.

Koreliacija

I1,0
0.5

0.0

Talpa (kWh)

Jkrovimo galia (kW)

Skrovimo galia (kw)

Parametras

Efektyvumas

15krovos gylis

C-koeficientas

Rezultatas

3 pav. Eksperimento metiniai rezultatai — baterijos parametry koreliacijos matrica
Saltinis: sudaryta autoriy
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Analizuojant koreliacijos matricos rezultatus, galima pastebéti, kad baterijos ekonominé nauda per
talpos vienetg turi stiprig statisting tendencijg didéti, kai yra aukstos C koeficiento, baterijos jkrovimo galios
ir iskrovimo galios vertés. Siuo atveju santykinés ekonominés naudos ir C koeficiento koreliacijos
koeficientas yra 0,84. Cia galima daryti i§vada, kad objektyvus baterijos ekonominis naudingumas didéja,
kai baterija gali biiti greitai jkraunama ar iSkraunama, nes tai leidzia greitai reaguoti ] momentinius elektros
kainos svyravimus. Kita vertus, talpos koreliacijos koeficientas su objektyviu ekonominiu naudingumu yra
tik 0,27, todél tai patvirtina iSvada, kad didelé baterijos talpa nelemia objektyviai didelés ekonominés naudos.
Pagal koreliacijos matrica didéjanti talpa siejama su iSvengiamais importo kaStais, kai koreliacijos
koeficiento verté yra 0,79, o galia Siuo atveju neturi labai didelés jtakos. Todél galima daryti iSvada, kad
didesnés talpos baterija su vidutiniais galios parametrais tinkama taikyti kartu su saulés jégaine, kai tikslas
yra sumazinti objekto elektros energijos importo islaidas. Vis délto talpos koreliacija su ekonomine nauda
siekia 0,98, o tai rodo, kad talpa yra pagrindinis absoliucig ekonoming nauda lemiantis veiksnys. Didelés
talpos ir galios baterija j tinklg gali iSkrauti daugiau energijos didziausios kainos laikotarpiu, todél baterijos
talpa ir iSkrovimo galia yra svarbiausi eksporto pajamas lemiantys parametrai. Tai papildomai patvirtina
beveik identiSkos ekonominés naudos ir eksporto pajamy koreliacijos koeficienty verteés.

Pirsono koreliacijos koeficienty matricoje matomas teigiamas iSkrovimo gylio ir talpos nusidévéjimo
rySys — koreliacijos koeficientas lygus 0,70. Optimizavimo modelyje Sis statistinis rySys pasireiskia per
baterijos naudojimo intensyvuma. Tai patvirtina ir baterijos efektyvumo bei talpos nusidévejimo koreliacijos
koeficientas, siekiantis 0,97. Sis ry§ys modelyje yra netiesioginis, nes optimizatorius efektyvesnes baterijas
eksploatuoja intensyviau. Kiekvienas efektyvios baterijos ciklas uzdirba didesn¢ ekonoming nauda, todél
iSauga bendra energijos pralaida, o kartu su pralaida ir susijes talpos nusidévéjimas.

Apibendrinant koreliacijos matricos rezultatus matyti, kad baterijos parametry svarba priklauso nuo
vertinamo rodiklio. Talpa daro reik§mingiausiag jtaka absoliuc¢iai ekonominei naudai, taciau objektyvus
ekonominis naudingumas labiausiai priklauso nuo baterijos C koeficiento. Siekiant nustatyti, kuri baterijos
konfigtiracija generuoja geriausia galutinj rezultata, toliau nagrinéjamas baterijy konfigiiracijy i$sidéstymo
grafikas (4 paveikslas) pagal objektyvy ekonominj naudinguma ir talpa.

Ekonominé nauda pagal talpa

Kiekvienas taSkas — viena baterija (spalva atitinka Zyméjima legendoje). Horizontali asis rodo talpa (kWh), o vertikali — ekonomine nauda talpos vienetui

(EUR/kWh).
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4 pav. Eksperimento metiniai rezultatai — baterijy ekonominio naudingumo iSsidéstymo grafikas
Saltinis: sudaryta autoriy

IS grafiko pavaizduoty rezultaty matyti, kad baterijos B12 ir B10 turi geriausig objektyvios
ekonomingés naudos ir talpos santykj. Galima teigti, kad $iy baterijy galios ir talpos parametry santykis leidzia
optimizavimo modeliui efektyviai iSnaudoti elektros kainy svyravimus. Priesingai, Zemesnéje ekonominio
naudingumo skalés puséje galima matyti baterijas B7 ir B5, kuriy C koeficientai yra maZziausi i§ visy tyrime
nagrinéty baterijy. Sie rezultatai patvirtina i$vada, kad baterijos galios-talpos santykis (C koeficientas) yra
reikSmingiausias santykinio ekonominio naudingumo veiksnys.
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Sezoniskumo jtakos metiniams optimizavimo rezultatams analizé

Eksperimento tikslas — jvertinti modelio apskaiCiuota baterijy ekonoming¢ naudg ir nustatyti
sezoniskumo jtakg rezultatams. Eksperimentas atlieckamas 2025-2026 m. laikotarpiu, naudojant visas tyrime
nagrinétas baterijy konfigiiracijas. Suminiai ménesiniai pinigy srautai pateikiami 5 paveiksle, o elektros
kainy pasiskirstymas — 6 paveiksle.

Bendras pajamy pasiskirstymas pagal ménesj

Visy baterijy suminis pinigy srautas pagal ménesj, padalintas j tris dalis: iSkrovimo j tinklg pajamos, iSvengti importo kastai, ir
ikrovimo i3 tinklo kastai (rodomi neigiami). Suma per ménesj atitinka bendras pajamas prie§ nusidévéjima.

60 takst.
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40 takst.
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5 pav. Eksperimento metiniai rezultatai — suminiai pinigy srautai pagal ménesj
Saltinis: sudaryta autoriy
Elektros kainy pasiskirstymas

Ménesinis elektros kainy pasiskirstymas: Q1-Q3 kvartiliy diapazonas ir iSskirtys.
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6 pav. Elektros kainy pasiskirstymas 2025-2026 m. laikotarpiu

Saltinis: sudaryta autoriy

Kaip matoma i§ ménesinio pinigy srauty grafiko, daugiausia pajamy sugeneruota spalj, vasarj ir
lapkritj, taciau $ie ménesiai pasizymi ir aukStesniais jkrovimo i§ tinklo kastais. Visais ménesiais didzioji dalis
pajamy sugeneruota iSkraunant baterija i tinkla, todél galima daryti iSvada, kad baterija ekonomiskai
naudingiausiai veikia vykdant kainy arbitraza. Svyruojant elektros kainai apsimoka vykdyti kainy arbitraza,
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nes kainy skirtumai yra pakankamai dideli, kad padengty nusidévéjimo ir jkrovimo i$ tinklo kastus. Kita
vertus, birzelio ir liepos ménesiais uzfiksuotos maziausios pajamos ir maziausi jkrovimo i$ tinklo kastai. 6
paveiksle pateikiamas kainy pasiskirstymo grafikas rodo, kad Siltuoju mety laiku sumazéja paros kainy
svyravimas, o $altuoju mety laiku matomas priesingas efektas. Didziausi kainy svyravimai pastebimi spalio,
lapkricio ir kovo ménesiais, 0 maziausi — birzZelio ir liepos ménesiais.

Suminiai baterijy energijos srautai

Visy baterijy suminis energijos srautas pagal ménesj padalintas j dalis pagal energijos kryptj. Baterijos jkrovimas grafike yra
teigiama reikSme, o iSkrovimas - neigiama
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7 pav. Eksperimento metiniai rezultatai — suminiai baterijy energijos srautai
Saltinis: sudaryta autoriy

Suminiy baterijy energijos srauty grafikas, pateiktas 7 paveiksle, rodo tolygy jkraunamos ir
i8kraunamos energijos pasiskirstymg visame mety laikotarpyje, taciau sugeneruotos pajamos skiriasi biitent
del kainy svyravimo. Verta pazyméti, kad daugiausia importo kasty iSvengta gruodzio, sausio ir vasario
ménesiais, kai saulés jégainés generuoja maziau energijos, todél modelis dazniau parenka iSkrauti baterijg j
suvartojimg kainy piko metu, pakeiciant brangy importg i$ tinklo. Kita vertus, 7 paveiksle matoma, kad
Siltuoju mety laiku PV generacijos perteklius gali buti panaudojamas jkrauti baterijg, todél birzelio ir liepos
ménesiais baterijos importo sgnaudos yra maziausios, lyginant su kitais ménesiais. Baterijy ekonominés
naudos pasiskirstymas pagal ménesius pateikiamas 8 paveiksle.

Baterijy ekonominés naudos pasiskirstymas pagal ménesj

Grafikas rodo kiekvienos baterijos ekonomine naudg per panaudojamos talpos vieneta (EUR/kWh) kiekviena ménesj. Tamsesné

mélyna — didesné ekonominé nauda; Sviesesné — maZesné.
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8 pav. Eksperimento metiniai rezultatai — baterijy ekonominés naudos pasiskirstymas pagal ménesj
Saltinis: sudaryta autoriy
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8 paveiksle pateiktas baterijy ekonominés naudos pasiskirstymo grafikas patvirtina, kad visy baterijy
ekonominé nauda buvo didZiausia rugséjo ir spalio ménesiais, 0 maZziausia — birzelio ir liepos ménesiais.
Taigi eksperimento rezultatai leidzia daryti iSvadg, kad PV ir BEEKS sistemos ekonominé nauda yra
reikSmingai priklausoma nuo mety laiko.

ISvados

1. Sukurtas ir programiskai realizuotas BEEKS optimizavimo modelis, jvertinantis PV generacija,
objekto elektros energijos suvartojima, elektros kainas, baterijos techninius parametrus (talpa, jkrovimo ir
iskrovimo galia, naudingumo koeficienta, leisting iSkrovimo gylj), tinklo apribojimus ir baterijos talpos
nusidévéjimg. Modelis formuluojamas taikant MILP metoda kitos dienos laiko horizonte su 15 minuciy laiko
zingsniu. Programiné realizacija jgyvendinta Python aplinkoje, naudojant CVXPY aprasyti optimizavimo
uzdavinj ir HIGHS sprendimo programa jam spresti. Sukurta daugiakriteré tikslo funkcija maksimizuoti
kainy arbitrazo pelng ir vietinés PV pagamintos energijos suvartojima. Baterijos talpos nusidévéjimas
modeliuojamas taikant tiesing priklausomybe nuo bendros iSkrautos energijos pralaidos. Taip pat priimta,
kad baterijos 1 kWh talpos kaina yra 300 Eur.

2. Baterijy parametry jtakos metiniams optimizavimo rezultatams analizéje nustatyta, kad
pagrindinis ekonomine¢ nauda per talpos vienetg lemiantis veiksnys yra baterijos galios ir talpos santykis (C
koeficientas). Aukstas C koeficientas leidzia baterijg greitai jkrauti ir iSkrauti, todél optimizavimo modelis
kaupiklj gali panaudoti momentiniuose kainos pikuose ir kritimuose. Be to, tyrimo rezultatuose matyti, kad
didziausia dalj baterijos pajamy sugeneruoja energijos eksportas j tinklg. Kita vertus, Pirsono koreliacijos
koeficientai parodé¢, kad talpa turi reikSmingg jtaka iSvengiamiems importo i$ tinklo kastams (koreliacijos
koeficientas — 0,79) ir absoliuciai ekonominei naudai (koreliacijos koeficientas — 0,98), todél didelés talpos
baterijos su vidutiniais galios parametrais yra tinkamos elektros importo kastams mazinti. Sezoniskumo
jtakos metiniams rezultatams analizéje pastebéta, kad PV ir BEEKS sistemos ekonominé nauda reikSmingai
priklauso nuo mety laiko ir yra didziausia rugs€jo ir spalio ménesiais, 0 maziausia — birzelio ir liepos
ménesiais. Tokia tendencija paaiSkinama elektros kainy pasiskirstymo duomenimis, nes rudenj elektros kainy
svyravimai buvo reikSmingai didesni, lyginant su vasara. Metiniy rezultaty analizéje nustatyta, kad baterija
B12 vertinama kaip objektyviai naudingiausia, kai metiné ekonominé nauda per talpos vienetg buvo 54,58
Eur/kWh. Kita vertus, maziausia meting ekonoming¢ nauda per talpos vieneta pasieké baterija B7, kai
rezultatas buvo 31,66 Eur/kWh.
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APPLICATION OF ENERGY STORAGE SYSTEM TO OPTIMISE ELECTRICITY CONSUMPTION

Summary

The article investigates battery energy storage system use for electricity consumption cost optimisation. A
mathematical optimisation model for a solar power plant and battery storage system is developed. Annual results and
battery parameter sensitivity are analysed. The model is implemented using Python programming language and the
optimisation problem is formulated as a mixed integer linear program (MILP) with a multi-objective function that
maximises both price arbitrage profit and self-consumption of solar energy. The results show that absolute net profit is
mainly driven by battery capacity, while relative net profit is mainly driven by the C-rate.

Key words: battery energy storage system, mathematical optimisation, MILP, price arbitrage, multi-objective
function.
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MANAGEMENT CHALLENGES OF UNFORMED STATE-OWNED LAND AT THE LOCAL
LEVEL

Edita Abalikstiené, Eglé Juchnevi¢
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

The article analyses the management challenges of unformed state-owned land at the local level. The aim of the
research is to identify and assess the management problems of unformed state-owned land at the eldership level, using
Suzionys eldership as a case study. The research methods included legal and scientific literature analysis, spatial and
statistical data assessment, field verification, and a semi-structured expert interview. The study identified 84 unformed
state-owned land objects within the analysed territory, covering a total area of 1,194.48 ha, or 7.46% of the eldership
area. Field verification revealed neglected areas, land plots overgrown with self-seeded vegetation, and areas potentially
used on an unclear legal basis. The results show that the main problems are associated with complex land parcel
formation procedures, a lack of information among residents, financial barriers, incomplete cadastral measurements,
and insufficient inter-institutional cooperation. Unformed state-owned land complicates territorial planning, land use
control, and the rational management of public assets.

Key words: State-owned land, Unformed land, Land administration, Land parcel formation, Territorial
planning.

Introduction

The management of state-owned land is an important component of the land administration system,
influencing the rational use of state assets, territorial development, and the protection of the public interest.
Effective land administration is possible only when the legal status of land is clear, boundaries are defined,
and cadastral data are registered in the Real Property Register. The scientific literature emphasises that a
clear land administration system is a prerequisite for effective land use, the functioning of the land market,
and territorial development (FAO, 2017).

In Lithuania, part of state-owned land has still not been formed as separate real property objects and
registered in the Real Property Register. This situation complicates the administration of such land, the
control of its actual use, and its integration into territorial planning and public asset management processes.
Therefore, the issue of unformed state-owned land is not merely a technical deficiency in cadastral or registry
data; it is directly related to the efficiency of land administration and the practical management of territories.

The emergence of this problem in Lithuania has been influenced by the consequences of land reform,
the lack of territorial planning documents, complex land parcel formation procedures, the distribution of
institutional functions, and insufficient inter-institutional cooperation. In Central and Eastern European
countries, the processes of restitution of ownership rights and the development of land markets following
political system changes have, over time, led to land use fragmentation, unclear boundaries, and more
complex land administration (Pasakarnis et al., 2013).

The problem of unformed state-owned land becomes particularly evident at the local level. In
municipal and eldership territories, unclear land status complicates the maintenance of specific areas, the
identification of actual users, the planning of local infrastructure, and the management of public spaces. Such
areas may become neglected, overgrown with self-seeded vegetation, or used on an unclear legal basis.
Previous studies indicate that decentralised land management can be effective only when local institutions
have clearly defined functions, sufficient administrative capacity, and access to reliable data (Ibrahim, 2024).

Since 2024, the transfer of some state-owned land management functions to municipalities has further
increased responsibility at the local level. Municipalities are expected not only to administer state-owned
land, but also to identify problematic areas, assess their actual condition, initiate land formation procedures,
and ensure lawful and rational land use. Therefore, it is important to analyse not only national-level data, but
also the problems occurring in specific territories.

The scientific novelty of this article lies in the fact that the issue of unformed state-owned land is
analysed not only as a matter of legal or registry status, but also as a local-level land administration problem.
The study assesses specific spatial and statistical data, the actual condition of territories, signs of possible
informal use, and administrative barriers arising in practice. This approach makes it possible to demonstrate
that the problem of unformed state-owned land is manifested not only in document management procedures,
but also in the actual use of territories.

The research problem is that unformed state-owned land at the local level limits the possibilities for
territorial planning, land use control, infrastructure development, and the activation of public assets, while
the unclear legal and actual status of such areas creates preconditions for their neglect or informal use.
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The object of the research is the management of unformed state-owned land at the local level.

The aim of the research is to identify and assess the management problems of unformed state-owned
land at the local, i.e. eldership, level, using Suzionys eldership as a case study.

The objectives of the research are as follows:

1) examine the legal and administrative preconditions for the management of unformed state-owned
land;

2) determine the extent, spatial distribution, and actual condition of unformed state-owned land in
the analysed territory;

3) identify the main local-level management challenges related to the formation, use, maintenance,
and control of unformed state-owned land.

Materials and methods

The empirical study was conducted in SuZionys eldership, Vilnius District Municipality, selected as a
case study area to assess the management problems of unformed state-owned land at the local level. The
study examined the extent, spatial distribution, actual condition, and management challenges of such land.
The selected area is characterised by a predominantly rural landscape, dispersed settlement structure,
agricultural land, and natural areas, where unformed state-owned land may directly affect territorial
maintenance, infrastructure development, and land use control.

The research combined the analysis of legal acts and scientific literature, spatial and statistical data
assessment, field verification, and a semi-structured expert interview. Legal acts and scientific literature were
analysed to define the regulatory and theoretical framework of unformed state-owned land management in
the context of land administration, land reform, cadastral data quality, institutional cooperation, and territorial
planning.

The quantitative and spatial analysis was based on publicly available spatial data on unformed state-
owned land and administrative boundaries. In a GIS environment, unformed state-owned land objects located
within the boundaries of Suzionys eldership were selected, and their number, total area, and share of the
eldership territory were calculated. The results were also compared with national-level data on unformed
state-owned land.

Field verification was carried out to assess the actual condition of selected unformed state-owned land
areas. The inspected sites represented different types of areas identified during the spatial analysis, including
agricultural surroundings, areas near settlements, and territories with visible signs of abandonment or
possible use. During the field inspection, maintenance condition, self-seeded vegetation, temporary objects,
abandoned buildings, agricultural machinery, and other indications of human activity were recorded. The
field verification was not aimed at establishing legal violations, but at identifying signs of possible informal
use or unclear land use status.

A semi-structured expert interview with a local-level land administration specialist was used as an
additional source of contextual information. The interview data were not treated as statistically
representative; rather, they were used to interpret and explain the results obtained from spatial data analysis
and field verification. The collected data were analysed using descriptive and comparative analysis,
integrating legal, spatial, field, and interview-based information.

Theoretical background

Land administration is a system that includes processes related to land ownership, use, registration,
valuation, and planning. Its importance becomes particularly evident when the legal status of land is unclear
or when land has not been fully integrated into cadastral and registry systems. In such cases, opportunities
for land use, management, territorial planning, and the activation of public assets are restricted. A clear land
administration system is considered one of the essential preconditions for the effective functioning of the
land market, territorial development, and the protection of the public interest (FAO, 2017).

The management problems of state-owned land are closely related to land reform processes. In Central
and Eastern European countries, following political system changes, ownership rights were restored, new
land parcels were formed, and land markets were established. Although these processes were necessary for
the transition to a market economy, over time they also created additional administrative challenges,
including land use fragmentation, unclear boundaries, more complex land parcel administration, and uneven
land use efficiency (Hartvigsen, 2014; Sikor & Miiller, 2009).

In the Lithuanian context, the issue of unformed state-owned land should be analysed in close
connection with the national legal framework of land administration. The current versions of the Law on
Land of the Republic of Lithuania, the Law on Land Reform of the Republic of Lithuania, the Law on
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Territorial Planning of the Republic of Lithuania, and the Law on Local Self-Government of the Republic of
Lithuania provide the basis for interpreting land ownership, use, management, territorial planning, and the
functions of local self-government institutions. These legal acts define not only the formal principles of land
parcel formation and administration, but also the institutional context in which decisions on the use, planning,
and integration of state-owned land into cadastral and registry systems are made. In addition, the
methodology approved by the Order of the Minister of Environment of the Republic of Lithuania of 19 July
2024 on the administration of state-owned land parcels of other purpose sold or leased without auction
specifies procedural provisions related to the sale and lease of state-owned land parcels without auction.
Therefore, in this study, legal regulation is treated as a normative framework that helps explain why
unformed state-owned land areas become not only a matter of registration, but also a broader problem of
territorial planning, public administration, and rational land use.

One of the key factors of effective land management is the clear definition of ownership and use rights.
When the legal status, boundaries, or basis of land use are unclear, it becomes more difficult to make
administrative decisions, plan investments, maintain territories, and control actual land use. Ma et al. (2024)
note that the clarity of property rights has a significant impact on land use efficiency. Similarly, He et al.
(2025) indicate that ambiguity in state-owned land property rights increases transaction costs and
complicates the implementation of public projects. These insights are also relevant to the analysis of
unformed state-owned land, as such land often lacks clearly defined boundaries, a clear basis of use, and
responsibility for maintenance.

The success of land administration reforms depends not only on changes in legal acts, but also on their
practical implementation. Burns (2007) identifies data quality, institutional responsibility, service
accessibility, and clear performance indicators as important criteria for assessing land administration
reforms. Burns et al. (2023) also emphasise that reforms often face difficulties when more attention is given
to formal regulation than to the capacity of institutions to solve practical problems in a coordinated manner.
This is particularly important in the case of unformed state-owned land, as the mere existence of legal acts
does not ensure that specific land areas will be formed, registered, and integrated into rational use in a timely
manner.

The local level is particularly important in land administration, as actual land use problems become
most visible within municipal and eldership territories (Abalikstien¢ & Perkumiené, 2022). The unclear
status of state-owned land may complicate the planning of roads, engineering networks, public spaces,
recreational areas, and other infrastructure objects. It also makes it more difficult to identify actual users,
address issues of territorial neglect, and ensure that state-owned land is used in accordance with the public
interest. Samsudin et al. (2014) indicate that decentralisation in land administration can improve decision-
making only when local institutions have clearly defined functions, sufficient administrative capacity, and
access to reliable data. Ibrahim (2024) also notes that decentralisation can improve the quality of public
services, but this requires clear responsibility and institutional decision-making capacity. Recent research on
land decentralisation also shows that the redistribution of land management functions may influence the
efficiency of land rental and administrative processes (Neyter et al., 2026).

The significance of public land is not limited to its legal status. Such land may be important for the
local economy, infrastructure development, recreation, landscape quality, and community well-being. Kim
and Marcouiller (2021) argue that public land areas affect local economic and social processes; however,
this benefit is possible only when the status of land is clear and its use is planned in accordance with local
needs. In the case of unformed state-owned land, this potential often remains unused, as the land has not
been formed as an independent real property object and cannot be smoothly integrated into planning or
activation processes.

Land use management is also related to the principles of sustainability. IzakoviCova et al. (2018)
emphasise that sustainable land use should include ecological, social, economic, and territorial aspects. The
OECD (2017) also stresses that land use governance requires coordination between different levels of
government, clear planning instruments, and data-based decision-making. Therefore, the issue of unformed
state-owned land should be understood not only as an administrative or registration problem, but also as an
obstacle to sustainable territorial development.

In summary, the issue of unformed state-owned land is related to several interrelated factors: the
consequences of land reform, the clarity of ownership and use rights, the quality of cadastral data, the
distribution of institutional functions, local-level administrative capacity, and the implementation of
territorial planning solutions. Therefore, in this article, unformed state-owned land is treated as a complex
land administration problem with legal, practical, territorial, and social significance. This approach makes it
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possible to move beyond the formal issue of registering unformed areas and to analyse how these areas affect
local territorial management, land use control, infrastructure planning, and the activation of public assets.

Results and discussion

The analysis showed that the issue of unformed state-owned land in Lithuania remains relevant at both
the national and local levels. The total area of unformed state-owned land in the country amounts to
542,434.68 ha (NZT, 2025). This indicates that unformed state-owned land is not only a local or technical
cadastral issue, but a national land administration challenge related to territorial planning, land use control,
public asset management, and the activation of state-owned land.

The significance of the analysed case is not limited to SuZionys eldership. Local-level case studies
make it possible to show how this national-scale problem is expressed in practice. The Suzionys eldership
case demonstrates that unformed land is not only a matter of incomplete cadastral or registry data, but also
a practical challenge related to land use control, territorial maintenance, infrastructure planning, and the
management of public assets. Therefore, the results of this study may be relevant for other rural and less
urbanised municipalities facing similar land administration problems.

The analysed territory is characterised by a rural landscape, a dispersed settlement network, and a high
proportion of agricultural and natural areas. The total area of the analysed territory is 16,014 ha. Agricultural
land accounts for the largest share, covering 9,870 ha; forests occupy approximately 3,800 ha, while water
bodies and other land areas cover 2,344 ha. This land use structure indicates that the clarity of legal land
status, boundary determination, and control of actual land use are important not only from an administrative
perspective, but also in relation to territorial maintenance, agricultural activity, infrastructure planning, and
landscape quality.

Based on the analysed spatial and statistical data, 84 unformed state-owned land objects were
identified in the analysed territory, covering a total area of 1,194.48 ha. This area accounts for approximately
7.46% of the total analysed territory and 0.22% of the total area of unformed state-owned land in Lithuania

(Fig. 1).
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Fig. 1. Unformed state-owned land areas in Suzionys eldership, Vilnius District Municipality
Source: https://open-data.stat.gov.lt/

Although this share is not large at the national level, such an area is significant at the local level, as it
may directly affect territorial planning, infrastructure development, land use control, and public asset
management.

The results of the field verification showed that the issue of unformed state-owned land is not limited
to the absence of cadastral or registry data. In the analysed territory, part of the unformed state-owned land
areas were found to be neglected, overgrown with self-seeded vegetation, or used on an unclear legal basis.
This confirms that, in the absence of a formed land parcel, clearly defined boundaries, and a registered basis
for use, state-owned land becomes more difficult to administer and control (Fig. 2).
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Fig. 2. An unformed land parcel and photographs from field verification
Source: authors’ photo

During the field verification, signs of possible informal use were recorded. In some areas of unformed
state-owned land, inventory, agricultural machinery, temporary structures, or abandoned buildings were
present. In one of the investigated objects, an abandoned building and its adjacent annex had been adapted
for personal use, with a chicken enclosure and a woodshed installed within the area. As no clear legal basis
for such use was identified during the research, these cases may be regarded as indications of possible
informal or unauthorised use of state-owned land.

Another problem highlighted during the study was the lack of maintenance of unformed state-owned
land areas. Some territories were overgrown with shrubs, self-seeded trees, and dense herbaceous vegetation.
Such a condition indicates long-term non-use of land and insufficient maintenance. Neglected areas
gradually lose their economic potential, reduce the aesthetic quality of the landscape, and may create
preconditions for further territorial degradation. From the perspective of the local community, this is not
merely a formal issue of state-owned land accounting; such areas become visible abandoned patches within
residential or agricultural surroundings.

The identified features confirm that the control of unformed state-owned land remains challenging at
the local level. When land has not been formed as an independent real property object, it becomes more
difficult to determine its boundaries, identify actual users, establish responsibility for maintenance, and apply
possible management measures. As a result, a situation emerges in which state-owned land formally belongs
to public assets, but in practice is not managed with sufficient clarity (Table 1).

Table 1
Local-level management problems of unformed state-owned land
Problem group Features identified during the research Possible consequences
Unclear actual use Unclear basis of use, temporary objects, More complicated control, possible
inventory, use of abandoned buildings disputes, informal use of state-owned land
Lack of territorial Shrubs, self-seeded trees, dense herbaceous Territorial degradation, lower economic
maintenance vegetation potential, poorer landscape quality
Unclear boundaries Unperformed cadastral or geodetic Boundary inconsistencies, neighbouring
and data measurements, unclear actual basis of use disputes, more complex planning
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Problem group Features identified during the research Possible consequences
Administrative Projects, decisions, measurements, Long process, procedural costs, resident
procedures registration procedures passivity
Institutional Distribution of functions, lack of Delayed practical decisions, insufficient
coordination information, changes in legal regulation local-level monitoring

Source: compiled by the authors

The results of the study show that the problem of unformed state-owned land should be interpreted
not only as an unfinished cadastral or registration procedure, but also as a practical failure of land governance
at the local level. Although the analysed area accounts for only 0.22% of the total area of unformed state-
owned land in Lithuania, its share within Suzionys eldership reaches 7.46%. This difference is important
because it demonstrates that the significance of the problem cannot be assessed only through national-level
indicators. At the local level, even a relatively small share in the national context may represent a substantial
part of the territory affecting land use control, maintenance, planning decisions, and the management of
public assets.

The findings also indicate that the legal existence of state ownership does not automatically ensure
effective land management. In the analysed territory, some unformed state-owned land areas were neglected,
overgrown with self-seeded vegetation, or showed signs of possible informal use. This suggests a gap
between formal ownership and practical control. When land is not formed as an independent real property
object, it becomes more difficult to identify boundaries, determine actual users, assign responsibility for
maintenance, and apply management measures. Therefore, the problem is not limited to the absence of
cadastral data; it reflects a broader weakness in the practical implementation of land administration.

These results correspond to earlier studies on land reform and land administration in Central and
Eastern Europe, which emphasise that historical land reform processes, land fragmentation, and complex
administrative procedures may create long-term consequences for land use efficiency (Hartvigsen, 2014;
Pasakarnis et al., 2013; Sikor & Miiller, 2009). The present study supplements these insights with local-level
empirical evidence, showing that unfinished land formation processes are visible not only in legal documents
or registers, but also in the physical condition and actual use of territories.

The study also supports the argument that land administration reforms depend not only on formal legal
regulation, but also on data quality, institutional responsibility, service accessibility, and implementation
capacity (Burns, 2007; Burns et al., 2023). In the case of Suzionys eldership, legally regulated procedures
exist, but their implementation is slowed down by the need for project preparation, coordination procedures,
cadastral measurements, registration actions, financial costs, and insufficient awareness among residents.
This shows that the effectiveness of land administration is determined not by the existence of regulation
alone, but by the ability of institutions and land users to apply it in practice.

The local-level dimension becomes especially important in the context of the recent transfer of some
state-owned land management functions to municipalities. Decentralisation may improve land management
only if local institutions have clear responsibilities, sufficient administrative capacity, and access to reliable
spatial and cadastral data. Otherwise, the transfer of functions may increase the administrative burden
without solving the underlying problems. The case analysed in this study indicates that municipalities need
not only formal authority, but also operational tools for identifying priority areas, monitoring their actual
condition, initiating formation procedures, and coordinating actions with other institutions.

From a practical perspective, the findings suggest that the management of unformed state-owned land
should be based on prioritisation. Not all unformed areas create the same level of risk or management
difficulty. Priority should be given to areas located near settlements, infrastructure objects, public spaces,
agricultural land, and territories where signs of neglect or possible informal use are visible. Such an approach
would allow local institutions to move from passive registration of the problem towards targeted land
management based on spatial data, field verification, and local knowledge.

Thus, the SuZionys eldership case demonstrates that unformed state-owned land is a multidimensional
issue combining legal, spatial, administrative, and practical aspects. The problem affects not only the
completeness of cadastral and registry data, but also the quality of territorial planning, the effectiveness of
land use control, the maintenance of rural landscapes, and the rational use of public assets. Therefore,
strengthening local-level monitoring, improving the integration of spatial and cadastral data, simplifying
procedures, and providing clearer information to residents should be considered essential measures for
improving the management of unformed state-owned land.

In summary, the problem of unformed state-owned land at the local level is manifested in three main
directions: incomplete land formation and registration procedures, deficiencies in actual land use and
maintenance, and a complex administrative process. The research results show that the management of
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unformed state-owned land cannot be associated solely with the formal registration of objects. It is necessary
to strengthen the monitoring of the actual condition of land use, provide residents with clearer information
on land formation procedures, reduce the administrative burden, and ensure consistent inter-institutional
cooperation. Only under these conditions can unformed state-owned land be integrated into lawful, rational,
and locally beneficial use.

Conclusions

1. The analysis of the legal and administrative preconditions for the management of unformed state-
owned land showed that the processes of formation, use, and registration of state-owned land in Lithuania
are legally regulated. However, their practical implementation at the local level is complicated by the
complexity of procedures, the number of coordination stages, the need for cadastral measurements,
registration actions, and the distribution of institutional functions. Therefore, unformed state-owned land
should not be regarded merely as a formal lack of cadastral or registry data, but as a broader land
administration problem related to the uncertainty of legal status, boundaries, basis of use, and responsibility
for maintenance.

2. The study identified 84 unformed state-owned land objects in Suzionys eldership, covering a total
area of 1,194.48 ha, or approximately 7.46% of the eldership territory. Although this area accounts for only
0.22% of the total area of unformed state-owned land in Lithuania, it is significant at the local level, as it
directly affects territorial maintenance, land use control, infrastructure planning, and the activation of public
assets. Field verification showed that some of these areas are neglected and overgrown with self-seeded
vegetation, while in some territories signs of possible informal use were recorded, including temporary
objects, inventory, agricultural machinery, and abandoned buildings adapted for personal use.

3. The main local-level management challenges are related to incomplete land formation and
registration procedures, uncertainty of actual use, lack of territorial maintenance, insufficient information
among residents, financial barriers, administrative burden, and insufficient inter-institutional cooperation.
Improving the management of unformed state-owned land should therefore be linked to systematic local-
level monitoring, the identification of priority areas, clearer information for residents, simplification of
administrative procedures, and the integration of spatial and cadastral data into municipal decision-making.
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NESUFORMUOTOS VALSTYBINES ZEMES VALDYMO PROBLEMATIKA VIETOS LYGMENIU

Santrauka

Straipsnyje analizuojama nesuformuotos valstybinés Zemés valdymo problematika vietos lygmeniu. Tyrimo tikslas
— Suzioniy senilinijos pavyzdziu identifikuoti ir jvertinti nesuformuotos valstybinés Zemés valdymo problemas
senifinijy lygmeniu. Tyrime taikyta teisés akty ir mokslinés literatiiros analizé, erdviniy bei statistiniy duomeny
vertinimas, lauko patikra ir pusiau struktiiruotas ekspertinis interviu. Nustatyta, kad tiriamoje teritorijoje yra 84
nesuformuotos valstybinés zemés objektai, kuriy bendras plotas sudaro 1194,48 ha, arba 7,46 proc. senilinijos
pagrindu naudojamy ploty. Tyrimo rezultatai parodé, kad pagrindinés problemos siejamos su sudétingomis zemés
sklypy formavimo procedliromis, gyventojy informacijos stoka, finansiniais barjerais, nebaigtais kadastriniais
matavimais ir nepakankamu institucijy bendradarbiavimu. Nesuformuota valstybiné zemé apsunkina teritorijy
planavima, zemés naudojimo kontrole ir racionaly vieSojo turto valdyma.

Reik$miniai ZodZiai: valstybiné Zemé, nesuformuota zemé, Zzemés administravimas, zemés sklypy formavimas,
teritorijy planavimas.
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NUOTOLINIU MATAVIMU TAIKYMO ISMATUOTU TOPOGRAFINIU ERDVINIU DUOMENU
TIKSLUMUI TYRIMAS

Giedrius Balevidius "2, Vaiva Stravinskiené !
! Lietuvos inZinerijos kolegija, ° VDU Zemés iikio akademija

Anotacija

Tyrimu siekiama jvertinti nuotoliniais tyrimo metodais sudaryty erdviniy duomeny rinkiniy tiksluma ir jy atitiktj
stambaus mastelio topografiniy plany rengimui keliamiems reikalavimams. Darbo tikslas — nustatyti nuotoliniy tyrimy
metodais sudaryty erdviniy duomeny tiksluma. UZdaviniai: palyginti nuotoliniy tyrimy metodais (UAS fotogrametrija
ir LIDAR) bei GNSS RTK metodais gauty vietovés objekty erdviniy duomeny tiksluma. Darbe taikytas erdvinis ir
grafinis modeliavimas, gauty duomeny apibendrinimas ir interpretavimas. Nuotoliniais tyrimo metodais sudarytas
ortofotografinis planas tasko horizontaliajai padéciai nustatyti ir tasky debesis vertikaliai padéciai. Siekiant nustatyti
nuotoliniy tyrimy metodais gauty erdviniy duomeny tiksluma, atlikti GNSS matavimai taikant LitPos-RTK metoda.
Gauti rezultatai nevirsijo maksimalios vidutinés kvadratinés paklaidos riby, t. y. stambaus mastelio M 1:500 iSmatuoty
topografiniy objekty tvirty vietovés kontiiry horizontaliosios padéties vidutiné kvadratiné paklaida, turi biiti ne didesné
kaip 0,20 m, o vertikalios padéties tvirty vietovés konttiry — 0,10 m, kity pavirSiy — 0,20 m, su 95 proc. tikimybe, todél
UAS fotogrametrijos metodas laikytinas tinkamu tvirty vietovés konttiry tasko padéties erdvinés padéties nustatymui.
Neanalizuotas taSko padéties nustatymo tikslumas kituose pavirSiuose. Tadiau siekiant uztikrinti matavimy kontrole
tikslinga taikyti kombinuotus matavimy metodus.

ReikSminiai ZodZiai. Bepilociy orlaiviy sistema (UAS), GNSS, LIDAR, matavimai, ortofotografinis planas,
tasky debesis, tikslumas.

Ivadas

Aktualumas ir moksliné problema. Matavimy inZinerijoje vieni svarbiausiy rodikliy yra iSmatuoty
erdviniy duomeny tikslumas ir kokybeé. Sie duomenys sudaro pagrinda projektavimo, statybos bei teritorijy
planavimo procesams, todél jy surinkimas turi uZtikrinti techninius reikalavimus atitinkantj tiksluma ir
patikimuma. TradiciSkai topografiniai matavimai atliekami tacheometrijos, GNSS RTK. Taciau Sie metodai
reikalauja intensyviy lauko darby ir dideliy laiko sanaudy. Tobuléjant nuotoliniy tyrimy technologijoms,
iskaitant bepilo¢iy orlaiviy sistemas (UAS), skaitmening fotogrametrija ir LiDAR sistemas, atsiranda
galimybé operatyviai surinkti didelés apimties erdviniy duomeny rinkinius, generuoti ortofotografinius
planus, skaitmeninius pavirSiaus modelius bei tasky debesis, mazinant darby sgnaudas ir didinant duomeny
surinkimo efektyvuma teorikai yra paprasta.

Nepaisant spartaus UAS, LiDAR ir kity nuotoliniy tyrimy metody taikymo geodeziniuose bei
kartografiniuose darbuose, islieka aktualus klausimas dél Siais metodais gauty erdviniy duomeny tikslumo.
Truksta tyrimy, vertinan¢iy sudétingy objekty — vertikaliy pavirsiy, antzeminiy inzineriniy tinkly elementy
ir kity smulkiy infrastrukttiros objekty — padéties nustatymo tiksluma. Todél aktuali moksliné problema yra
nustatyti, ar nuotoliniais tyrimo metodais sudaryti iSmatuoty erdviniy duomeny rinkiniai atitinka stambaus
mastelio topografiniy plany rengimui keliamus tikslumo reikalavimus ir gali bti tiesioginé alternatyva
tradiciniams geodeziniams matavimams. Siekiant tai jvertinti, butina palyginti UAS, LiDAR ir GNSS RTK
metodais gauty matavimy rezultatus bei jy taikymo galimybes matavimy praktikoje.

Darbo objektas - nuotoliniy tyrimy metodais (UAS fotogrametrija ir LIDAR) bei GNSS RTK metodais
gauty vietovés objekty erdviniy duomeny tikslumas. Darbo tikslas — nustatyti nuotoliniy tyrimy metodais
sudaryty erdviniy duomeny rinkiniy tiksluma. UZdaviniai: palyginti nuotoliniy tyrimy metodais (UAS
fotogrametrija ir LIDAR) bei GNSS RTK metodais gauty vietovés objekty erdviniy duomeny tiksluma.

Straipsnis susideda i§ anotacijos, reikSminiy zodziy, teorinés jzvalgos, metodikos, tyrimo rezultaty ir
iSvady.

Teorinés jZvalgos

Bepilociy orlaiviy sistemos (UAS) tapo viena sparCiausiai besivystanéiy erdviniy duomeny rinkimo
priemoniy geodezijoje, fotogrametrijoje ir kartografijoje. Jy populiarumg lemia galimybé greitai surinkti
didelés raiskos duomenis, sudaryti ortofotografinius planus, skaitmeninius pavir§iaus modelius (SPM) ir
tasky debesis maZesnémis sagnaudomis nei taikant tradicinius aerofotografavimo metodus (Mulakala, 2019).
Mokslingje literatiiroje pazymima, kad UAS fotogrametrija tampa svarbia priemone topografiniy plany
sudarymui bei teritorijy stebésenai (Suziedelyte-Visockiené ir kt., 2016; Stroner ir kt.,2021). Tyrimai rodo,
kad naudojant tinkamai suplanuota skrydj ir pakankama nuotrauky persidengimg galima pasiekti
centimetrinj erdviniy duomeny tiksluma (Clapuyt ir kt., 2016; Tamminga ir kt., 2016).

Vienas svarbiausiy veiksniy, lemianciy fotogrametriniy produkty tikslumg, yra georeferenciniy
duomeny kokybé. Tradiciskai tam naudojami antZeminiai atraminiai taSkai (GCP), kuriy koordinatés
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nustatomos GNSS RTK metodu. RTK technologija leidZia realiuoju laiku pasiekti centimetrinj tikslumg ir
yra laikoma vienu tiksliausiy metody geodeziniams matavimams atlikti (Chen ir kt.,2021). Todél RTK
duomenys daznai naudojami kaip etaloniniai vertinant UAS fotogrametriniy duomeny kokybe (Stroner ir kt.,
2021).

Pastaraisiais metais naudojami UAS su integruotais RTK imtuvais. Tokie sprendimai leidzia tiesiogiai
georeferencuoti aeronuotraukas ir sumazinti atraminiy tasky poreikj . Stroner ir kt. (2021) nustaté, kad GNSS
RTK integracija gali uztikrinti pakankamg tikslumg stambaus mastelio kartografavimo darbams net ir
naudojant minimaly GCP skaiciy.

Ortofotografiniai planai yra vieni pagrindiniy UAS fotogrametrijos produkty. Jy tikslumas priklauso
nuo skrydzio aukscio, vaizdo raiSkos, georeferenciniy duomeny bei fotogrametrinio apdorojimo parametry.
Moksliniai tyrimai rodo, kad naudojant RTK technologijg horizontalus tikslumas daznai siekia 3—6 cm, o
vertikalus — apie 5-6 cm. Tokie rodikliai atitinka daugelio stambaus mastelio topografiniy plany rengimo
reikalavimus (Alshawabkeh ir kt., 2021). Niu ir kt. (2024) atliko RTK integruoto UAS tikslumo vertinimg ir
nustaté, kad net nenaudojant atraminiy tasky vertikaliosios koordinatés paklaida gali biti apie 5—6 cm.
Tyrimo autoriai daro i§vada, kad RTK integruoti UAS gali biiti naudojami didelio mastelio kartografavimui.

Nors horizontaliis pavirSiai fotogrametriniais metodais atkuriami gana tiksliai, vertikaliy objekty
matavimas iSlieka viena didziausiy problemy. Pastaty fasadai, atraminés sienos, Suliniai ir kiti vertikaliis
elementai daznai fotografuojami nepakankamu kampu, todél jy geometrija atkuriama prasciau nei
horizontaliy pavirSiy. D¢l Sios priezasties vertikaliy objekty koordinatés gali pasizyméti didesnémis
paklaidomis nei atviri horizontaliis pavirsiai (Clapuyt ir kt., 2016; Szyputa B. 2024). Szyputa (2024) pazymi,
kad skaitmeniniy reljefo ir pavirSiaus modeliy tikslumui didelg jtaka daro georeferenciniy duomeny kokybé,
skrydzio geometrija bei kontroliniy tasky iSdéstymas. Tyrimas parodé, kad net naudojant RTK technologija
bitina atlikti nepriklausoma tikslumo kontrole.

Mokslinéje literatiiroje vis dazniau nagrinéjama galimybé tradicinius topografinius matavimus
pakeisti arba papildyti UAS technologijomis. Daugelis autoriy sutaria, kad UAS fotogrametrija gali
reikSmingai sumazinti lauko darby apimtj ir paspartinti duomeny surinkima. Taciau taip pat pabréziama, kad
sudétingy inZineriniy objekty, pozeminiy tinkly elementy, vertikaliy konstrukcijy bei tankiai apzeldinty
teritorijy matavimams daznai vis dar reikalingi papildomi geodeziniai matavimai (Stroner M. ir kt., 2021).
Vyrauja nuomong, kad RTK technologija pagristos bepilo¢iy orlaiviy sistemos gali efektyviai uZztikrinti
topografiniy ir kartografiniy duomeny surinkimg didelése teritorijose. Vis délto, vertinant auksto tikslumo
reikalaujancius inZinerinius objektus, rekomenduojama taikyti kombinuota geodeziniy matavimy metodika,
integruojant UAS fotogrametrijos ir GNSS RTK arba tacheometriniy matavimy duomenis, siekiant sumazinti
matavimo neapibréztj ir padidinti galutinio erdviniy duomeny rinkinio kokybe (IS..., 2025).

Atlikta mokslinés literatiiros analizé parodé, kad nuotoliniai tyrimo metodais gauti matavimai leidzia
efektyviai generuoti auksto tikslumo erdviniy duomeny rinkinius, o RTK technologijos integravimas
reikSmingai pagerina jy tiksluma. Taciau vis dar truksta tyrimy, vertinanciy vertikaliy pavir$iy ir antzeminiy
inzineriniy tinkly objekty matavimo tikslumg bei UAS ir GNSS RTK metodais gauty duomeny
palyginamuma. Nepakankamas temos iStirtumas pagrindzia $io darbo reikSmingumg ir tyrimo poreikj.

Tyrimy metodika

Darbe taikytas erdvinis ir grafinis modeliavimas, duomeny rinkimo, sisteminimo, analizés, gauty
duomeny apibendrinimo ir interpretavimo metodai.

Tyrime surinkty aerofotografiniy duomeny apdorojimui buvo naudojama DJI Terra programiné jranga,
leidzianti automatizuotai atlikti fotogrametrinj vaizdy apdorojima, generuoti ortofotoplanus, skaitmeninius
pavirSiaus modelius (SPM) ir trimacius vietovés modelius, uztikrinant efektyvy bei tiksly geoduomeny
parengimg tolesnei analizei. ,,Agisoft Metashape* programa atliktas nuotrauky orientavimas, tankaus tasky
debesies generavimas bei ortofotoplano ir skaitmeninio pavirSiaus modelio sudarymas. Geodeziniy
matavimy duomeny apdorojimui ir analizei buvo naudojama Geo3D programiné jranga. Jos pagalba atliktas
matavimo duomeny apdorojimas, sudaryti reljefo modeliai bei apskaiCiuoti tiriamy objekty geometriniai
parametrai.

Tyrimas vykdytas geguzés pradzioje, Vilniaus miesto vakarinéje dalyje. Siekiant jvertinti matavimo
duomeny tikslumg, buvo pasirinkta urbanizuota teritorija kurioje yra tvirti vietoves pavirsiai- Saligatviai,
borteliai, asfalto danga, inzineriniy tinkly $uliniai-kameros, ir kita. Sie vietovés objektai pasirinkti ir dél tos
priezasties, kad geodeziSkai iSmatuojant tokius objektus jiems yra taikomi grieztesni tikslumo reikalavimai,
t. y. stambaus mastelio M 1:500 iSmatuoty topografiniy objekty tvirty vietovés kontiiry horizontaliosios
padéties vidutiné kvadratiné paklaida, turi buti ne didesné kaip 0,20 m, o vertikalios padéties tvirty vietovés
konttry — 0,10 m, kity pavirSiy — 0,20 m, su 95 proc. tikimybe.
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Tyrimui atlikti vietovéje pazymeéti taskai — 10 borteliy ir 10 kelio tasky (1a pav.), bei 10 Suliniy-kamery
dang¢iy esanciy kelio viduryje (1b pav.), bei analogiskai 10 Suliniy -kamery dang¢iy esanciy kelio kraste (1c
pav.).

1 pav. Pasirinktos vertikaliyjy pjuviy vietos: a) ties Saligatvio borteliais;
b) Suliniai gatvés viduryje; c) Suliniai gatves kraste;
Saltinis: sudaryta autoriy

ISmatuoti Saligatvio borteliy auks¢ius buvo pasirinkta neatsitiktinai, nes matavimo tikslumas labai
priklauso nuo matuojamojo pavirSiaus. Matavimo duomeny tikslumas priklauso nuo vietovés reljefo
charakteristiky, kadangi didesni auksc¢iy skirtumai ir reljefo heterogeniSkumas gali lemti didesnj rezultaty
neapibréztumg. Tikslumui jvertinti pasirinkta 20 gatvéje esanCiy antzeminiy inzineriniy komunikacijy
Suliniy/kamery dang¢iy, kurie sugrupuoti j Sulinius gatvés viduryje (1b pav) ir Sulinius gatvés kraste (1c
pav.). Tasko tikslumo jvertinimui horizontalioje padétyje, buvo pasirinkti 5 Suliniai gatvés viduryje (1b pav).

Duomeny rinkimui buvo naudojama bepilo€io orlaivio sistema su DJI Matrice 350 RTK platforma ir
DIJI Zenmuse L2 jutikliu. Skrydziai vykdyti naudojant DJI Pilot 2 programing jrangg. Pasirinktoje teritorijoje
buvo pazyméti 3 planiniai kontiirzenkliai ties tvirtais vietovés kontirais. Zymint planinius kontiirzenklius
atsizvelgta, kad vir§ Zymimy viety nebiity elektros laidy, ar kity auksty objekty. Kontiirzenklio zymens forma
—pasirinkta ,,x* kadangi tokiu zenklu pazymeétas kontiirzenklis, gerai matosi ir turi fiksuotg susikirtimo taska,
kurj lengva sutapdinti su skrydzio metu uzfiksuotomis nuotraukomis. Buvo nustatyti Sie skrydzio parametrai:
60 m aukstis vir§ Zemés pavirsiaus ir 6,3 m/s greitis. Esant Sioms salygoms, pasiekta ortofotografiniy vaizdy
skiriamoji geba (GSD) sieké 2,20 cm/px, uztikrinant auksta duomeny detalumg ir tinkamumg tolesniam
fotogrametriniam apdorojimui bei skaitmeniniy pavirSiaus modeliy sudarymui. Tiriamojo objekto plotas —
0,42 ha.

Ortofotografinio plano sudarymui buvo panaudoti UAS surinkti duomenys, kuriy apdorojimas atliktas
naudojant Agisoft Metashape programing jrangg. Parengto ortofotografinio plano rezoliucija sieké 32161 x
20677 pikseliy, erdviné skiriamoji geba (GSD) — 2,20 cm/pixel, uztikrinant auksta erdvinj detalumg. UAS
matavimo tikslumas vertintas analizuojant auksc¢iy skirtumus; esant RTK korekcijoms, tikétinas vertikalus
tikslumas siekiantis keliy centimetry riba.

Matavimy tikslumui jvertinti naudoti tiriamo objekto GNSS matavimy duomenys, surinkti naudojant
Topcon HiPer SR imtuvg. Matavimai atlikti naudojant LitPOS-RTK realaus laiko kinematinj (RTK) metoda,
kai korekcijos gaunamos i$ nacionalinés nuolat veikiancios GNSS stoCiy sistemos, o duomenys perduodami
GSM rysiu, radijo bangomis arba internetu. Sios korekcijos leidZia realiuoju laiku nustatyti matuojamy tasky
padétj ir uztikrinti jy centimetro lygio tikslumg (1-3 cm).

Matavimy tikslumui jvertinti buvo atlikta skirtingais metodais nustatyty tasky planiniy koordinaciy
analizé, apskaiciuoti koordinaciy skirtumai bei jvertintas bendras horizontaliosios padéties tikslumas.
Analogiskai buvo analizuoti tasky auksciai, apskaiciuoti auk$¢iy skirtumai ir jvertintas vertikaliosios
padéties nustatymo tikslumas.

Rezultatai
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Tyrimo metu Vilniaus mieste esancios gatvés vakariné dalis buvo iSmatuota geodeziniais ir
nuotoliniais fotogrametriniais metodais. Matavimai atlikti geguzés 5 d., esant vidutiniam debesuotumui, 13
°C oro temperatiirai ir 4 m/s véjo greiciui. ISmatuotos teritorijos plotas sudaro 42 arus. Nuotoliniy matavimy
metu gauti duomenys buvo apdoroti programine jranga ,,Agisoft Metashape®, o galutiniame rezultate
suformuoti ortofotografinis planas ir 3D tasky debesis (2 pav.).

2 pav. Tiriamojo objekto ortofotografinis planas
Saltinis: sudaryta autoriy

Tyrimo metu parengto ortofotografinio plano matmenys yra 32161 x 20677 pikseliy. Gauta skiriamoji
geba (GSD) siekia 1,71 em/pikseliui. Tai reiskia, kad kiekvienas pikselis atitinka 1,71 cm realiame pavirSiuje,
todél smulkiausiy objekty identifikavimo detalumas priklauso nuo Sios reikSmés.

IS gauto ortofotografinio plano galima identifikuoti tiek gamtinius, tiek antropogeninius vietovés
objektus, apimancius reljefo, Zemés dangos, augmenijos, hidrografinius elementus bei inzinering ir
urbanisting infrastrukttirg. Dél aukstos erdvinés skiriamosios gebos sudaromos prielaidos detaliai teritorijos
analizei, objekty skaitmeniniam i$skyrimui bei jy klasifikavimui, uztikrinant geometrinj ir erdvinj duomeny
tiksluma (3 pav).

3 pav. Aukstos erdvinés skiriamosios gebos ortofotografinio plano dalis su tvirtais vietovés kontiirais:
a — Saligatviai ir vaziuojamoji danga; b — pastatas, asfaltuota aikstelé
Saltinis: sudaryta autoriy
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Nors gautame ortofotografiniame plane gana rySkiai matomi pastaty kontiirai, taciau tiksliai pastato
kampo padéties, dél atsiradusiy deformuoty ploty prie pastaty kampy, kur zemés pavirsiaus ir pastato auks¢io
peraukstéjimas yra 15 m ir daugiau, nustatyti nejmanoma.

Ortofotografinio plano tikslumui jvertinti buvo panaudoti penki kontroliniai taskai (1b pav.), kuriy
koordinatés nustatytos GNSS matavimais ir i§ ortofotografinio plano gautais duomenimis (1 lentele).

1 lentelé
Nuotoliniais tyrimo metodais nustatytos taSky koordinatés ir jy neatitikimai
ISmatuoto tasko numeris X GNSS X UAS Y GNSS Y UAS fx, (m) fy, (m)
1 6069354,15 6069354,14 590840,47 590840,43 0,01 0,04
2 6069397,54 6069397,55 590865,76 590865,72 -0,01 0,04
3 6069433,40 6069433,36 590887,80 590887,83 0,04 -0,03
4 6069479,92 6069479,89 590916,95 590916,91 0,03 0,04
5 6069515,80 6069515,81 590940,58 590940,58 -0,01 0,00

Saltinis: sudaryta autoriy

IS GNSS ir UAS matavimy apskaiciuoti koordinac¢iy skirtumai parodé nedidelius rezultaty
neatitikimus. X koordinatés skirtumai kito nuo —0,04 m iki 0,04 m, o Y koordinatés skirtumai — nuo —0,03
m iki 0,04 m. Didziausias nustatytas skirtumas abiejy koordinaciy atzvilgiu sieké 0,04 m, o maZziausias —
0,00 m. Atlikus koordinaciy skirtumy analize¢ nustatyta, kad vidutiné kvadratiné paklaida X koordinatés
atzvilgiu sieké 0,026m (2,6 cm), Y koordinatés atzvilgiu — 0,032m (3,2 cm), o bendra planiné vidutiné
kvadratiné paklaida sudaré 0,041m (4,1 cm.) Gauti rezultatai rodo gerg GNSS ir UAS matavimy tarpusavio
atitikt] bei pakankama tiksluma objekty planinei padéciai nustatyti.

Darbo metu taip pat buvo sugeneruotas tasky debesies masyvas (4 pav.).

4 pav. Iskarpa i$ tiriamojo darbo metu sugeneruoto tasky debesies masyvo
Saltinis: sudaryta autoriy

TaSky debesis — tai erdvéje iSsidésCiusiy tasky rinkinys, naudojamas objekty ir vietovés pavirSiaus
geometrijai atvaizduoti. Kiekvienas taskas apibiidinamas trimatémis koordinatémis X, Y ir Z. Atlikus
duomeny apdorojimg buvo sugeneruotas 60 000 tasky debesis.

Sudarant erdviniy topografiniy duomeny rinkinius, svarbu tiksliai nustatyti tasky aukscius. Siekiant
jvertinti UAS matavimy tikslumg, buvo analizuojami gatvés kietyjy dangy elementy — Saligatviy ir borteliy
— auksc¢iy skirtumai, lyginant juos su GNSS matavimy duomenimis. Toks vertinimas pasirinktas todél, kad
fotogrametriniy matavimy tikslumas priklauso nuo vietovés reljefo ir pavirSiaus ypatybiy. Didéjant reljefo
jvairovei ir auksc¢iy skirtumams, didéja matavimo netikslumy tikimybé tiek ortofotografiniame plane, tiek
sugeneruotame tasky debesyje.
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Sugeneruoto tasky debesies vertikaliajam tikslumui jvertinti buvo analizuota 10 vertikaliyjy pjiviy.
GNSS matavimais nustatyta, kad didZiausias Saligatvio bortelio aukstis LAS07 auksc¢iy sistemoje sieké
147,26 m (1 taskas), o maziausias — 139,44 m (10 taSkas). Nors auksCiausi ir Zemiausi taskai GNSS ir UAS
duomenyse sutapo, jy auksciy reikSmés skyrési (2 lentelé).

2 lentelé
ISmatuoty tasky auksciy skirtumai

. o . e Kieto Kieto Aukscio
« Kieto pavirSiaus | Kieto pavirSiaus s s it
ISmatuoto . o o " . pavirSiaus pavirSiaus , neatitikimas

“ virSaus  aukstis | apacios  aukstis | Ah, (m) . " .. ... | Ah', (m)
tasko Nr. GNSS, (m) GNSS, (m) virSaus aukstis | apacios aukstis th, (m)
’ ’ UAS, (m) UAS, (m)

1 147,26 147,15 0,11 147,26 147,22 0,04 0,07
2 145,58 145,46 0,12 145,58 145,51 0,07 0,05
3 144,33 14421 0,12 144,28 144,24 0,04 0,08
4 143,92 143,80 0,12 143,87 143,84 0,03 0,09
5 144,54 144,45 0,09 144,50 144,45 0,05 0,04
6 145,38 145,27 0,11 14531 145,25 0,06 0,05
7 144,05 143,95 0,10 144,00 143,98 0,02 0,08
8 142,39 142,27 0,12 142,38 142,34 0,04 0,08
9 141,42 141,28 0,14 141,39 141,36 0,03 0,11
10 139,57 139,44 0,13 139,64 139,60 0,04 0,09

Saltinis: sudaryta autoriy

ISanalizavus Saligatvio borteliy auks$¢iy skirtumus nustatyta, kad virSutinés bortelio briaunos auks¢iai,
gauti GNSS ir UAS metodais, tarpusavyje gerai sutampa. Daugeliu atvejy jy skirtumai nevirsijo 0,04-0,05
m, taciau didesni neatitikimai nustatyti apatinéje bortelio dalyje, t. y. asfaltuotos dangos pavirsiuje, kur
auks$¢iy skirtumai kai kuriais atvejais sieké iki 0,16 m. Tikétina, kad Siuos skirtumus 1émé fotogrametrinio
metodo jautrumas vertikaliems pavirSiams ir staigiems auk$¢iy pokyc¢iams. UAS surinkti duomenys tiksliau
atvaizduoja geriau matomus ir auksciau esancius pavirsius, o Zemiau esanciy objekty elementy auksciai gali
buti nustatomi su didesne paklaida. Nustatyta, kad vidutinis GNSS matavimais apskaiciuotas bortelio aukstis
sieke 0,12 m, o nustatytas didZiausias skirtumas tarp GNSS ir UAS metodais apskaiciuoty Saligatvio bortelio
auksciy skirtumy gautas 4 ir 10 taskuose — 0,09 m. Maziausias skirtumas nustatytas 5-ajame taske — 0,04 m.
Vidutiné GNSS ir UAS matavimy skirtumy reik§mé sieké 0,072 m. Apskai¢ivota vidutiné kvadratiné
paklaida (RMSE) sudaré 0,075 m (7,5 cm). Gauti rezultatai rodo, kad UAS fotogrametriniu metodu nustatyti
Saligatvio bortelio auks¢iy skirtumai sistemingai yra mazesni nei GNSS matavimy rezultatai. Tai rodo
fotogrametrinio modelio sisteminj efekta, kai staigiis vertikallis pavirSiaus peréjimai yra susvelninami dél
skaitmeninio pavir§iaus modelio interpoliacijos ir riboto smulkiy geometriniy detaliy atvaizdavimo.
Nustatyta RMSE reik§mé rodo vidutinj atitikimg tarp GNSS ir UAS metody, leidziantj teigti, kad UAS
duomenys yra tinkami bendram topografiniam modeliavimui, ta¢iau maziau tikslis smulkiy vertikaliy
elementy, tokiy kaip Saligatvio borteliai, auk$¢iy nustatymui.

TaSko padéties aukscCio atzvilgiu jvertinimui pasirinkta 20 gatvéje esanciy antzeminiy inZineriniy
komunikacijy Suliniy (kamery) dang¢iy, kurie suskirstyti j dvi grupes: Sulinius, esancius gatvés viduryje (1b
pav.), ir Sulinius, esancius gatvés kraste (1c pav.). Nustatyta, kad gatvés viduryje esantys Suliniai dél savo
padéties asfaltbetonio dangos pavirSiuje pasizymi geresniu geometriniu atitikimu su tasky debesimi, todél jy
auksc¢iy nustatymo tikslumas yra didesnis. Tuo tarpu gatvés krastuose esantys Suliniai pasizymi maZesniu
matavimo tikslumu, nes $alia jy esantis Saligatvio bortas sukelia vietinius reljefo geometrinius iskraipymus
fotogrametriniame modelyje. Atlikus pirmosios grupés Suliniy matavimy analiz¢ nustatyta, kad GNSS ir
UAS metodais iSmatuoti auksc¢iai LAS07 auksciy sistemoje sutampa, o didziausia reikSmé nustatyta 1 taske,
maziausia — 10 taske (4 lentelé).

4 lentelé
ISmatuoti tas§kai LAS07 auks¢iy sistemoje bei kiti matematiniai tikslumo parametrai
I¥matuoto tasko Nr. | Sulinio aukstis GNSS, (m) Sulinio aukstis UAS, (m) Aukscio neatitikimas th, (m)
1 2 3 4
1 147,30 147,32 0,02
2 146,33 146,32 0,01
3 144,98 144,95 0,03
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I$matuoto tasko Nr. | Sulinio aukstis GNSS, (m) Sulinio aukstis UAS, (m) Aukscio neatitikimas fh, (m)
4 143,83 143,81 0,02
5 144,46 144,42 0,04
6 144,40 144,36 0,04
7 145,29 145,21 0,08
8 144,62 144,56 0,06
9 141,33 141,31 0,02
10 140,43 140,42 0,01

Saltinis: sudaryta autoriy

DidZiausias matavimy neatitikimas tarp GNSS ir UAS metodais nustatyty Suliniy auksciy sieké 0,08
m ir buvo nustatytas 7-ajame tasSke. Maziausi skirtumai gauti 2-ajame ir 10-ajame taSkuose — po 0,01 m.
Apskaiciuota viduting visy matavimy skirtumy reik§mé sudaré 0,029 m (2,9 cm), kas rodo nedidelj sisteminj
UAS matavimy poslinkj GNSS atzvilgiu.

Matavimy tikslumui jvertinti apskaiciuota vidutiné kvadratiné paklaida, kuri sieké 0,039 m (3,9 cm).
Gauti rezultatai rodo auksta GNSS ir UAS matavimy tarpusavio atitikimg taSko auks$cio atzvilgiu. Nustatyti
nedideli skirtumai gali buti sicjami su modelio interpoliacijos ypatybémis bei lokaliais pavirSiaus
geometriniais iSkraipymais.

ISmatavus 2-o0jo pogrupio, t. y. gatvés krastuose esanciy Suliniy, auksc¢ius GNSS ir UAS metodais,
nustatytas didziausias auksciy skirtumas sieké 0,05 m. 10-ajame matavimo taske Sulinio dangCio aukstis
abiem metodais sutapo ir sudaré 139,97 m (5 lentelé).

5 lentelé
ISmatuoti antro pogrupio Suliniy taskai LAS07 auksciy sistemoje bei kiti matematiniai tikslumo
parametrai
ISmatuoto tasko Nr. Sulinio aukstis GNSS, (m) Sulinio aukstis UAS, (m) Aukscio neatitikimas fh, (m)
1 146,04 146,02 0,02
2 145,22 145,18 0,04
3 144,62 144,58 0,04
4 143,79 143,75 0,04
5 144,33 144,28 0,05
6 145,20 145,15 0,05
7 144,63 144,59 0,04
8 142,46 142,42 0,04
9 141,40 141,37 0,03
10 139,97 139,97 0,00

Saltinis: sudaryta autoriy

Nustatyta, kad GNSS ir UAS metodais iSmatuoty Suliniy dang¢iy auks¢iy skirtumy vidurkis siekia
0,035 m, o vidutiné kvadratiné paklaida — 0,038 m (3,8 cm). Tai rodo nedidelj, taciau sisteminj UAS
matavimy nuokrypj GNSS atzvilgiu ir gerag metody tarpusavio atitikimg. Palyginus pogrupius nustatyta, kad
Suliniy matavimai gatvés viduryje yra vidutiniskai apie 1 cm tikslesni nei gatvés kraStuose. Tai siejama su
lygesniu pavirSiumi gatvés viduryje, o krastuose esantis Saligatvio bortas (10—-14 cm) sukelia didesnius
modelio iSkraipymus. Gauti rezultatai nevir§ijo normatyviniy vidutinés kvadratinés paklaidos riby t. y.
stambaus mastelio M 1:500 iSmatuoty topografiniy objekty tvirty vietovés konttiry horizontaliosios padéties
vidutiné kvadratiné paklaida, turi biti ne didesné kaip 0,20 m, o vertikalios padéties tvirty vietovés konttry
— 0,10 m, kity pavirsiy — 0,20 m, su 95 proc. tikimybe (Topografiniy..., 2023), todél UAS fotogrametrijos
metodas laikytinas tinkamu taSko padéties erdvinés padéties nustatymui. Neanalizuotas tasko padéties
nustatymo tikslumas kituose pavirSiuose. Taciau siekiant uztikrinti matavimy kontrole tikslinga taikyti
kombinuotus matavimy metodus.

ISvados

1.  Atlikus koordinaciy skirtumy analiz¢ nustatyta, kad vidutiné kvadratiné paklaida X koordinatés
atzvilgiu sieké 0,026m (2,6 cm), Y koordinatés atzvilgiu — 0,032m (3,2 cm), o bendra planiné vidutiné
kvadratiné paklaida sudaré¢ 0,041m (4,1 cm.). Gauti rezultatai rodo gera GNSS ir UAS matavimy tarpusavio
atitikt] bei pakankama tiksluma objekty planinei padéciai nustatyti.
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2. Palyginus ir jvertintinus 10 vertikaliy tasky debesies pjiiviy, nustatytas vidutinis GNSS imtuvu
iSmatuotas bortelio aukstis — 0,12m, UAS — 0,04 cm. Gautas vidutinis auksciy neatitikimas — 0,072m,
apskaiciuota vidutiné kvadratiné paklaida — 0,075 m (7,5 cm).

3. Palyginus kiety pavirSiy auk$cio matavimus nustatyta, kad vidutini§kai nuotoliniais matavimais
iSmatuotas aukstis nuo GNSS matavimy pirmuoju atveju skiriasi 0,03 m, antruoju — 0,04 m. Apskaiciuotos
matuoty tasky vidutinés kvadratinés paklaidos — 0,039 m (3,9cm) ir 0,038m(3,8cm).

4. Gauti rezultatai nevirSijo maksimalios vidutinés kvadratinés paklaidos riby t. y. stambaus
mastelio M 1:500 iSmatuoty topografiniy objekty tvirty vietovés kontiiry horizontaliosios padéties vidutiné
kvadratiné paklaida, turi buti ne didesné kaip 0,20 m, o vertikalios padéties tvirty vietovés kontiiry — 0,10
m, kity pavirSiy — 0,20 m, su 95 proc. tikimybe, todél UAS fotogrametrijos metodas laikytinas tinkamu
tvirty vietovés kontliry tasko padéties erdvinés padéties nustatymui. Tai neanalizuotas tasko padéties
nustatymo tikslumas kituose pavirSiuose. Taciau siekiant uztikrinti matavimy kontrole tikslinga taikyti
kombinuotus matavimy metodus.
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A STUDY ON THE APPLICATION OF REMOTE SENSING TO ASSESS THE ACCURACY OF
MEASURED TOPOGRAPHIC SPATIAL DATA

Summary

The study aims to evaluate the accuracy of spatial datasets generated using remote sensing methods and their
compliance with the requirements for the preparation of large-scale topographic maps. The objective of this work is to
determine the accuracy of spatial data generated using remote sensing methods. Objectives: to compare the accuracy
of spatial data on terrain features obtained using remote sensing methods (UAS photogrammetry and LiDAR) and
GNSS RTK methods. The study involved spatial and graphical modeling, as well as the synthesis and interpretation of
the obtained data. An orthophotographic map was created using remote sensing methods to determine the horizontal
position of points, and a point cloud was generated to determine their vertical positions. To determine the accuracy of
the spatial data obtained using remote sensing methods, GNSS measurements were performed using the LitPos-RTK
method. The results obtained did not exceed the maximum mean square error limits; that is, for topographic features
measured at a large scale of 1:500, the mean square error for the horizontal position of fixed terrain contours must not
exceed 0.20 m, while the mean square error for the vertical position of fixed terrain features is 0.10 m, and for other
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surfaces, 0.20 m, with a 95% confidence level; therefore, the UAS photogrammetry method is considered suitable for
determining the spatial position of fixed terrain features. The accuracy of point position determination on other surfaces
was not analyzed. However, to ensure measurement control, it is advisable to use combined measurement methods.

Key words: Unmanned aerial vehicle system (UAS), GNSS, LIDAR, measurements, orthophoto, point cloud,
accuracy.
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IDENTIFICATION AND COMPARISON OF WATERLOGGED AREAS IN DRAINED LAND
USING DIFFERENT REMOTE SENSING METHODS

Daiva Gudritiené, Vilma Salkauskiené
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

The deterioration of drainage systems and insufficient maintenance have led to increasingly frequent problems
of waterlogged areas, making the application of reliable identification methods highly relevant. The aim of this study
was to identify waterlogged areas in the Vandziogala and Alové cadastral areas using different remote sensing and
mapping methods and to compare the resulting spatial datasets. The study utilized the Mel DR10LT dataset, the
ORT10LT orthophoto map, and information collected during field surveys.

The results revealed that the problem of waterlogging is more pronounced in the Alové cadastral area than in the
Vandziogala cadastral area. The highest agreement between methods was found between the office-based interpretation
of the ORT10LT orthophoto map and the field survey dataset (75.2%). The study also showed that waterlogged areas
most commonly occur in terrain depressions, near drainage ditches, and within cultivated agricultural land. The findings
indicate that the MEL DRI10LT dataset is suitable for the preliminary identification of problematic areas; however,
more accurate results are obtained through the interpretation of ORT10LT orthophoto maps and field surveys. The most
reliable assessment of waterlogged reclaimed land is achieved by combining all applied methods.

Key words: Land drainage, waterlogged areas, ORT10LT, Mel DRI10LT, spatial data analysis.

Introduction

The territory of the Republic of Lithuania is located within a zone of excess moisture; therefore,
drainage systems are of particular importance in the country. Due to the large extent of naturally wet areas,
a significant part of the country has been drained through subsurface drainage systems. Excessively wet land
accounts for approximately 52% of Lithuania’s territory, making efficiently functioning drainage systems
essential for agricultural production and infrastructure development. Studies indicate that drainage systems
help maintain the productivity of agricultural land, provide suitable soil moisture and aeration conditions for
plant growth, facilitate soil cultivation and harvesting operations, and contribute to mitigating the adverse
effects of climate change (ValCiukiené et al., 2025).

The primary purpose of the installation and operation of drainage systems is to create favorable
conditions for sustainable land use and to ensure an optimal soil water regime. One of the most important
functions of drainage systems is the prevention of waterlogging, as excessive soil moisture negatively affects
plant growth, disrupts nutrient uptake, and reduces crop yields (Islam et al., 2022). Another important
function is the regulation of soil moisture, which ensures favorable conditions for crop development and
efficient agricultural production. Controlled drainage is increasingly applied in modern drainage systems,
allowing groundwater levels to be adjusted according to different stages of plant growth and thereby creating
optimal conditions for crop development (Kesicka et al., 2023).

Drainage systems also play a significant role in reducing soil salinity by facilitating the removal of
excess salts from the plant root zone. When drainage networks function inadequately or are insufficiently
developed, salts accumulate in the soil, leading to the deterioration of its physical and chemical properties,
reduced productivity, and lower crop yields. Over time, such areas may become unsuitable for agricultural
use (Kannazarova et al., 2024; Sun et al., 2025). Furthermore, properly designed and maintained drainage
systems contribute to soil erosion control, improve water infiltration, and reduce the risk of soil compaction,
thereby promoting sustainable land use and maintaining the long-term productivity of agricultural land
(Fajeriana et al., 2024).

Aim of the study: To identify waterlogged areas in the Vandziogala and Alové cadastral areas using
different remote sensing and mapping methods and to compare the resulting spatial datasets.

Objectives of the study: 1. To identify waterlogged areas in the VandZiogala and Alové cadastral areas
through office-based and field interpretation of ORT10LT orthophoto imagery. 2. To compare the spatial
datasets generated by office-based and field interpretation methods and evaluate their level of agreement
within each cadastral area. 3. To assess the suitability of different remote sensing and mapping approaches
for identifying waterlogged areas and evaluating drained agricultural land.

Theoretical background

In Lithuania, drained agricultural land covers approximately 2.978 million hectares, accounting for
nearly half of the country’s territory and about 87% of all agricultural land. Most drainage systems were
installed between 1960 and 1990; therefore, they are now heavily deteriorated and often no longer ensure

42



the efficient removal of excess water from the soil. Due to insufficient funding, the condition of drainage
infrastructure continues to decline, resulting in increasingly frequent problems associated with waterlogged
land.

According to scientific literature, failures of drainage systems are most commonly manifested by
changes in soil moisture conditions, surface water accumulation, and alterations in vegetation cover. Signs
of malfunction can be identified both during field surveys and through the analysis of orthophoto maps and
other remote sensing data. Previous studies have shown that water removal is often impeded in such areas
due to clogged or damaged drainage systems. Surface water ponding is most frequently observed in terrain
depressions or in locations where drainage collectors are no longer functioning properly and drainage ditches
have become overgrown. As a result, these areas become more difficult to cultivate, while excessive soil
moisture persists for extended periods (Abalikstiené et al., 2024).

Another important indicator of waterlogging is altered or uneven vegetation growth. In waterlogged
areas, plants often exhibit reduced growth, lower density, and uneven development. Oxygen deficiency in
the soil weakens root systems, reducing crop resistance to environmental stress. In some locations, vegetation
characteristic of wet habitats may develop, whereas in severely waterlogged areas certain crops may fail to
germinate altogether (Zhang et al., 2025; Shaheenir et al., 2025; Kummar et al., 2026). Surface runoff and
soil erosion are also commonly associated with drainage system failure. When soil drainage processes are
impaired, water is unable to infiltrate effectively and instead flows across the soil surface, removing the
fertile top-soil layer. This leads to reduced soil productivity, deterioration of soil structure, and increased
sediment accumulation in lower-lying areas and drainage ditches (Mukhopadhyay et al., 2025). The risk of
soil erosion is particularly high in sloping terrain (Du et al., 2021).

An analysis of previous studies on the causes and impacts of waterlogged land indicates that this issue
is not limited to Lithuania but is widespread across many European countries. The renovation and
reconstruction of drainage systems require accurate identification of waterlogged areas, assessment of
waterlogging intensity, determination of the underlying causes, and the availability of reliable spatial data
describing the condition of drained land. Waterlogging of agricultural land is influenced by several
interrelated factors, including climate conditions, precipitation patterns, groundwater levels, and soil
characteristics. In recent years, waterlogging problems have become more frequent due to increasing
precipitation intensity and prolonged periods of excessive moisture. The main factors contributing to
waterlogging include terrain characteristics, high groundwater levels, soil compaction, inefficient drainage
systems, and poorly permeable soil layers (Kaur et al., 2020; Merchan et al., 2026).

Currently, spatial data and remote sensing methods are increasingly used for the identification of
waterlogged areas. Orthophoto maps and spatial datasets describing drainage conditions enable faster
assessment of problematic areas, comparison of data from different sources, and more accurate identification
of potential waterlogging zones (Cerniauskas, 2025). Remote sensing is used to collect information about a
territory without direct physical contact. These methods provide valuable information on land cover,
topography, vegetation, and other environmental characteristics. Remote sensing also enables the acquisition
of land condition data without conducting field surveys and facilitates the analysis of large or difficult-to-
access areas (Forkuor et al., 2017). Commonly applied techniques for identifying waterlogged areas include
orthophoto imagery, satellite data, LIDAR technology, and digital elevation models (Bednafr et al., 2023;
Lillesand et al., 2015; den Besten et al., 2021).

The review of scientific literature revealed that the formation of waterlogged areas is influenced by a
combination of natural and anthropogenic factors, while the technical condition of drainage systems plays a
particularly important role. Waterlogged areas have been shown to negatively affect soil properties, plant
growth, and the productivity of agricultural land; therefore, their identification is essential for efficient land
management. Previous studies indicate that remote sensing methods and spatial datasets provide effective
tools for the rapid identification of problematic areas and for the assessment of drained agricultural land
conditions.

Research Methodology

The study was conducted in the Vandziogala cadastral area of Kaunas District Municipality and the
Alové cadastral area of Alytus District Municipality. Three spatial datasets were used for the identification
of waterlogged areas and the assessment of drained agricultural land.

The first dataset was the national 1:10,000 scale spatial dataset of drainage condition and waterlogging
(Mel _DRI10LT) of the Republic of Lithuania (Lietuvos Respublikos..., 2025). This dataset contains mapped
areas of poorly functioning drained land within the study areas and is publicly available through the
Lithuanian Spatial Information Portal.
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The second spatial dataset was created using office-based interpretation of the ORT10LT orthophoto
map. During the interpretation process, waterlogged areas were identified and delineated based on direct and
indirect interpretation indicators, including color and shape characteristics. Developing waterlogged areas
were recognized by darker irregularly shaped patches, visible standing water, signs of crop damage caused
by excess moisture, the absence of cultivation traces, the presence of wetland vegetation, and terrain
depressions.

The third spatial dataset was created using field interpretation of the ORT10LT orthophoto map. Field
surveys were carried out in the spring of 2026, during which the entire study area was inspected. Information
collected during the field survey was recorded on the most recent orthophoto map by preparing field sketches,
which were subsequently used to create a polygon-based spatial dataset.

After the spatial datasets had been compiled, spatial and statistical analyses were performed using
Geographic Information Systems (GIS). The analysis focused on the number of waterlogged areas, their total
area, spatial distribution, and waterlogging categories. These data were stored as attribute information within
vector datasets, enabling the application of GIS analytical functions, including attribute-based queries,
statistical calculations, and spatial overlay analyses to determine the degree of overlap between different
datasets. In addition, similarities and differences among datasets produced using different methods within
the same study area were evaluated.

To assess the severity of waterlogging in greater detail, waterlogged areas were classified into three
categories. The classification was based on visible signs of waterlogging, vegetation condition, and evidence
of agricultural machinery activity. Waterlogged areas were classified as follows: 1. Slightly waterlogged
areas — areas showing minor signs of waterlogging, still suitable for agricultural use; waterlogging occurs
mainly during wet years, and crops exhibit damage or poor growth. 2. Moderately waterlogged areas — areas
showing more pronounced signs of waterlogging; agricultural machinery avoids these areas, resulting in the
absence of visible tramlines. 3. Severely waterlogged arecas — areas where shrubs, woodland, or wetland
vegetation have developed and where agricultural activities have not been carried out for more than three
years.

Results and Discussion

The selected cadastral areas are located in different regions of Lithuania. The Vandziogala cadastral
area is situated in central Lithuania, whereas the Alové cadastral area is located in the southern part of the
country. The terrain of the Vandziogala cadastral area is predominantly flat, while the Alové cadastral area
is characterized by a more pronounced relief, with elevations ranging from 126 m to 150 m above sea level.

The study areas differ only slightly in terms of soil texture. In the VandZziogala cadastral area, the
dominant soil types are medium loam, sandy loam, and loamy sand, whereas sandy loam and loamy sand
prevail in the Alové cadastral area. The total study area covered approximately 11,870 ha. Although the
Alové cadastral area is larger, a substantial portion of its territory is covered by forests; therefore, the extent
of drained agricultural land is similar in both study areas.

According to the national 1:10,000 scale spatial dataset of drainage condition and waterlogging
(Mel DRI1OLT), 62 areas of poorly functioning drained land were identified in the Vandziogala cadastral
area, covering a total of 162.16 ha. In comparison, 95 such areas were identified in the Alové cadastral area,
occupying approximately 288 ha. These results indicate that both the number and total area of poorly
functioning drained land are greater in the Alové cadastral area than in the Vandziogala cadastral area (Figure
1).

In both study areas, light-textured soils predominate. Such soils are generally characterized by
relatively high water permeability; therefore, the occurrence of waterlogging is more often associated with
the technical condition of drainage systems, deterioration of drainage networks, and terrain characteristics
rather than with soil properties themselves.

Through office-based interpretation of the orthophoto map, 41 waterlogged areas with a total area of
24.26 ha were identified in the VandZiogala cadastral area. In the Alové cadastral area, 148 waterlogged areas
were identified using the same method, covering a total area of approximately 73.0 ha. A comparison of the
two study areas revealed that the number of waterlogged areas in Alové was more than three times higher
than in the Vandziogala cadastral area. These results indicate a greater extent of waterlogging and a wider
distribution of waterlogged areas in the Alove cadastral area.
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Fig. 1. Areas of poorly functioning drained land identified in the Mel DR10LT spatial dataset in the
Vandziogala (1) and Alové (2) cadastral areas

Source: compiled by the authors

To verify the accuracy of the spatial data obtained through office-based interpretation, field surveys
were conducted. During the field investigation, clear signs of excessive soil moisture were observed
throughout the study areas (Figure 2).

Fig. 2. Waterlogged areas identified during the field survey

Source: compiled by the authors

During the field survey, 36 waterlogged areas were identified in the Vandziogala cadastral area. Most
of these areas were classified as moderately waterlogged (Category 2), accounting for 18 objects. Slightly
waterlogged areas (Category 1) comprised 17 objects, while only one area was classified as severely
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waterlogged. The majority of waterlogged areas were located within cultivated agricultural land, in shallow
depressions situated near drainage ditches. Some of the ditches were overgrown, suggesting that their poor
condition may have contributed to the accumulation of excess surface water.

In the Alové cadastral area, 181 waterlogged areas were identified during the field survey, covering a
total area of approximately 107.6 ha, whereas only 36 waterlogged areas with a total area of 12.24 ha were
identified in the VandZiogala cadastral area (Table 1). These findings indicate that waterlogging is
considerably more widespread in the Alové cadastral area, both in terms of the number of affected areas and
their overall extent.

Table 1
Distribution of waterlogging categories in the VandZiogala and Alové cadastral areas
Waterlogging category Number of objects Area (ha)
Vandziogala C. A. Alove C. A. Vandziogala C. A. Aloveé C. A.
1 17 130 4.9 94.0
18 28 6.4 10.0
3 1 23 0.94 3.6

Source: compiled by the authors

Based on the obtained results, waterlogged areas were most frequently found in terrain depressions
and in areas located near drainage ditches. The Alové cadastral area is characterized by a more pronounced
relief, with numerous hills and depressions, which may explain the significantly greater number and total
area of waterlogged territories identified in comparison with the VandZiogala cadastral area. Most
waterlogged areas were located within cultivated agricultural land dominated by light-textured soils. The
findings suggest that the main causes of waterlogging are the accumulation of water in terrain depressions,
insufficiently functioning drainage networks, and inadequate maintenance of drainage ditches.

A comparison of the Mel DRIOLT dataset (available through the Lithuanian Spatial Information
Portal) with the datasets generated during this study revealed that the boundaries of some objects did not
correspond to the actual extent of waterlogged areas. The analysis of the dataset produced through office-
based interpretation showed that a number of waterlogged areas identified from the orthophoto map were
not included in the Mel DRI10OLT dataset. This indicates that orthophoto map interpretation can identify
additional waterlogging hotspots that may not be captured in official drainage condition datasets, particularly
when automated detection methods fail to delineate them.

Furthermore, some areas mapped in the Mel DR10LT dataset were larger than those identified through
visual interpretation, while several territories classified as waterlogged in the Mel DRIOLT dataset could
not be confirmed from the orthophoto imagery. These discrepancies may be explained by differences in data
acquisition periods, update frequency, and the methodologies used for spatial data generation.

In the Vandziogala cadastral area, the highest number of objects was recorded in the Mel DR10LT
dataset; however, a substantial proportion of these objects did not coincide with the datasets generated during
the present study (Figure 3).

M Mel DR10OLT data

M Based interpretation data
HField interpretation data

: i %
. 1 vesss P o2 4 -
discrepancies among waterlogged areas identified using different methods in the
Vandziogala cadastral area
Source: compiled by the authors

It was found that the areas classified as poorly functioning drained land in the Mel DRI1OLT dataset
were often larger than the waterlogged areas actually identified in the field. In some locations, the objects
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mapped in the Mel DRI10OLT dataset did not coincide with the waterlogged areas identified during the field
survey. Only five objects were common to all three datasets. Most waterlogged areas were located within
agricultural land, terrain depressions, and areas situated near drainage ditches.

The analysis revealed significant differences between the results obtained using the different methods
in the investigated cadastral areas (Table 2).

Table 2
Comparison of the number and area of waterlogged territories identified using different methods
Number of objects Area (ha)
Data acquisition method VandZziogala Alové VandZiogala Aloveé
C.A. C.A. C.A. C.A.
MELTDRIOLT datgset derived from automated 62 95 162.16 288.0
satellite image analysis
Office-based ORT10LT interpretation 41 148 24.26 73.0
Field-based ORT10LT interpretation 36 181 12.24 107.6

Source: compiled by the authors

The obtained results indicate that both the number of waterlogged areas and their total extent vary
considerably depending on the method applied. In the Vandziogala cadastral area, the highest number of
objects was identified in the Mel DR10LT dataset (62 objects), while the lowest number was recorded during
the field survey (36 objects). However, the analysis of the total area of waterlogged territories revealed that
waterlogged areas in the Mel DRI1OLT dataset covered as much as 162.16 ha, whereas the areas identified
through office-based interpretation covered 24.26 ha and those identified during the field survey covered
only 12.24 ha. These findings suggest that waterlogged territories in the Mel DRI1OLT dataset are often
generalized into larger polygons that do not always accurately represent the actual extent of waterlogged
areas.

To evaluate the accuracy and consistency of the different approaches, the level of agreement between
the spatial datasets was calculated (Table 3).

Table 3
Overlap between spatial datasets

Methods compared Number of overlapping Overlap area (ha) Method agreement (%)
objects
Vandziogala Alové Vandziogala Alové Vandziogala Alové
C.A. C.A. C.A. C.A. C.A. C.A.
MEL_DRIOLT and ORT10LT 8 38 3.11 29.05 25.8 39.8
ORTI10LT and field survey 40 60 12.24 54.92 55.6 75.2
MEL DRIOLT and field survey 5 53 2.40 47.43 19.1 44.1

Source: compiled by the authors

The results showed that the highest level of agreement was achieved between the dataset generated
through office-based interpretation of the ORT10LT orthophoto map and the dataset obtained during the field
survey. In the Alové cadastral area, the agreement between these methods reached 75.2%, with an overlap
area of 54.92 ha. In comparison, the agreement between the MEL. DR10LT dataset and the field survey data
was 44.1%, while the agreement between the MEL._DR10LT dataset and the ORT10LT interpretation results
was 39.8%. These findings indicate that office-based interpretation of the ORT10LT orthophoto map
provides the most accurate representation of the actual distribution of waterlogged areas among the evaluated
remote sensing methods.

In summary, each of the applied methods possesses specific advantages and limitations. The selection
of a particular approach should depend on the objectives of the study, the required level of accuracy, and the
time available for data collection and processing (Table 4).

Table 4
Advantages and disadvantages of different remote sensing and mapping methods

Mapping method Limitations

MEL DRIOLT (automated
satellite image analysis)

Advantages Applications

Enables rapid mapping of
large territories. The dataset
is publicly available at no
cost.

The mapped areas often
cover larger extents than the
actual waterlogged
territories. Small and newly
developing waterlogged
areas are often not detected.

Preliminary assessment of
waterlogged areas and
general evaluation of
drainage conditions.
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Mapping method

Advantages

Limitations

Applications

Office-based ORT10LT
orthophoto map interpretation

ORT10LT orthophoto maps
are publicly available free of
charge. Historical orthophoto
imagery from different years
can be used for office-based
analysis. Allows the
assessment of temporal
changes and the
identification of long-term
waterlogging patterns.

The method requires a
qualified specialist capable
of identifying waterlogged
areas based on interpretation
indicators, and the results are
partly dependent on the
interpreter’s experience.
Orthophoto maps in
Lithuania are updated every
three years; therefore,
discrepancies may occur
between the orthophoto
imagery and the actual
conditions in the field.

Suitable for long-term
monitoring and the
identification of waterlogged
areas using orthophoto
imagery updated every three
years.

Field-based interpretation of
the ORT10LT orthophoto map

Highest accuracy among the
evaluated methods.
Represents actual field
conditions at the time of data

The method requires a
qualified specialist capable
of identifying and recording
the relevant data in the field.

Detailed delineation of
waterlogged areas.
Evaluation of waterlogging
intensity.

collection. It requires more time, labor,
and resources than office-
based data collection
methods. Fieldwork is season
dependent.

Source: compiled by the authors

The analysis revealed that each of the evaluated methods is characterized by a different level of
accuracy and possesses specific advantages and limitations. The MEL._DRI10LT dataset is suitable for the
preliminary identification of problematic areas and for the general assessment of waterlogging conditions
over large territories; however, it does not always accurately represent the actual extent of waterlogged land.
Office-based interpretation of the ORT10LT orthophoto map enables relatively accurate identification of
waterlogging indicators and their boundaries, although the reliability of the results depends on the timeliness
of the orthophoto imagery, the experience of the interpreter, and environmental factors such as seasonality,
shadows, and soil characteristics. The highest level of accuracy was achieved through field surveys, which
made it possible to identify small and fragmented waterlogged areas that may not be detectable using remote
sensing data alone. Nevertheless, this method is time-consuming, resource-intensive, and highly dependent
on seasonal conditions. The results of the study indicate that the most reliable assessment of waterlogged
areas is achieved through the combined application of all three approaches: MEL DRIOLT for the
preliminary identification of problematic areas, ORT10LT orthophoto interpretation for detailed analysis of
waterlogged territories, and field surveys for final verification of the results and determination of the causes
of waterlogging.

Conclusions

1. The application of office-based and field interpretation of the ORT10LT orthophoto map revealed
that the waterlogging problem is more pronounced in the Alové cadastral area than in the VandZziogala
cadastral area. Through office-based interpretation, 148 waterlogged areas covering 73.0 ha were identified
in the Alové cadastral area, compared with 41 areas covering 24.26 ha in the Vandziogala cadastral area.
Field surveys identified 181 waterlogged areas covering 107.6 ha in the Alové cadastral area, whereas only
36 waterlogged areas with a total area of 12.24 ha were identified in the VandZiogala cadastral area.

2. The comparison of spatial datasets generated through office-based and field interpretation
demonstrated that the highest level of agreement was achieved between the ORT10LT orthophoto map
interpretation and the field survey datasets. In the Alové cadastral area, the agreement between these methods
reached 75.2%, with an overlap area of 54.92 ha, while in the VandZiogala cadastral area the agreement was
55.6%, with an overlap area of 12.24 ha. The lowest agreement was observed between the MEL DRI10LT
dataset and field survey data in the Vandziogala cadastral area (19.1% and 2.40 ha), whereas in the Alove
cadastral area the agreement between these datasets reached 44.1%. These results indicate that the
MEL DRIOLT dataset does not always accurately represent the actual distribution of waterlogged areas,
while more reliable results are obtained through ORT10LT orthophoto interpretation and field surveys.

3. The evaluation of different remote sensing and mapping approaches showed that the
MEL DRIOLT dataset is suitable for the preliminary identification of problematic areas over large
territories, although it frequently overestimates the extent of waterlogged land. Office-based interpretation
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of the ORT10LT orthophoto map allows relatively accurate delineation of waterlogged areas and their
boundaries, whereas the highest level of accuracy is achieved through field-based interpretation. Therefore,
the most reliable assessment of waterlogged areas is obtained through an integrated approach combining
MEL _DRI10LT data, ORT10LT orthophoto interpretation, and field surveys.
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UZMIRKUSIU MELIORUOTU ZEMIU TERITORIJU NUSTATYMAS IR PALYGINIMAS TAIKANT
SKIRTINGUS NUOTOLINIU TYRIMU METODUS

Santrauka

Melioracijos sistemy nusidévéjimas ir nepakankama priezitira lemia vis dazniau pasitaikancias uzmirkusiy teritorijy
problemas, todél aktualu taikyti patikimus jy nustatymo metodus. Tyrimo tikslas — nustatyti uzmirkusias teritorijas
VandZiogalos ir Alovés kadastro vietovése, taikant skirtingus nuotolinio kartografavimo biidus bei palyginti sudarytus
erdviniy duomeny rinkinius. Tyrimui naudoti Mel DR10LT duomenys, ORT10LT ortofotografinis Zemélapis ir lauko
tyrimy metu surinkta informacija.

Atlikus tyrima nustatyta, kad uzmirkusios teritorijos daZniausiai formuojasi reljefo pazeméjimuose, Salia
melioracijos grioviy ir dirbamos zemés plotuose. Didziausias metody atitikimas nustatytas tarp ORT10LT
ortofotografinio zemélapio kameralaus interpretavimo ir lauko tyrimo duomeny rinkiniy (75,2 %). Tyrimo rezultatai
parodé, kad MEL DRIOLT duomeny rinkinys tinkamas preliminariam probleminiy teritorijy nustatymui, taciau
tikslesni rezultatai gaunami taikant ORTIOLT ortofotografinio Zemélapio interpretavimag ir lauko tyrimus.
Patikimiausias melioruoty Zemiy biklés vertinimas pasiekiamas derinant visus taikytus metodus.

Reik$miniai ZodZiai: Melioracija, uzmirkusios teritorijos, ORT10LT, Mel DRI10LT, nuotolinis kartografavimas.
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LONG-TERM ANNUAL VARIABILITY OF NITROGEN AND PHOSPHORUS
CONCENTRATIONS AND ESTIMATED LOADS IN THE NEMUNAS RIVER
DURING 2001 - 2024

Sinilga Cernuliené, Jurgita Babiliené
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

This study assessed long-term annual variability in nitrogen and phosphorus concentrations and estimated annual
loads in the Nemunas River during 2001-2024. The analysis was based on annual monitoring data from five main-stem
stations and selected major tributaries. Total nitrogen (TN), nitrate nitrogen (NOs-N), total phosphorus (TP), mean
annual discharge and estimated annual TN and TP loads were evaluated. Annual TN and NOs-N concentrations were
highest and most variable at the middle-river station S2, while TP showed a less pronounced spatial pattern. Spearman
correlation analysis indicated generally weak relationships between annual discharge and nutrient concentrations, with
significant positive correlations detected only at S5 for TN and NOs-N. Estimated annual TN and TP loads showed
clearer spatial differences than concentrations, with the lowest loads observed at S1 and higher, more variable loads
recorded in the middle reaches. The Neris and Nevézis rivers explained approximately 48% of TN and 74% of TP load
changes in the S2-S1 reach, indicating the importance of tributary inputs in this part of the river. PCA supported the
separation of S2 along the nitrogen-related gradient. The study shows that annual concentration data alone are
insufficient to describe nutrient pressure in large river systems. Because the analysis was based on annual mean values,
seasonal and event-scale nutrient transport could not be assessed.

Key words: Nemunas River; total nitrogen; total phosphorus; nitrate nitrogen; estimated annual loads; tributary
contribution; long-term monitoring; PCA.

Introduction

River systems are important pathways linking terrestrial catchments with downstream aquatic
ecosystems and coastal waters. They transport water, sediments and dissolved substances, including nitrogen
and phosphorus compounds, which are among the main drivers of eutrophication in freshwater and coastal
environments (Gonzalez et al., 2025; Kantamaneni et al., 2025). River water quality is influenced by both
natural catchment characteristics and anthropogenic pressures, including urbanisation, agricultural
intensification and wastewater inputs (Zhi et al., 2024).

Nitrogen and phosphorus are particularly important in river systems because excessive inputs may
promote algal growth, oxygen depletion and degradation of ecological status. Total nitrogen (TN) includes
both mineral and organic nitrogen forms, while nitrate nitrogen (NOs-N) is often an important component of
nitrogen transport in agricultural and mixed-use catchments. Phosphorus is frequently considered a limiting
nutrient in freshwater systems, and even relatively small increases in phosphorus availability can contribute
to eutrophication (Correll, 1999; Rabalais, 2009).

At the European scale, nutrient concentrations and loads in rivers have changed substantially during
recent decades. Improvements in wastewater treatment and restrictions on phosphorus use have reduced
nutrient inputs in many regions, but diffuse agricultural pollution remains an important pressure on water
quality (EEA, 2024; EEA, 2025). Previous studies have shown that nutrient patterns in rivers may vary
depending on catchment land use, hydrological variability, river size and tributary inputs (Bouraoui &
Grizzetti, 2011; Minaudo et al., 2019; Dupas et al., 2015).

The Nemunas River is the largest river in Lithuania and one of the main river systems draining towards
the Curonian Lagoon and the Baltic Sea. Therefore, long-term assessment of nutrient concentrations and
loads in the Nemunas River is important for understanding potential nutrient pressure on downstream
ecosystems. Although the Nemunas River basin has been monitored for decades, integrated studies that
jointly assess annual nutrient concentrations, estimated annual loads, spatial differences along the main river
channel and the role of major tributaries remain limited.

Most long-term monitoring datasets are commonly available as annual or monthly summaries, which
are useful for assessing broad temporal and spatial patterns but have important limitations. Annual mean data
cannot describe seasonal dynamics, flood events or daily concentration—discharge relationships.
Nevertheless, annual data can provide a consistent basis for comparing long-term nutrient variability among
monitoring stations and identifying river sections where nutrient loads change most strongly.

Therefore, the aim of this study was to assess long-term annual variability in nitrogen and phosphorus
concentrations and estimated annual loads in the Nemunas River during 2001-2024. The study focuses on
spatial differences among main-stem monitoring stations, relationships between annual discharge and
nutrient concentrations, the contribution of major tributaries to estimated load changes, and the overall
structure of nutrient concentration patterns using PCA.
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Materials and methods

Study area and monitoring stations. The study was conducted in the Nemunas River basin, the largest
river basin in Lithuania and one of the main river systems draining towards the Curonian Lagoon and the
Baltic Sea. The Nemunas River drains a catchment characterized by mixed land use, including agricultural
areas, urbanized zones and forested regions. This makes the river suitable for assessing long-term annual
variability in nutrient concentrations and estimated nutrient loads along the main river course.

Five long-term monitoring stations located along the main stem of the Nemunas River were selected
for analysis. These stations represent the upstream, middle and downstream sections of the river continuum.
Station S1 represents the upstream part of the studied river section, stations S2 and S3 represent the middle
section, and stations S4 and S5 represent the downstream section before discharge towards the Curonian
Lagoon.

To assess the contribution of major tributaries to nutrient load changes along the Nemunas River, five
tributaries were included in the analysis. These were the Neris (N1) and Nevézis (N2), entering the Nemunas
between S1 and S2, the Dubysa (N3), entering between S2 and S3, and the Sesupé (N4) and Jara (N5),
entering between S3 and S4.
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Fig. 1. Location of the Nemunas River basin, main-stem monitoring stations (S1-S5) and
major tributaries (N1-N5)
Source: compiled by the authors

Data sources and water quality parameters. The analysis was based on annual water quality and
hydrological data for the period 2001-2024, obtained from the national river monitoring network. The
dataset included mean annual discharge (Q, m* s™!) and annual mean concentrations of total nitrogen (TN),
total phosphorus (TP) and nitrate nitrogen (NOs-N). Only years with available paired discharge and
concentration data were included in the analyses.

Because the study was based on annual mean values, it was designed to assess long-term annual
variability and spatial differences among monitoring stations. Seasonal patterns, flood events and daily
concentration—discharge relationships were not evaluated.

Nutrient load calculation. Annual nutrient loads were calculated by combining mean annual discharge
and corresponding mean annual nutrient concentrations. Loads were expressed in tonnes per year (t yr!) and
represent integrated nutrient transport at each monitoring station. This approach allows assessment of
nutrient export that accounts for both concentration variability and hydrological conditions.

Statistical analysis. Spatial differences in annual nutrient concentrations and estimated annual loads
among monitoring stations were assessed using the non-parametric Kruskal-Wallis test. This test was
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selected because environmental monitoring data often show non-normal distributions and unequal variability
among stations.

Spearman rank correlation analysis was used to evaluate relationships between mean annual discharge
and nutrient concentrations at each monitoring station. Spearman correlation was also used to assess the
relationship between estimated annual TN and TP loads.

Long-term monotonic trends in estimated annual TN and TP loads were evaluated using the Mann—
Kendall trend test. This method is commonly applied in long-term environmental datasets and is robust for
non-normally distributed data.

Principal component analysis (PCA) was used as an exploratory tool to summarize the structure of
annual nutrient concentrations among monitoring stations. PCA was performed using TN, NOs-N and TP
concentrations only. Estimated loads were not included in the PCA to avoid circularity, because loads were
calculated using both concentration and discharge.

All statistical analyses were performed at a significance level of p < 0.05.

Results

Mean annual discharge varied among years and increased downstream from S1 to S5, reflecting the
cumulative contribution of the river basin.

Annual mean TN and NOs-N concentrations differed among the Nemunas River monitoring stations
(Fig. 2). The highest median concentrations and the widest variability were observed at station S2, indicating
that the middle reach of the river was characterized by greater nitrogen enrichment compared with the
upstream station S1 and downstream stations S3—S5. TN and NOs-N showed a similar spatial pattern,
suggesting that nitrate nitrogen represented an important component of total nitrogen variability in the
studied river section.
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Fig. 2. Annual mean concentrations of total nitrogen (TN) and nitrate nitrogen (NOs-N) at Nemunas River
monitoring stations during 2001-2024
Source: compiled by the authors

Annual mean TP concentrations also varied among monitoring stations, although the spatial pattern
was less pronounced than for nitrogen compounds (Fig. 3). Higher median TP concentrations were observed
at S2 and S3, while lower median values were recorded at S4 and S5. The presence of several high values
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indicates that TP concentrations varied considerably in some years, particularly in the middle and
downstream sections of the river.
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Fig. 3. Annual mean total phosphorus (TP) concentration at Nemunas River monitoring stations
during 2001-2024

Source: compiled by the authors

Spearman correlation analysis showed generally weak and statistically non-significant relationships
between annual discharge and nutrient concentrations (Table 1). Significant positive correlations were
detected only at S5 for TN and NOs-N. This indicates that annual nutrient concentrations were not
consistently explained by discharge variability alone.

Table 1
Spearman rank correlations between discharge (Q) and nutrient concentrations at Nemunas River
monitoring stations (2001-2024)

Station TN'vs p-value TP vs p-value NOs'-N'vs p-value
Q) Q) Q)
S1 0.28 >0.05 —0.14 >0.05 0.23 >0.05
S2 0.05 >0.05 0.13 >0.05 0.09 >0.05
S3 0.14 >0.05 0.09 >0.05 0.29 >0.05
S4 —0.15 >0.05 —0.05 >0.05 0.07 >0.05
S5 0.52 <0.05 - >0.05 0.61 <0.01

Source: compiled by the authors

However, estimated annual nutrient loads integrate both concentration and discharge. Therefore, load-
based analysis was used to evaluate spatial differences in nutrient export along the Nemunas River.

Estimated annual TN and TP loads showed clearer spatial differences among stations than
concentrations (Fig. 4). The lowest loads were recorded at S1, whereas higher and more variable loads
occurred at S2—S4. This pattern indicates that annual load estimates reflect both nutrient concentrations and
downstream increases in discharge.

TN and TP loads were positively correlated at all monitoring stations (Spearman p = 0.65-0.86, p <
0.001), indicating similar annual load variability patterns for both nutrients.
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Fig. 4. Estimated annual loads of total nitrogen (a) and total phosphorus (b) at Nemunas River monitoring
stations during 2001-2024

Source: compiled by the authors

Mann—Kendall analysis did not detect statistically significant long-term trends in TN or TP loads at
any station (p > 0.05). A weak increasing tendency in TN load was observed at S5 (t = 0.29), but it was not
statistically significant (p = 0.056). These results indicate that interannual variability was more pronounced
than long-term monotonic change.

To evaluate the role of major tributaries, changes in nutrient loads between adjacent main-stem stations
were compared with tributary inputs (Table 2).

Table 2
Median contribution of major tributaries to nutrient load changes
along the Nemunas River (2001-2024)
Main Median tI:;[lf dtlan Median Median trlf dtla:l Median
Reach am ATN utary explained ATP utary explained
tributaries (tyr) TN load TN (%) (t yr) TP load TP (%)
Y (tyr) ’ Y (tyr) ’
is +
S2-81 Neris 1 28 600 15 400 48 867 630 74
Neveézis
S3-S2 Dubysa —10 900 1300 12 69 27 26
S4-S3 Jura + §e§upé —956 5777 150 —241 198 82

Values exceeding 100% indicate that tributary inputs exceeded the net load change between adjacent main-stem stations and
therefore should be interpreted as indicative rather than as a closed mass-balance estimate.

Source: compiled by the authors

The strongest tributary contribution was observed in the S2—S1 reach, where the Neris and Neveézis
rivers explained approximately 48% of TN and 74% of TP load changes. In downstream reaches, the
relationship between tributary inputs and load changes was less consistent. This suggests that annual load
changes along the river cannot be explained by tributary inputs alone.
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A limitation of this study is the use of annual mean data. Therefore, seasonal patterns, flood events
and daily concentration—discharge relationships could not be assessed. The results should be interpreted as
an assessment of long-term annual variability rather than short-term nutrient transport dynamics.

PCA was used as an exploratory analysis to summarize the structure of annual nutrient concentrations.
The first two principal components explained 97.0% of the total variance, with PC1 accounting for 63.6%
and PC2 for 33.4% (Fig. 5). TN and NOs-N were mainly associated with PC1, whereas TP was more strongly
related to PC2. The PCA plot showed partial separation of S2 from the other stations along the nitrogen-
related gradient, supporting the boxplot results that indicated higher TN and NOs-N concentrations at this
station.
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Fig. 5. PCA biplot of annual TN, NOs-N and TP concentrations at Nemunas River monitoring stations
during 2001-2024

Source: compiled by the authors

Discussion

The results of this study show that annual nutrient concentrations and estimated annual loads describe
different aspects of nutrient variability in the Nemunas River. Annual TN and NOs-N concentrations were
highest and most variable at S2, whereas TP showed a less pronounced spatial pattern. This indicates that
nitrogen and phosphorus did not follow identical spatial patterns along the river. Similar differences between
nitrogen and phosphorus behaviour have been reported in other river systems, where nutrient concentrations
and loads may respond differently to catchment characteristics, land use, tributary inputs and hydrological
variability (Bouraoui & Grizzetti, 2011; Minaudo et al., 2019; Dupas et al., 2015).

The weak and mostly non-significant relationships between annual discharge and nutrient
concentrations indicate that concentration patterns were not consistently explained by discharge variability
alone. This finding is consistent with previous studies showing that concentration—discharge relationships in
large and heterogeneous catchments may be weak, non-linear or variable over time (Minaudo et al., 2019;
Stonevicius et al., 2014; Chen et al., 2025). In the present study, significant positive relationships between
discharge and concentrations were detected only at S5 for TN and NOs-N. This may suggest that discharge-

56



related effects become more visible in the downstream section, where cumulative catchment inputs are
integrated over a larger area.

In contrast to concentrations, estimated annual TN and TP loads showed clearer spatial differences
among monitoring stations. The lowest loads were recorded at S1, while higher and more variable loads
occurred at S2—S4. This pattern reflects the combined influence of nutrient concentrations, increasing
discharge downstream and additional inputs from tributaries. Previous studies have emphasized that load-
based assessments are important because concentration data alone may not sufficiently represent nutrient
pressure on downstream water bodies (Seitzinger et al., 2010; Dupas et al., 2015; Johnes et al., 1996). In the
Nemunas River, this is particularly relevant because the river is an important pathway of nutrient transport
towards the Curonian Lagoon and the Baltic Sea (Stakéniené et al., 2023).

The positive correlations between TN and TP loads at all monitoring stations indicate that both
nutrients showed similar annual load variability patterns. However, Mann—Kendall analysis did not detect
statistically significant long-term trends in TN or TP loads. This suggests that interannual variability was
more pronounced than long-term monotonic change during 2001-2024. Similar observations have been
made in European river systems, where long-term nutrient changes may be partly masked by hydrological
variability and annual differences in discharge (Bouraoui & Grizzetti, 2011; EEA, 2024; Réike et al., 2003).

The tributary contribution analysis showed that the Neris and Nevézis rivers were important
contributors to nutrient load changes in the S2—S1 reach, explaining approximately 48% of TN and 74% of
TP load changes. This supports the importance of the Kaunas reach as a key section of the Nemunas River
for annual nutrient load variability. Similar effects of major tributaries and river-network position on nutrient
loads have been reported in other river systems, where nutrient export is influenced not only by main-stem
discharge but also by tributary inputs and spatial differences in catchment pressure (Kronvang et al., 1999;
Cesoniené et al., 2021; Bouraoui & Grizzetti, 2011).

In downstream reaches, the relationship between tributary inputs and load changes was less consistent.
This suggests that annual load changes along the river cannot be explained by tributary inputs alone. Such
differences may reflect the combined influence of discharge variability, catchment-scale inputs and possible
retention or attenuation within the river system. However, because this study is based on annual mean data,
these processes cannot be directly quantified. Therefore, they should be interpreted only as possible
explanations rather than confirmed mechanisms. Previous studies have shown that retention and
transformation processes may affect nutrient transport in river systems, particularly for nitrogen and
phosphorus compounds (Kronvang et al., 1999; Jarvie et al., 2013; Schulz-Zunkel et al., 2021).

The PCA provided an additional exploratory view of the nutrient concentration structure. The first two
principal components explained most of the total variance, with PC1 mainly associated with TN and NOs-N
and PC2 more strongly related to TP. The partial separation of S2 along the nitrogen-related gradient supports
the boxplot results, which showed higher TN and NOs-N concentrations at this station. However, the overlap
among stations indicates that the differences were not absolute and should be interpreted as broad annual
patterns rather than strict station separation.

A limitation of this study is the use of annual mean data. Therefore, seasonal patterns, flood events
and daily concentration—discharge relationships could not be assessed. The results should be interpreted as
an assessment of long-term annual variability rather than short-term nutrient transport dynamics. Future
studies should use higher temporal resolution monitoring data to evaluate seasonal nutrient dynamics, event-
scale transport and more detailed relationships between discharge and nutrient concentrations.

Conclusions

1. During 2001-2024, annual nutrient patterns in the Nemunas River differed among monitoring
stations. The middle reach, particularly station S2, was characterized by higher TN and NOs;-N
concentrations and greater variability, while TP showed a less distinct spatial pattern.

2. Annual discharge was weakly related to nutrient concentrations but was important for interpreting
estimated annual loads. TN and TP loads showed clearer spatial differences than concentrations, with the
lowest values at S1 and higher, more variable loads in the middle reaches of the river.

3. Major tributaries contributed substantially to nutrient load changes, especially in the S2—-S1 reach,
where the Neris and Nevézis rivers explained approximately 48% of TN and 74% of TP load changes.
However, tributary inputs did not fully explain load variability along the river.

4. Annual concentration data alone were insufficient to assess nutrient pressure in the Nemunas River.
Because the analysis was based on annual mean values, the results should be interpreted as long-term annual
patterns rather than seasonal or event-scale nutrient transport dynamics.
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ILGALAIKE METINE AZOTO IR FOSFORO KONCENTRACIJU BEI APSKAICIUOTU APKROVU

KAITA NEMUNO UPEJE 2001-2024 M.

Santrauka

Siame tyrime vertinta ilgalaiké metiné azoto ir fosforo koncentracijy bei apskaiiuoty metiniy apkrovy kaita

Nemuno upéje 2001-2024 m. Analiz¢ atlikta remiantis metiniais monitoringo duomenimis i$ penkiy pagrindinés upés
vagos stebésenos stociy ir pasirinkty pagrindiniy intaky. Buvo vertinti bendrasis azotas (TN), nitratinis azotas (NOs-
N), bendrasis fosforas (TP), vidutinis metinis debitas ir apskaic¢iuotos metinés TN bei TP apkrovos. Metinés TN ir NOs-
N koncentracijos buvo didziausios ir labiausiai kintancios vidurupio stotyje S2, o TP pasizyméjo maziau ryskiu erdviniu
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pasiskirstymu. Spearmano koreliacijos analizé parodé, kad rySiai tarp metinio debito ir maistmedziagiy koncentracijy
dazniausiai buvo silpni; reikSmingos teigiamos koreliacijos nustatytos tik S5 stotyje TN ir NOs-N atvejais.
Apskaiciuotos metinés TN ir TP apkrovos pasizyméjo aiskesniais erdviniais skirtumais negu koncentracijos: maziausios
apkrovos nustatytos S1 stotyje, o didesnés ir labiau kintancios apkrovos — vidurupio ruoze. Neries ir Nevézio upés
paaiskino apie 48 % TN ir 74 % TP apkrovy poky¢iy S2—S1 ruoze, taip parodydamos svarby intaky indélj Sioje upés
dalyje. PCA analiz¢ patvirtino S2 stoties atsiskyrima pagal su azotu susijusj gradienta. Tyrimas parodé, kad vien metiniy
koncentracijy duomeny nepakanka maistmedziagiy apkrovai didelése upiy sistemose apibiidinti. Kadangi analizé
pagrista metiniais vidurkiais, sezoniné ir epizodiné maistmedziagiy pernasa nebuvo vertinta.

ReikSminiai Zodziai: Nemuno upé; bendras azotas; bendras fosforas; nitraty azotas; apskaiCiuotos metinés
apkrovos; intaky indélis; ilgalaikis monitoringas; PCA.
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Abstract

Continuous exposure to water can damage reinforced-concrete structures. When investigating reinforced-
concrete structures of structures in service, the main attention is paid to concrete. As a porous construction material, the
principal durability characteristics of concrete are strength, watertightness, frost resistance and resistance to aggressive
environments.

This article discusses the results of investigations of the physical and mechanical properties of the concrete
of reinforced-concrete slabs used to reinforce the stilling-basin apron slopes in the outlet section of a hydraulic
node in service. The results obtained showed that when concrete pieces detached from reinforced-concrete
structures were used as specimens for testing, the concrete density ranged from 2335 to 2458 kg/m?. The average
water absorption of the concrete specimens was 5.9%. To determine the frost resistance of the concrete, specimens
from 3 series were tested, with 3 specimens in each series. The specimens were tested after 200 freezing and
thawing cycles. After the frost-resistance test, the compressive strength of the investigated concrete specimens
decreased by more than 5% compared with the compressive strength of the control specimens. The investigated
concrete did not pass the frost-resistance test. The largest change between the average compressive strength of
the control specimens (19.17 MPa) and the average compressive strength of the specimens after freezing and
thawing (17.07 MPa) was 11%.

Key words: concrete strength, frost resistance

Introduction

Lithuania’s climate differs considerably across the seasons. Lithuania is divided into different regions
according to average and extreme low-temperature values. The effects of the environment on construction
materials and structures are very varied and, unfortunately, in most cases negative. The durability of
structures in service is especially reduced by cyclically recurring positive and negative temperatures. In late
autumn, winter and early spring, 50 to 120 cycles per year are recorded when the air temperature fluctuates
above and below 0 °C. Such temperature variation occurs not only in Lithuania. Very similar temperature
fluctuations also occur in neighboring countries. In the Scandinavian countries (Norway, Sweden and
Finland), because of extremely varied terrain, a large geographical extent from south to north, and the strong
influence of the Atlantic Ocean, the number of cycles of positive and negative temperature fluctuations
ranges from 25 to more than 110 cycles per year.

Such temperature fluctuation is very dangerous for materials whose pores and capillaries are filled
with water or aqueous salt solutions and in which the liquid state changes into a solid during freezing. Water
has a great influence on concrete strength. It has been established that when water turns into ice, its volume
increases by about 9%. When water in the pores or capillaries of a material freezes, the expanding ice creates
high internal pressure, which gradually destroys the material structure, causing cracking and an increase in
porosity; this mechanism has been linked to hydraulic pressure, ice growth and moisture movement in
hardened cement paste. The rate of deterioration depends on many factors: the degree of pore saturation with
water, freezing temperature, the strength of the material skeleton, and others. When concrete structures are
continuously exposed to water, the water can gradually damage the concrete surface, as a result of which
mechanical and chemical corrosion may begin in the concrete. The effect of water influences the degree to
which concrete is filled with water.

Frost resistance is considered the principal durability characteristic of porous building materials: it is
the ability of a saturated material to withstand repeated freezing and thawing cycles and to change no more
than the limits established by the standard. In addition to the number of cycles, international research
emphasizes the critical degree of saturation, because freeze—thaw damage becomes likely when the pore
system contains enough water to generate damaging internal stresses (Fagerlund, 1977; Li et al., 2012).
According to the requirements of standard LST 1428-17 applied in Lithuania, after the specified number of
freezing and thawing cycles (marked by grade, for example F100, F200 or F300), the properties of hydraulic
concrete may change by no more than 5% for reduction in compressive strength (compared with control
specimens) and 3% for total mass loss due to scaling.

The durability of widely used construction materials - concrete and many concrete and reinforced-
concrete structures (road and aerodrome pavements, dams, water treatment facilities, bridge supports, and
sea and river quays) - is also determined by the frost resistance of concrete. Therefore, when certifying ready-
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mixed concrete and concrete and reinforced-concrete products, and when designing concrete mixes, it is
necessary to determine the durability indicator of concrete: the frost-resistance grade. Durability assessment
is also closely related to the transport of water and aggressive ions through concrete, because sorptivity,
permeability and other permeation properties control the ingress of moisture and salts into the pore network
(Basheer et al., 2001; Hall, 1989). Control of concrete frost resistance by standard methods, based on cyclic
freezing and thawing of design-strength specimens saturated with water or salt solutions, require
considerable time and financial costs as well as special freezing equipment.

This article examines hydraulic concrete in the load-bearing structure of a structure in service. When
investigating structures of hydraulic engineering works in service, most attention is paid to concrete strength.
The concrete of such structures must be strong, dense, watertight, frost resistant and resistant to aggressive
environments. Therefore, it is necessary to evaluate the physical and mechanical properties of concrete and
to identify the measures required to ensure durability.

The aim of the work is to determine the physical and mechanical properties of the concrete of
reinforced-concrete structures in a structure in service, using irregularly shaped concrete pieces detached
from the structure.

To achieve the aim, the following tasks were formulated:

*  identify the most dangerous factors for concrete structures whose surfaces are in constant contact
with water;

+  perform concrete strength tests using irregularly shaped concrete pieces detached from the
structure;

* investigate the frost resistance of concrete according to the strength of specimens saturated in
water and frozen.

Literature review

There are no materials that are absolutely resistant to external effects; therefore, any structure or
structural element in service requires maintenance. The environment causes corrosion of construction
materials and structures, biological effects, and provokes erosion. Erosive effects are mechanical in nature.
They may include water, temperature-induced deformations, abrasive processes, and other effects.

Water can penetrate and wash out the constituent particles of concrete. As liquids containing sulfates,
usually groundwater, penetrate into concrete, the sulfates can cause concrete corrosion and deterioration of
cement stone. The rate and extent of such deterioration depend strongly on water transport and near-surface
concrete quality (Basheer et al., 2001; Hall, 1989). When water is absorbed, evaporates, or freezes and thaws,
the structure deforms and additional stresses arise, which can enlarge existing damage or cause new damage.
Concrete may crack or fail due to stresses caused by temperature changes and differences as a result of
alternating tensile and compressive stresses. Abrasive erosive processes are caused by wind-borne sand, rain
and dust, which loosen and carry away particles from the concrete surface. Water that accumulates in
irregularities, pores and cracks, especially when it freezes, causes additional deformation and stresses and
destroys the concrete surface. In this way, a whole complex of erosive factors begins to act on structures at
the same time. The most extensive damage to concrete and reinforced-concrete structures and their elements
occurs because of provoked erosion. There are many possibilities for provoking it.

An aggressive environment causes the following damage in concrete and reinforced-concrete
structures: 1) cracks appear along the reinforcement; 2) concrete detaches at the corners and edges of the
structure; 3) the protective concrete layer spalls off, the reinforcement becomes visible and corrodes.

Smaller concrete defects caused by the environment are also observed. These are point detachments
of the concrete surface layer. They occur because aggregates expand under the effects of corrosion,
temperature and moisture. Similar to limestone in ceramic bricks, aggregates also damage deeper layers of
the structure. Such defects are difficult to repair, because they cannot be removed from deeper concrete
layers, and the concrete continues to deteriorate.

Concrete and reinforced concrete consist of inorganic materials. However, they can support the life of
certain organisms and especially plants. There are many species of lichens, fungi and algae that can live and
multiply on concrete. Dry-rot fungi can spread on and inside the concrete surface. These fungi, like lichens,
have deep roots and severely damage the concrete surface and the internal layers into which they penetrate.
They usually attack poor-quality concrete with open pores and voids, especially if it contains soluble
substances leached by water or other liquids. Hydraulic concrete is most often affected by them. Fungi can
also spread in other structures if they are in zones of variable moisture and are not illuminated by daylight.

Investigations of concrete compressive strength are performed by destructive and non-destructive
methods. Non-destructive compressive-strength tests are performed according to standard LST EN 12504-2
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“Testing concrete in structures. Part 2: Non-destructive testing. Determination of rebound number” using a
device based on the elastic rebound principle: the Schmidt hammer.

Of all known non-destructive methods for determining the strength of concrete in structures in service,
the most reliable tests are carried out by pull-off and splitting methods or by testing irregularly shaped
specimens detached from the structure (Sadzeviéius et al., 2021).

When testing specimens with unlevelled surfaces that have detached from the structure and are
irregular in shape, cylindrical steel dies with concave working surfaces are used. The literature (Vaisvila,
Mikuckis, 2005) indicates that when irregularly shaped specimens are tested with flat 100 mm diameter
working surfaces, the concrete compressive strength obtained is approximately the same as that of standard
100 mm edge-length cubes tested by the standard method.

During the operation of hydraulic engineering structures, hydraulic nodes, reservoirs, quays and other
concrete structures that are constantly exposed to atmospheric effects, one of the most important criteria
determining how long concrete will serve is the resistance of concrete to freezing thawing cycles.
Deterioration of concrete due to freezing thaw cycles eventually causes corrosion of reinforcing steel, which
destroys and weakens the entire concrete structure. Water enters concrete through cracks, microcracks, pores
and capillaries. Even high-quality concrete with low water absorption can be damaged, because during
freezing water can appear in the concrete through condensation when moisture present in the air separates
out. For this reason, freeze—thaw cycles can damage even dense concrete. The main cause of concrete
deterioration and cracking is that the volume of water freezing in the pores increases by up to 9%, causing
internal stresses; reviews of concrete exposed to cold climates identify saturation level, permeability and the
air-void system as central factors controlling frost resistance (Pigeon & Pleau, 1995).

In Lithuania, the main method for determining the frost resistance of concrete is the volumetric
freezing and thawing method, regulated by national standard LST 1428-17. This method determines the
frost-resistance grade (F) of concrete, which indicates the minimum number of freezing and thawing cycles
that the concrete must withstand without significant damage. Depending on the intended use of concrete
products and the applicable European standards (EN), the following methods are also used alongside the
volumetric method: the one-sided freezing method (according to standard LST CEN/TS 12390-9 “Resistance
to cyclic freezing and thawing. Scaling”) and the surface scaling method.

The one-sided freezing method is applied when evaluating the resistance of the concrete surface layer,
where one side of the structure is subjected to freezing cycles and thawing salts. It is most often used for
transport structures and bridges.

The surface scaling method is specifically applied to concrete paving blocks, sidewalk slabs and kerbs
(according to LST EN 1338, LST EN 1339 and LST EN 1340), by measuring the mass of material detached
from the surface.

When determining the frost resistance of hydraulic concrete in Lithuania, the volumetric freezing and
thawing method according to standard LST 1428-17 is used. For a hydraulic engineering structure operating
in a fresh-water environment, the minimum concrete frost-resistance grade is F200, while in a fluctuating
water-level zone it is F300.

In the concrete frost-resistance control standards of other countries, tests are accelerated by using a
3% NaCl solution for freezing and thawing specimens (Germany, Austria) and rapid freezing of specimens
(Germany, Switzerland, USA and Finland). In some countries, the resistance of the concrete surface layer is
checked under cyclically repeated positive and negative temperatures and de-icing agents: NaCl (Austria,
Germany) and CaCl2 (USA). Salt scaling is a separate but related durability problem, and experimental
reviews have shown that its development depends on the interaction of freezing, surface moisture, salt
solution, paste microstructure and air-void protection (Valenza & Scherer, 2007a, 2007b). However, the
latter methods have a number of disadvantages: complicated specimen preparation and considerable time
requirements. Indirect frost-resistance testing methods, based on determining the dependence of certain
properties of the concrete mix or structural indicators of hardened concrete on the number of freezing and
thawing cycles, are not widely used because of their relatively low reliability and the need for special,
sometimes complex, equipment.

The reviewed international literature therefore supports the evaluation approach used in this study: for
concrete elements in a fluctuating water-level zone, frost durability should be interpreted together with water
absorption, density, compressive strength loss after freeze—thaw cycling, and the likelihood that the concrete
has reached or exceeded a critical degree of saturation (Fagerlund, 1977; Li et al., 2012; Pigeon & Pleau,
1995).
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Research method

The object of the study is the slopes of the stilling-basin apron of the Krokialaukis pond hydroscheme
(Alytus District), which are reinforced with reinforced - concrete slabs. The pond was formed in 1978. The
earth dam is 245 m long and 8 m wide. The spillway is shaft-type and was installed in 1981.

The compressive strength of the reinforced-concrete slabs of the hydraulic node was determined
during the tests. Irregularly shaped pieces of concrete detached from reinforced-concrete slab structures
made of coarse-grained cement concrete were used as specimens for testing (Fig. 1). Large concrete pieces
were crushed into smaller pieces. Concrete pieces without cracks and without voids were selected. Before
testing, uneven surfaces covered with algae or delaminated concrete were cleaned with a wire brush.

Fig. 1. Irregularly shaped concrete pieces for specimens
Source: compiled by the authors

The volume of the concrete specimen was calculated using the formula:

=" (1)
Prand
where: V- volume, cm?®, m;,— mass of the saturated specimen, g; m, — mass of the specimen in water, g.

Determination of concrete water absorption. The actual water absorption of concrete specimens was
determined in accordance with the provisions of the Standard (1997):

wo="w =M 00, )

mS
where: W,,— water absorption of the specimen, %; m;, — mass of the saturated specimen, g; m,— mass of the
dry specimen, g.

Determination of concrete specimen density. The density of detached concrete pieces from the
reinforced-concrete structures of the hydraulic node was determined according to the requirements of the
Standard (2019 a). The density of the concrete specimen was calculated using the formula:

= M 3

P 3)

where: p — density, t/m?; m;, — mass of the saturated specimen, g; ¥ — volume, cm®.

Preparation of concrete specimens for the frost-resistance test. Three series of specimens with three
specimens in each series were prepared for the frost-resistance test. The frost resistance of concrete
specimens was determined by applying the volumetric freezing and thawing test method according to the
requirements of standard LST 1428-17. Irregularly shaped concrete pieces were used.

Concrete specimens were immersed in a bath of water at a temperature of 1845 °C. The specimens
were saturated as follows: on the first day, enough water was poured into the bath to cover about 1/3 of the
specimen height. The specimens covered in this way were kept for 24 h. Then enough water was added to
cover about 2/3 of the specimen height. The specimens covered in this way were again kept for 24 h. Then
water was added so that all specimens were completely covered and the thickness of the water layer above
the specimens and on all sides was at least 20 mm. The specimens covered in this way were kept for another
24 h. Before frost-resistance determination, the saturated specimens were removed from the bath. From 2 h
to 4 h after removal from the bath, they were placed in a freezing chamber. During freezing, the temperature
at the centre of the freezing chamber had to be -18+2 °C. At this temperature, the freezing duration had to be
not less than 2.5 h. After frost-resistance determination, the specimens were removed from the freezing
chamber and placed in a bath with water at 18+5 °C. The specimens were kept in the bath for not less than
2+0.5 h. This was repeated for the required number of freezing and thawing cycles.
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The frost resistance of concrete is determined according to the compressive strength of specimens,
determined in accordance with LST EN 12390-3. Concrete compressive strength was determined by testing
irregularly shaped specimens with concave dies (diameter 100 mm and area 7850 mm?) and using specimen
centering equipment (Fig. 2).

Fig. 2. Specimen centering equipment and irregularly shaped specimens with concave dies
Source: compiled by the authors

The tested concrete pieces were of such a size that they could be tested with 100 mm diameter dies.
The specimens were prepared and centered as described in the literature (Vaisvila, Mikuckis 2005). The error
of the longitudinal axis of the dies of the centered specimen did not exceed 0.2 mm, and the deviation of the
planes of the contact surfaces was 0.005 of the die diameter. The recesses of the dies were filled with levelling
mortar whose compressive strength was approximately equal to that of the specimen concrete.

The compressive strength of concrete in irregularly shaped specimens tested with concave dies was
calculated using the formula:

F
- 4
ch, 4)

where: f. — compressive strength of concrete in an irregularly shaped specimen tested with concave dies, N/'mm? (MPa);
F — destructive load, NV; 4, — cross-sectional area of the die with the specimen, mm?.

If concrete has been in service for more than 5 years, all obtained compressive-strength results must
be reduced by multiplying by the time-factor coefficient, which is 0.7, because the strength of concrete
deeper from the surfaces is lower.

Evaluation of concrete frost resistance and changes in compressive strength. If the average
compressive strength of a specimen series (3 specimens) after the required number of freezing and thawing
cycles is equal to or not more than 5% lower than the compressive strength of the control specimens, the
concrete is considered to have passed the frost-resistance test. The change in compressive strength of
concrete specimens after the frost-resistance test is calculated using the formula:

Afzw.loo; (5)

f k,cm
where: A f—change in compressive strength of concrete specimens, in percent, compared with the strength of the control
specimens; fi.n — average value of the compressive strength of the control specimens before the frost-resistance test,
MPa; f;.n — average value of the compressive strength of the specimens after a certain number of freezing and thawing
cycles, MPa.

If, after the frost-resistance test, the compressive strength of the specimens decreased by more than
5% compared with the compressive strength of the control specimens, the concrete did not pass the frost-
resistance test.

Results and discussion

The results of the specimens prepared and tested in the laboratory are presented in Tables 1 and 2. The
results of the investigation of the volume, water absorption and density of concrete specimens, according to
Formulae 14, are presented in Table 1.

According to the results of physical investigations presented in Table 1, the concrete density of the
reinforced-concrete slabs in the outlet-section channel of the hydraulic node ranges from 2335 to 2458 kg/m?,
and the density of the specimens in Series 3 is 2335 kg/m?, which is the lowest. The average specimen density
is 2396 kg/m?>. The highest density is 2458 kg/m? (Series 2), and the average water absorption is 4.1%. The
highest water absorption of concrete was determined for the specimens of Series 2 (8.3%). The average water
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absorption of the specimens of all three series was 5.9%. According to the previously valid construction
norms, the water absorption of concrete should not have exceeded 7%.

Compressive-strength tests were carried out during the investigations. To determine specimen
compressive strength, three series of specimens were investigated, with three specimens from each series.
The results of destructive compressive-strength tests of irregularly shaped concrete specimens are presented
in Table 2. Control specimens and specimens after 200 freezing and thawing cycles were tested.

The obtained compressive-strength values of the specimens (Table 2) show that, when the temperature
drops below 0 °C, the water in the concrete pores and capillaries does not freeze immediately. This is
determined by the different sizes of the pores and capillaries: as they decrease, the interaction between the
water and the walls of the capillaries and pores becomes stronger, and the freezing temperature of the water
in them decreases.

The specimens of Series 1 had the highest average compressive strength of the control specimens and
average compressive strength after freezing and thawing, with respective values of 20.73 and 21.6 MPa. The
change in compressive strength of Series 1 specimens after freezing and thawing cycles, compared with the
strength of the control specimens, was 4.2%. The average density of the control specimens in Series 1 was
2400 kg/m?*. The average compressive strength of the control specimens in Series 1 (20.73 MPa) was on
average 9% higher than the averages of the control specimens in Series 2 and Series 3.

Table 1
Results of the investigations of volume, water absorption and density of irregularly shaped concrete
specimens
Physical properties of samples
Sample series / No. S
Mim, & my, g ms, g V, cm? W, % P, kg/m?
1-1 998.1 589.3 951.3 408.8 4.9 2442
1-2 1325.0 761.9 1239.2 563.1 6.9 2353
1-3 1299.2 759.5 1213.1 539.7 7.1 2407
1I-1 955.5 566.8 917.7 388.7 4.1 2458
11-2 1300.9 749.9 1200.9 551.0 8.3 2361
11-3 1256.7 731.7 1201.8 525.0 4.6 2394
111-1 1249.3 730.8 1200.1 518.5 4.1 2409
111-2 1820.9 1041.0 1720.1 779.9 5.9 2335
111-3 1559.3 910.3 1459.9 649.0 6.8 2403
Source: compiled by the authors
Table 2
Change in compressive strength of concrete specimens after 200 freezing and thawing cycles
Sample series | Control specimen | Mean control specimen Strength after Mean strength after Strength
/No strength fi.c, MPa strength fi.cm, MPa freeze-thaw cycles | freeze- thaw cycles change A £, %
) o o fs.c, MPa fi.cm, MPa 7
1-1 24.3 26.3
1-2 18.6 20.73 17.2 21.60 4.2
1-3 19.3 21.3
1I-1 23.8 22.1
11-2 15.7 18.73 13.9 17.07 -8.9
11-3 16.7 15.2
111-1 18.9 16.8
111-2 16.1 19.17 13.6 17.07 -11.0
111-3 22.5 20.8

Source: compiled by the authors

The average compressive strength of the control specimens in Series 2 (18.73 MPa) is lower than the
average compressive strength of the frozen and thawed specimens (21.6 MPa). The change in compressive
strength of the concrete specimens is 8.9%; i.e., the average compressive strength of the frozen and thawed
specimens is lower than the average compressive strength of the control specimens. The average density of
the control specimens in Series 2 was 2404 kg/m?>.

The largest change between the average compressive strength of the control specimens and the average
compressive strength of the frozen and thawed specimens was found in the specimens of Series 3. The
average compressive strength of the specimens of Series 3 after freezing and thawing (17.07 MPa) was 11%
lower than the average compressive strength of the control specimens (19.17 MPa).

If, after the frost-resistance test, the compressive strength of the specimens decreased by more than
5% compared with the compressive strength of the control specimens, the concrete did not pass the frost-
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resistance test. Fig. 3 shows that the compressive strength of the control concrete specimens after the frost-
resistance test decreased by more than 5% compared with the compressive strength of the control specimens.
The concrete control did not pass the frost-resistance test.

4.2

limit

Compressive strength change, %

-8 4

-8.9
-10 4

-11.0

-12 - .
Series | Series Il Series Il

Fig. 3. Change in concrete compressive strength after 200 freezing and thawing cycles
Source: compiled by the authors

Conclusions

1. Using irregularly shaped concrete pieces for testing, the concrete density of the reinforced-
concrete slabs used to reinforce the banks of the outlet-section channel of the hydraulic node was determined.
The results obtained showed that when concrete pieces detached from reinforced-concrete structures were
used as specimens for the tests, the concrete density ranged from 2335 to 2458 kg/m®.

2. The water absorption of the investigated concrete showed that the highest concrete-specimen
absorption was determined for the Series 2 specimen—~8.3%; the lowest concrete water absorption was
determined in the Series 2 and Series 3 specimens—4.1%. The average water absorption of the specimens
of all three series was 5.9%. According to previously valid construction norms, concrete water absorption
should not have exceeded 7%.

3.  When testing irregularly shaped concrete specimens after 200 freezing and thawing cycles, the
compressive strength of the concrete specimens decreased by 11% compared with the compressive strength
of the control specimens determined before the test. Because the decrease was more than 5%, the investigated
concrete did not withstand the frost-resistance test.
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KINTAMO VANDENS LYGYJE NAUDOJAMU GELZBETONINIU PLOKSCIU SLAITAMS TVIRTINTI
FIZINIU-MECHANINIU SAVYBIU TYRIMAI

Anotacija

Nuolatinis vandens poveikis gelzbetoninéms konstrukcijos, gali jas pazeisti. Tiriant eksploatuojamy statiniy
gelzbetonines konstrukcijas, daugiausia démesio skiriama betonui. Betono, kaip akytos statybinés medziagos,
pagrindiné ilgaamziskumo charakteristika yra stipris, nelaidumas vandeniui, atsparumas $al¢iui ir agresyviajai aplinkai.

Straipsnyje aptariami eksploatuojamo hidromazgo iStekéjimo dalies kanalo krantams tvirtinti gelzbetoniniy
ploksciy betono fizikiniy ir mechaniniy savybiy tyrimy rezultatai. Gauti rezultatai parod¢, kad tyrimams naudojant nuo
gelzbetoniniy konstrukcijy atitriikusius betono gabalus kaip bandinius, betono tankis kinta nuo 2335 iki 2458 kg/m3.
Betono bandiniy vidutiné jgério reik§mé 5,9%. Betono atsparumga Sal¢iui nustatyti tirta 3 im¢iy bandiniai, po 3 bandinius
kiekvienoje imtyje. Buvo bandyti bandiniai po 200 uzsaldymo ir atSildymo cikly. Tirto betono po atsparumo $al¢iui
bandymo bandiniy stipris gniuzdant sumazéjo daugiau kaip 5% lyginant su kontroliniy bandiniy gniuzdymo stipriu.
Tirtas betonas atsparumo $aléiui bandymo neislaiké. DidZiausias pokytis tarp kontroliniy bandiniy vidutinio stiprio
gniuzdant (19,17 MPa) ir po uzsaldymo ir at$ildymo bandiniy vidutinio stiprio gniuzdant (17,07 MPa) sudaro 11%.

Reik$miniai ZodZiai: betono stipris, atsparumas Sal¢iui.
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KELKRASCIO KONSTRUKCIJOS SPRENDINIAI IR JU ITAKA DANGOS STABILUMUI

Regina Motiené
Lietuvos inZinerijos kolegija

Anotacija

Pastaraisiais metais Lietuvos keliy infrastrukttiros plétra ir atnaujinimas islicka viena svarbiausiy
transporto sektoriaus sri¢iy. Didéjantis automobiliy srautas, sunkiojo transporto apkrovos ir gamtinés saglygos
lemia spartesnj dangy nusidévéjima bei eismo salygy blogéjima. Todél tiek valstybings, tiek regioninés
reik§més keliy rekonstravimas tampa biitina sglyga uZztikrinti eismo sauguma, komforta ir aplinkosauginius
standartus.

Siekiant uztikrinti patikima transporto judé€jimg bei infrastruktiiros ilgaamziskuma, biitina parinkti
racionaly kelkrasc¢io jrengimo konstrukcijos sprendinj, apimantj konstrukcijos atnaujinima ir kity elementy
modernizavima.

ReikSminiai ZodZiai: Entropinis ekspertinis vertinimo btidas, porinis ekspertinis vertinimo biidas,
daugiakriterinis vertinimo btidas, Zemés sankasa, asfalto danga.

Ivadas

Did¢jantis sunkiojo transporto srautas ir kintancios klimato salygos Lietuvoje kelia vis didesniy
sutelkti démesj tik j padig vaziuojamajg dalj. Kelkrastis atlicka esminj vaidmen] uztikrinant bendra
konstrukcijos stabiluma ir eismo sauguma. Kelio ir kelkra$¢io sandiira yra kritiné¢ zona, lemianti visos dangos
konstrukcijos stabiluma, todél tinkamai parinkti sprendiniai neleidzia asfaltbetoniui deformuotis, atlaiko
sunkiasvorio transporto apkrovas ir uZkerta kelia erozijai. Siame straipsnyje analizuojami racionaliis
alternatyvus kelkra$ciy jrengimo sprendiniai, leidziantys modernizuoti esama infrastruktiirg ir reikSmingai
pailginti keliy tarnavimo laika.

Tyrimo problema — kaip didéjant sunkiojo transporto apkrovoms ir kintant klimato saglygoms, parinkti
racionalius alternatyvius kelkras¢io konstrukcijos sprendinius, kurie uztikrinty kritinés zonos (kelio ir
kelkra$cio sandiiros) stabiluma ir uzkirsty kelig asfaltbetonio deformacijoms bei erozijai?

Tyrimo objektas - alternatyvios kelkrasciy jrengimo konstrukcijos, lemiancios kelio dangos stabiluma.

Tyrimo tikslas — [Sanalizuoti ir jvertinti alternatyvius kelkras¢iy jrengimo konstrukcinius sprendinius.

Tyrimo uzdaviniai:

1. Identifikuoti ir aprasyti alternatyvius kelkrasciy konstrukcijy jrengimo sprendinius.

2. Atlikti kelkrascio konstrukeijy jrengimo sprendiniy vertinima.

Tyrimo metodai:

1. Daugiakriterinis naudingumo vertés metodas taikomas nustatyti racionaliausig kelkrasciy
konstrukcijos parinkimo varianto sprendimg pagal pasirinktus kriterijus.

2. Entropijos metodas taikomas nustatant kelkras¢iy konstrukcijos parinkimo alternatyviy
projektiniy sprendimy vertinimo kriterijy teorinj reikSminguma.

3. Ekspertinis porinio palyginimo metodas taikomas subjektyvaus kriterijy reikSmingumo
nustatymui.

Kelkra$¢iy irengimo technologiniy alternatyvy vertinimas
Analizés tikslas — iSsiaisSkinti, kuris i§ galimy kelkras¢io jrengimo varianty yra technologiskai,
ekonomiskai ir eksploatacijos atzvilgiu racionaliausias esamomis kelio salygomis. Siekiant to pasiekti,
atlickama alternatyviy sprendiniy lyginamoji analizé, jvertinant dengimo kaing Eur/m? darbo sanaudas
7m.val./m> mechanizmy darbo sgnaudas mas.val./m?, dengimo mase kg/m?, darbo sudétinguma.
Rekonstruojant kelig buvo parinktos keturios galimos kelkras¢iy jrengimo konstrukcijos, kurias
galima taikyti kelio kelkrai¢iy jrengimui. Sios konstrukcijos analizuojamos pagal penkis pasirinktus
vertinimo kriterijus:
»  Dengimo kaing EUR/m? (K1)
»  Darbo sgnaudas zm.val./ m?(K-)
*  Mechanizmy darbo sgnaudos mas.val./m? (Ks)
*  Dengimo masé kg/m? (K4)
= Darbo sudétingumas (Ks)
Kelkras¢io sutvirtinimas skaldaZole (A;). Vienas i§ nagring¢jamy kelkrasc¢iy jrengimo konstrukcijos
varianty yra kelkrag¢iy sutvirtinimas skaldazolés miginio juosta. Sis sprendinys yra pla¢iai taikomas krasto
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keliy rekonstrukcijose ir naudojamas tiek kaip konstrukciné atrama dangos briaunai, tiek kaip drenaZinis
pavirSiaus sluoksnis.

Skaldazolés kelkrasciui naudojamas nesuristasis mineraliniy medziagy misinys, sudarytas i$ dviejy
pagrindiniy komponenty: apie 85 % skaldazoliy (skaldos ir Zvyro miSinys) ir iki 15 % dirvozemio priemaisy,
kurios pagerina pavirSiaus riSluma ir sudaro salygas zolei jsiSaknyti. MiSinio sudétis turi atitikti TRA
UZPILDAI 19 reikalavimus dél frakcijy granuliometrinés sudéties ir TRA SBR 19 reikalavimus
nesuriStiesiems misiniams.

Kelkrasc¢io virSutiniam sluoksniui jrengti gali biiti naudojamos tipinés stambiyjy uzpildy frakcijos:
11/32 (kai sluoksnio storis > 8 cm), 11/22 (kai sluoksnio storis 6—7 cm), 8/16 arba 11/16 (kai sluoksnio storis
sickia apie 5 cm). Projektuojamy kelkras¢iy skersinis nuolydis numatomas 8 %, o pats kelkrastis
formuojamas 3 cm Zemiau asfaltbetonio dangos briaunos, siekiant apsaugoti dangos krastg nuo trup¢jimo ir
uztikrinti efektyvy vandens nuvedimg.

Kelkra$¢io apatinis sluoksnis gali biiti jrengiamas i§ ZB, ZG, ZP, ZD, ZM, SB, SG, SP, SD, SM grunty
grupiy, kuriy naudojimas atitinka galiojanius nesuriStyjy miSiniy ir grunty jrengimo techninius
reikalavimus. Jrengiant tiek virSutinj, tiek apatinj kelkrasc¢io sluoksnius, butina uztikrinti optimaly mi$inio
drégnuma, kokybiska sluoksnio i$skleidimg ir pakankama sutankinima, neleidziant medziagai iSsiskirstyti
frakcijomis.

Apibendrinant galima teigti, kad skaldazolés kelkrascio konstrukcija (A1) yra ekonomiskai pagristas
ir techniniu poziiiriu tinkamas variantas kraSto keliy rekonstrukcijoms, pasizymintis geru pralaidumu,
paprasta priezitra ir atitiktimi normatyviniams reikalavimams.

Kelkra$cio sutvirtinimas asfaltbetoniu (A,). Asfaltuoto kelkras¢io konstrukcija yra viena i§
nagrinéjamy alternatyvy, kuri gali buti taikoma krasto keliuose, kai siekiama uztikrinti didesn¢ dangos krasto
laikomaja geba, atsparuma deformacijoms ir ilgaamziskuma. Sis sprendinys dazniau pasirenkamas tuomet,
kai eismo intensyvumas yra padidéje¢s, o keliu naudojasi reik§minga sunkiasvoriy transporto priemoniy dalis.

Asfaltuoto kelkras¢io konstrukcijg paprastai sudaro du sluoksniai: virSutinis 3—4 cm AC 11 VS
asfaltbetonio sluoksnis ir 6-8 cm AC 16 PS arba AC 22 PS pagrindo asfaltbetonis. Esant poreikiui, po
asfaltbetoniu gali biiti jrengiamas papildomas skaldos ar zZvyro pagrindas, sustiprinantis dangos briaunag.
Kelkrastis formuojamas vienoje plok§tumoje su vaziuojamgja dalimi arba 1-2 cm zemiau jos, o skersinis
nuolydis paprastai siekia 2,0-2,5 %, uztikrinant pavirSinio vandens nutekéjima.

Irengiant asfaltuota kelkrastj butina uZztikrinti tinkamg pagrindo sutankinimg, naudoti bituming
emulsijg sukibimui pagerinti ir laikytis asfaltbetonio temperatiiriniy klojimo reikalavimy. D¢l to Sio varianto
irengimas reikalauja specializuotos technikos ir didesniy darbo sgnaudy.

Asfaltuotas kelkrastis pasizymi didesne laikomaja geba, geru atsparumu deformacijoms ir ilgesniu
tarnavimo laiku. Taciau Sis sprendinys yra brangesnis, maziau pralaidus vandeniui ir reikalauja suderintos
drenazo sistemos. Todél asfaltuotas kelkrastis (Az) vertinamas kaip viena i§ galimy alternatyvy, kuri véliau
bus lyginama su kitais kelkra$ciy jrengimo sprendiniais, siekiant nustatyti optimaly varianta konkreciam
projektui.

Kelkrascio sutvirtinimas geogroteliy juosta (As). Vienas i§ nagrinéjamy kelkrascio jrengimo
alternatyvy yra kelkrasc¢iy sutvirtinimas polimerinémis geogrotelémis, kurios naudojamos kaip armuojantis
sluoksnis, padidinantis kelkra$¢io laikomaja geba ir atsparuma deformacijoms. Sis sprendinys tinkamas tais
atvejais, kai kelkrastis patiria padidintas apkrovas arba yra jautrus Soniniams slinkimams. Geogrotelés
jrengiamos vadovaujantis KTR 1.01:2008, TRA GRUNTAS 20, LST EN 13249-13252 reikalavimais
geosintetiniams gaminiams.

Kelio kelkras¢iuose naudojamos polietileno (HDPE arba LDPE) grotelés, kurios pasizymi tvirtumu,
ilgaamziskumu ir geru atsparumu apkrovoms. Pagrindinis jy privalumas — geb¢jimas sustiprinti nesurista
kelkrascio sluoksnj ir sumazinti grunto slinkima, tod¢l kelkrastis ilgiau ilaiko projekting forma. Grotelés
taip pat pasizymi geromis drenazinémis savybémis, leidzianiomis efektyviau pasiSalinti pavirSiniam
vandeniui.

Geogrotelés klojamos ant sutankinto pagrindo, po kuriuo gali buti naudojami vietiniai Zvyro ar
zvyringo smélio gruntai. Vir§ grotelés paprastai jrengiamas zvyro, zemés arba skaldazolés uzpildas, kuris
suformuoja galutinj kelkras¢io pavirsiy ir 8 % skersinj nuolydj. Dél armuojancio efekto kelkrastis tampa
atsparesnis transporto sukeliamoms deformacijoms ir krasto trupéjimui.

Pagrindiniai geogroteliy naudojimo privalumai — gerokai padidinta laikomoji geba, sumazintas
kelkras¢io sédimas ir i§sikraipymas, geras vandens nutekéjimas ir mazesné erozijos tikimybé. Be to, grotelés
yra gaminamos i§ perdirbty HDPE/LDPE atlieky, todél §is sprendinys pasizymi ir aplinkosauginiais
pranasumais.

Kelkras$cio sutvirtinimas Zvyro miSiniu (A4). Ketvirtasis nagrinéjamas kelkra$cio jrengimo variantas
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yra kelkrastis i§ Zvyro miSinio, kuris daZnai naudojamas zemesnés ar vidutinés kategorijos keliuose dél
nedidelés jrengimo kainos, paprastos technologijos ir gery drenaZiniy savybiy. Sis sprendinys atitinka KTR
1.01:2008, TRA SBR 19 ir TRA UZPILDAI 19 reikalavimus nesuriitoms dangoms ir kelkrag¢iams.

Zvyro misinio kelkra$¢iui paprastai naudojami 0/32, 0/45 arba 0/56 frakcijy Zvyro—skaldos misiniai,
kuriuose leidziama iki 12 % smulkiy daleliy. Toks miSinys gerai tankinamas, pasiZymi pakankamu tvirtumu
ir laidumu vandeniui, todél efektyviai nuveda pavirSinius vandenis nuo vaziuojamosios dalies. Kelkras¢io
pavirSius formuojamas paliekant 8 % skersinj nuolydj, o jo virSuje galima jrengti Zolinj sluoksnj, kuris
sumazina erozijos tikimybe.

Kelkras¢io konstrukcija paprastai susideda i§ vieno arba dviejy nesuriSty sluoksniy. Apatiniam
sluoksniui gali buti naudojami vietiniai Zvyro ar zvyringo smélio gruntai, o virSutiniam — frakcinis Zvyro
miSinys. [rengimo metu svarbu uztikrinti optimaly drégnuma, tinkama miSinio paskleidimg ir pakankamag
sutankinima, kad biity pasiekti reikiami laikomosios gebos rodikliai.

Pagrindiniai zZvyro miSinio kelkras$Cio privalumai — maza jrengimo kaina, gera drenazo funkcija,
lengva prieziiira ir paprastas atnaujinimas. TaCiau konstrukcija yra maziau atspari intensyviam eismui,
greiCiau deformuojasi ir reikalauja periodinio profiliavimo bei papildymo. Taip pat zZvyro kelkrasciai yra
jautresni erozijai ir Soniniams pazeidimams.

Alternatyviy kelkras¢iy konstrukcijy inZineriniy sprendimuy vertinimas

Alternatyviy kelkras¢iy konstrukcijy vertinimas atlieckamas taikant daugiakritering analize, kuri
leidzia jvertinti nagriné¢jamus sprendinius pagal ekonominius, technologinius ir kokybinius pozymius.
Vertinima sudaro Sios pagrindinés dalys:

= Vertinimo kriterijy sistemos sudarymas ir jy reik§miy apskaiciavimas;

= Kriterijy teorinio reikSmingumo nustatymas, taikant Entropijos metoda;

= Kriterijy subjektyvaus reik§mingumo jvertinimas, taikant ekspertinj porinio palyginimo metoda;

= Racionaliausio inzinerinio sprendinio nustatymas, taikant daugiakriterinio naudingumo vertés
metoda.

Vertinimo kriterijy sistemos sudarymas ir jy reikSmiy apskai¢iavimas. Kiekviena i§ nagrinéjamy
kelkras¢iy konstrukcijy alternatyvy vertinama pagal ekonomiskai ir techniSkai pagrista kriterijy grupe.
Parinkti kriterijai leidzia objektyviai jvertinti medziagy kaing, jrengimo ypatumus, darbo sanaudas ir
kelkra$cio konstrukcijos kokybe. Sudaryta tokia kelkras¢iy konstrukcijy vertinimo kriterijy sistema:

=  Denginio kaina (Ki), EUR/m? — kriterijus, parodantis 1 m? medziagos ar gaminio kaing. Jo
skaitinés reik§més nustatomos pagal gamintojy pateikiamus jkainius.

=  Darbo sanaudos (K:), Zm.val./m? — kriterijus, nusakantis darbo laiko poreikj 100 m? kelkra$cio
dangos jrengimui. Reik§més nustatomos naudojant gamybinius normatyvus.

=  Mechanizmy darbo sanaudos (Ks), mas.val./m?> — parodo, kiek laiko jrengimo procese dirba
mechanizmai. Skaitinés vertés taip pat nustatomos remiantis gamybiniais normatyvais.

= Denginio masé (K4, kg/m?> — kriterijus, nusakantis 1 m? kelkras¢io konstrukcijos masg.
Reik8més paimamos i§ gaminiy techniniy charakteristiky arba normatyvy.

= Darbo sudétingumas (Ks), kategorija — apibiidina konstrukcijos jrengimo sudétinguma ir
technologinius reikalavimus. Reik§més nustatomos remiantis normatyviniais darbo procesy vertinimais.

1 lentelé
Kriterijai/Kelkrasciy Kaina, Darby Mechanizmy Kelkrasc¢io masé Darbo
variantai (EUR/100 atlikimo darbo sgnaudos t/100m?> sudétingumas,
m? laikas mas.val/100 m? K4 kategorija
K1 (zm.val./ K3 K5
100 m?
K2

Skaldazolés kelkrastis (A1) 536,90 4,20 6,10 27,80 2,00
Asfaltbetonio kelkrastis (A2) 3012,45 11,90 4,90 12,60 4,00
Geogroteliy kelkrastis (A3) 1718,52 28,00 9,00 40,50 5,00
Zvyro misinio kelkrastis (A4) 572,20 5,20 7,60 20,50 3,00

Saltinis: sudaryta autorés

Alternatyviy projektiniy sprendimy vertinimo Kriterijy teorinio reik§mingumo nustatymas,
taikant teorinj entropijos metods. Vertinimo kriterijy teorinis reikSmingumas nustatomas tokia seka:
Remiantis 2 lentel¢je pateiktomis kriterijy skaitinémis reikSmémis sudaroma pradiniy
duomeny matricg P. 2. Atlieckamas pradiniy duomeny matricos normalizavimg j bedimensiniy dydziy
matricg P3. Nustatomas kiekvieno kriterijaus entropijos lygis. 4. Nustatomas kiekvieno kriterijaus
kitimo lygis. 5. Apskaiciuojamas kriterijy teorinis reikSmingumas, sudaroma kriterijy prioritety eiluté.
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6. Skai¢iavimo rezultatai pavaizduojami grafikai ir pateikiamas jy apibendrinimas.
Remiantis 2 lenteléje pateikta informacija, paruoSiami skai¢iavimui duomenys, sudarant pradiniy
duomeny matricg P (2 lentel¢).

2 lentelé
Pradiniy duomeny matrica
Matrica P
Variantai/Kriterijai K1 K2 K3 K4 Ks
Al 536,90 4,20 6,10 27,80 2,00
A2 3012,45 11,90 4,90 12,60 4,00
A3 1718,52 28,00 9,00 40,50 5,00
A4 572,20 5,20 7,60 20,50 3,00
Xij 5840,07 49,30 27,6 101,40 14,00

Saltinis: sudaryta autorés

Atliekamas pradiniy duomeny matricos normalizavimas j bedimensiniy dydziy matrica. P.
Normalizavimas atliekamas pagal formule (1.1);

Xi/'
TSy (M

Gauti rezultatai surasomi j normalizuotg matrica P (3 lentel¢)

3 lentelé
Normalizuotos kriteriju reik§més
Matrica P
o Alternatyvos Al A2 A3 A4
Kriterijai
Ki 1,00 0,18 0,31 0,94
K> 1,00 0,35 0,15 0,81
K3 0,80 1,00 0,54 0,64
K4 0,45 1,00 0,31 0,61
Ks 1,00 0,50 0,40 0,67

Saltinis: sudaryta autorés

Pasirenkama vertinimo skalé, pvz., [0;10], [0;100] ir didZiausiai normalizuotos matricos kriterijaus
reikSmei priskiriama maksimali vertinimo skalés reik§mé. Pvz.: 1—100. Kitos normalizuotos kriterijy
reik§més apskai¢iuojamos pagal proporcijg. Pvz.: 0,85—85, 0,72—72 ir t.t. Gauti rezultatai suraSomi j
kriterijy naudingumo matrica Cij (4 lentele).

4 lentelé
Kriteriju naudingumas (balais)
Matrica C
T Alternatyvos Al A2 A3 Ad
Kriterijai

Ki 100 18 31 94
Ko 100 35 15 81
Ks 80 100 54 64
K4 45 100 31 61
Ks 100 50 40 67
> 425 303 171 367

Saltinis: sudaryta autorés

Sumuojami kiekvieno kriterijaus surinkti balai, ir uzraSoma inZineriniy sprendimy prioritety eiluté.
Geriausias inZinerinis sprendimas yra tas, kurio kriterijai naudingiausi, t.y. surenka didziausig baly suma.
Sudaroma alternatyviy kelio tiesimo varianty prioritety eiluté, rezultatai pavaizduojami grafiskai
ir padaromos iS§vados.
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InZineriniy sprendimy varianty
naudingumas

450 425
400
350
300
250
200
150
100

50

367

303

Skaldazolés kelkrastis, Asfaltbetonio Geogroteliy kelkrastis,  Zvyro miginio
Al kelkrastis, A2 A3 kelkrastis, A4

® Balai

1 pav. Inzineriniy sprendimy varianty naudingumas, kai nejvertintas kriterijy reikSmingumas
Saltinis: sudaryta autorés

Pagal eksperty sudaryta eilutg apskaiCiuotas kriterijy subjektyvus reikSmingumas g, naudojant
ekspertinj porinio palyginimo metoda. Norint jvertinti §j reikSminguma, apskai¢iuojamos kriterijy vertés
balais, kurie ir atspindéty subjektyvaus reikSmingumo jvertinima. Tam tikslui kiekviena kriterijaus reikSmé
(balais) (4 lentelé) dauginama i§ kriterijaus subjektyvaus reikSmingumo (cij x qj). Gautos reikSmes
surasomos | nauja matricg (5 lentelé).

5 lentelé
Kriteriju naudingumas, jvertinus subjektyvy reikSminguma
Kriterijai Kr.ltve rlj.q subjeldyvus Matrica C'*g
reik§mingumas q ,% Al A2 A3 Ad
Kl 28 2800 504 868 2632
K2 24 2400 840 360 1944
K3 16 1280 1600 864 1024
K4 16 720 1600 496 976
K5 16 1600 800 640 1072
> 8800 5344 3228 7648
Saltinis: sudaryta autorés
Varianty naudingumas, jvertinus subjektyvy reik§mingumag
10000 2800
9000
8000 7648
7000
6000 5344
5000
4000
3000
2000
1000
0 v
Skaldazolés kelkrastis, Asfaltbetonio Geogroteliy kelkrastis, Zvyro misinio
Al kelkrastis, A2 A3 kelkrastis, A4
H Balai

2 pav. Inzineriniy sprendimy varianty naudingumas, kai jvertintas subjektyvus kriterijy reikSmingumas
Saltinis: sudaryta autorés

72



AnalogiSkai nustatomas racionalus sprendimas, kai jvertintas teorinis reikSmingumas, kurio reikSmés
apskai¢iuotos matematiSkai. Tam tikslui sudaroma svertiné matrica C * qt, kiekviena kriterijaus reikSmé
(balais) dauginama is kriterijaus subjektyvaus reikSmingumo (cij x qj). Gautos reikSmés suraSomos j nauja

matricg. (6 lentelé)

6 lentelé
Kriteriju naudingumas, jvertinus teorinj reikSminguma
o Kriterijy teorinis reikSmingumas . E’ * 5
Kriterijai — Matrica
g% Al A2 A3 A4

K1 17,72 1772,00 318,96 549,32 1665,68
K2 16,72 1672,00 585,20 250,80 1354,32
K3 22,4 1792,00 2240,00 1209,60 1433,60
K4 21,28 957,60 2128,00 660,68 1298,08
K5 21,88 2188,00 1094,00 875,20 1465,96
> 8381,60 6366,16 3545,60 7217,64

Saltinis: sudaryta autorés

Sumuojami kiekvieno kriterijaus surinkti balai ir nustatomas racionalus inzinerinis sprendimas. Tai
tas sprendimas, kurio surinkty baly suma yra didziausia. Sudaroma sprendimy prioritety eiluté. Visy
skai¢iavimy rezultatai pavaizduojami grafiSkai 3 paveiksle.

InZineriniy sprendimy varianty naudingumas
9000 8381,6
8000
7000
6000
5000
4000
3000
2000
1000

7217,64
6366,16

3545,6

Zvyro misinio
kelkrastis, A4

Skaldazolés kelkrastis, Asfaltbetonio Geogroteliy kelkrastis,
Al kelkrastis, A2 A3

H Balai

3 pav. Inzineriniy sprendiniy varianty naudingumas, kai jvertintas teorinis kriterijy reikSmingumas
Saltinis: sudaryta autorés

Atlikus inzineriniy sprendiniy daugiakriterinj vertinima, nustatyta, kad didziausia naudingumo verte
turi skaldazolés kelkrastis (A1) - 8381,6 balo. Tai rodo, kad §is variantas geriausiai atitinka projektui svarbius
techninius, ekonominius ir organizacinius kriterijus.

Tinkami kelkras¢io konstrukcijos sprendiniai uztikrina vandens nutekéjimag ir neleidzia kelyje
susidaryti vandens pleistui (akvaplanavimui). Tai padidina dangos stabiluma, apsaugo kraStus nuo
i8lGzinéjimo veikiant sunkiasvoriam transportui ir sumazina provézy susidarymo rizika.

Kelkrascio jtaka kelio dangos stabilumui pasireiskia per §iuos pagrindinius veiksnius:

=  Vandens drenavimas: Naudojant pralaidzius, stambiagriidzius gruntus (F1 jautrumo S$alCiui
klasés), vanduo efektyviai pasalinamas i§ po dangos konstrukcijos. Jei kelkrastis prastai drenuoja, vanduo
kaupiasi pagrindo sluoksniuose, mazindamas jy laikomajg gebg ir sukeldamas plastines deformacijas.

= Soniné atrama: Tvirtas kelkrastis veikia kaip papildoma $oniné atrama vaZziuojamosios dalies
asfalto sluoksniams. Kai kelkrastis yra nesutvirtintas, vaziuojamosios dalies krastai lieka neprilaikomi, todeél
intensyvaus eismo metu grei¢iau atsiranda isilginiy plySiy ir trupinimo defekty.

=  Apsauga nuo Slifavimo ir erozijos: Sutvirtinti kelkras¢iai (pvz., akytbetonio blokeliais ar
zvyro/skaldos miSiniais) apsaugo sankasg nuo raty iSmalimo. Taip i$laikomas pastovus skersinis nuolydis,
reikalingas sklandziam lietaus vandens nutekéjimui.
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ISvados

1. Identifikuojant alternatyviy jrengimo konstrukcijos sprendinius, lemian¢ius dangos stabilumg
buvo parinktos keturios galimos kelkras¢iy jrengimo konstrukcijos, kurias galima taikyti kelio kelkrasciy
jrengimui: Kelkras¢io sutvirtinimas skaldazole (A1), Kelkrascio sutvirtinimas asfaltbetoniu (A»), Kelkrascio
sutvirtinimas geogroteliy juosta (As) ir Kelkra$cio sutvirtinimas zvyro miSiniu (As).

2. Atlikus inzineriniy sprendiniy daugiakriterinj vertinimg, nustatyta, kad didziausig naudingumo
verte turi skaldazolés kelkrastis (A1) - 8381,6 balo. Tai rodo, kad §is variantas geriausiai atitinka svarbius
techninius, ekonominius ir organizacinius kriterijus. Gauti rezultatai pagrindzia, kad skaldazolés kelkrastis
(A1) yra racionaliausias ir ekonomiskai efektyviausias kelkras¢io konstrukcijos sprendinys, tai rodo, kad Sis
variantas geriausiai atitinka svarbius techninius, ekonominius ir organizacinius dangos stabilumo kriterijus.
Kelkrascio jtaka kelio dangos stabilumui pasireiskia per §iuos pagrindinius veiksnius: vandens drenavimas,
Soniné atrama, apsauga nuo $lifavimo ir erozijos.
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ROADSIDE CONSTRUCTION SOLUTIONS AND THEIR INFLUENCE ON PAVEMENT STABILITY

Summary

In recent years, the development and renovation of Lithuania's road infrastructure remain one of the most important
areas of the transport sector. The increasing traffic flow, heavy transport loads and natural conditions lead to faster wear
of pavements and deterioration of traffic conditions. Therefore, the reconstruction of both national and regional roads
is becoming a prerequisite for ensuring traffic safety, comfort and environmental standards.

To ensure reliable transport movement and the durability of the infrastructure, it is necessary to choose a rational
solution for the construction of the roadside, which includes the renovation of the structure and the modernization of
other elements.

Key words. Entropic expert evaluation method, pairwise expert evaluation method, multi-criteria evaluation
method, soil subgrade, asphalt pavement.
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TECHNOLOGIJU, VAIRUOTOJU ELGSENOS IR MATEMATINIU MODELIU INTEGRACIJA
VISUOMENINIO TRANSPORTO SISTEMOSE: SAUGOS IR APLINKOSAUGINIO
EFEKTYVUMO VERTINIMAS

Albertas Sarinskas
Vilniaus Gedimino Technikos Universitetas

Anotacija

Visuomeninio transporto sistemy efektyvumas ir tvarumas vis labiau priklauso nuo technologiniy sprendimy,
vairuotojy elgsenos ir jy tarpusavio saveikos. Nepaisant spartaus transporto technologijy vystymosi, Zmogaus vaidmuo
iSlieka kritinis, ypa¢ vertinant energijos sgnaudas, emisijas ir saugos rodiklius. Sio tyrimo tikslas — sistemingai
iSanalizuoti technologijy, vairuotojy elgsenos ir matematiniy modeliy saveika visuomeninio transporto sistemose,
vertinant jy poveikj saugai ir aplinkosauginiam efektyvumui. Tyrimas grindziamas sistemine literatiiros apzvalga ir
naratyvine sinteze, integruojant transporto inzinerijos, aplinkosaugos ir taikomosios matematikos tyrimus. Nustatyta,
kad vairavimo stilius yra vienas svarbiausiy veiksniy, lemian¢iy energijos sanaudas ir emisijas, o paZangios
technologijos, tokios kaip ADAS ir telematika, gali reikSmingai optimizuoti §iuos procesus. Taciau technologijy
poveikis yra dvilypis, nes jos ne tik mazina fizinj kravj, bet ir didina kognityving apkrova bei kei¢ia vairuotojo
vaidmenj. Matematiniai ir statistiniai modeliai leidzia integruoti skirtingus veiksnius j vieninga analizés sistema,
suteikdami galimybe prognozuoti rizika, energijos sanaudas ir emisijas. Tyrimas atskleidzia, kad efektyvus transporto
sistemy valdymas reikalauja integruoto pozitirio, jungian¢io technologinius sprendimus, vairuotojy elgsenos analiz¢ ir
duomenimis grista modeliavimg. Gauti rezultatai gali buiti taikomi kuriant tvarias, saugias ir efektyvias transporto
sistemas.

ReikSminiai ZodZiai. Visuomeninis transportas; technologijos; ADAS; emisijos; ekologiskas vairavimas;
matematiniai modeliai; transporto tvarumas

Ivadas

Visuomeninio transporto sistemy transformacija pastaraisiais deSimtmeciais yra glaudziai susijusi su
technologijy plétra, skaitmenizacija ir didé¢janciais aplinkosauginiais reikalavimais. Urbanizacijos procesai,
augantys transporto srautai ir klimato kaitos i$siikiai lemia poreikj kurti efektyvesnes, saugesnes ir tvaresnes
transporto sistemas (Junevicius, 2012: 15). Siame kontekste visuomeninis transportas atlicka svarby
vaidmenj mazinant individualaus transporto poveikj aplinkai, taciau jo efektyvumas vis labiau priklauso ne
tik nuo techniniy sprendimy, bet ir nuo vairuotojy elgsenos bei technologijy integracijos.

Nors technologiné pazanga, jskaitant pazangias vairuotojo pagalbos sistemas, telematika ir daling
automatizacija, suteikia naujy galimybiy optimizuoti transporto sistemy veikimg, Zmogaus vaidmuo islieka
esminis. Vairuotojy sprendimai daro tiesioging jtaka ne tik eismo saugai, bet ir energijos sgnaudoms bei
emisijoms. Todél Siuolaikiniai tyrimai vis dazniau orientuojasi j technologijy ir zmogaus saveika, siekiant
suprasti, kaip $ie veiksniai kartu formuoja transporto sistemos efektyvuma (Adamidis et al., 2020: 94-99).

Aplinkosauginis aspektas tampa vienu i§ pagrindiniy transporto sektoriaus transformacijos veiksniy.
Transportas yra vienas didziausiy Siltnamio efektg sukelianciy dujy Saltiniy, todél emisijy mazinimas yra
prioritetinis tikslas tiek nacionaliniu, tiek tarptautiniu lygmeniu. Nors transporto priemoniy elektrifikacija ir
alternatyvis energijos Saltiniai yra svarblis sprendimai, vairuotojy elgsena islieka reikSmingu veiksniu,
lemianciu realy energijos vartojimg (Creutzig et al., 2015: 911).

Matematiniai ir statistiniai modeliai Siame kontekste tampa svarbia analitiné priemoné, leidzianti
integruoti skirtingus veiksnius ir prognozuoti jy poveikj. Tokie modeliai suteikia galimybe pereiti nuo
aprasomosios analizés prie duomenimis gristo sprendimy priémimo, kuris yra bitinas kuriant pazangias
transporto sistemas. Integruotas modeliavimo pozitris leidzia vienu metu vertinti saugos, efektyvumo ir
aplinkosaugos aspektus, kurie daznai yra tarpusavyje susije.

Sio straipsnio tikslas — sistemingai iSanalizuoti technologijy, vairuotojy elgsenos ir matematiniy
modeliy sgveikg visuomeninio transporto sistemose, jvertinant jy poveikj saugai ir aplinkosauginiam
efektyvumui. Siekiama ne tik apibendrinti esamus tyrimus, bet ir pateikti integruota pozitirj, leidZiantj
suprasti kompleksinius procesus, vykstancius §iose sistemose.

Metodologija

Siame tyrime taikoma metodologiné prieiga grindziama sisteminés literatiiros apzvalgos principais,
orientuotais j technologijy, vairuotojy elgsenos ir matematiniy modeliy sgveikos analize visuomeninio
transporto sistemose. Atsizvelgiant ] nagrinéjamos problematikos tarpdiscipliniSkumg, metodologija
integruoja transporto inZinerijos, aplinkosaugos, duomeny analizés ir taikomosios matematikos tyrimus,
siekiant sukurti konceptualiai nuosekly ir analitiSkai pagrista vertinimo modelj. Skirtingai nei pirmojo
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straipsnio atveju, Siame tyrime didesnis démesys skiriamas kiekybiniams metodams, modeliavimui ir
technologiniy sistemy poveikiui.

Tyrimas grindziamas sistemine literatliros apzvalga su naratyvinés sintezés elementais, leidZianciais
integruoti skirtingy metodologiniy prieigy rezultatus. Tokia kombinacija yra biitina dél nagring¢jamy tyrimy
heterogeniskumo, nes analizuojami darbai apima tiek eksperimentinius, tiek modeliavimo, tiek empiriniais
duomenimis gristus tyrimus. Naratyviné sintez¢ leidzia ne tik apibendrinti rezultatus, bet ir identifikuoti
tarpusavio sgsajas tarp technologiniy, elgsenos ir aplinkosauginiy veiksniy.

Metodologinis pozitris taip pat apima vairuotojy elgsenos analizg, kuri vertinama kaip vienas
svarbiausiy veiksniy, lemiangiy tiek sauga, tiek emisijas. Si analizé grindziama telematikos duomenimis,
empiriniais tyrimais ir modeliavimo rezultatais, leidzianciais identifikuoti elgsenos modelius ir jy poveikj
transporto sistemai. Toks poziiiris leidZia integruoti Zzmogaus veiksnius j technologinius ir matematinius
modelius, sukuriant vieningg analizés sistema.

Nepaisant metodologinio nuoseklumo, tyrimas turi tam tikry ribotumy, susijusiy su analizuojamy
tyrimy heterogeniSkumu ir duomeny prieinamumu. Skirtingos metodikos, skirtingi vertinimo rodikliai ir
nevienodi duomeny Saltiniai apsunkina tiesioginj rezultaty palyginimg. Be to, dalis tyrimy remiasi
laboratoriniais duomenimis, kurie ne visada atspindi realias eksploatacijos salygas. Sie ribotumai buvo
jvertinti interpretuojant rezultatus ir formuluojant i§vadas.

Pastaryjy mety metodologinés tendencijos rodo aiSky peréjima prie duomenimis gristy ir adaptyviy
analizés metody, kurie leidzia realiu laiku vertinti transporto sistemy veikima. Dirbtinio intelekto ir didziyjy
duomeny analizés metodai suteikia galimybe integruoti skirtingus duomeny Saltinius ir kurti dinamiskus
modelius, kurie gali prisitaikyti prie besikei¢ianciy salygy. Tokios metodologijos tampa vis svarbesnés,
siekiant efektyviai valdyti sudétingas transporto sistemas.

Apibendrinant galima teigti, kad taikyta metodologija leidzia sistemingai ir kritiSkai jvertinti
technologijy, vairuotojy elgsenos ir matematiniy modeliy saveika visuomeninio transporto sistemose.
Integruotas pozitris, apimantis literatiros analize, modeliavimo metodus ir elgsenos vertinima, suteikia
pagrinda formuoti duomenimis gristus sprendimus, orientuotus j saugos ir aplinkosauginio efektyvumo
didinima.

Technologiju ir transporto sistemy jtaka

Technologijy plétra yra vienas svarbiausiy veiksniy, transformuojanciy Siuolaikines visuomeninio
transporto sistemas ir i§ esmés kei¢ianciy profesionaliy vairuotojy darbo pobudj (Skardziaté, 2017: 18).
Skaitmenizacija, automatizacija ir pazangiy valdymo sistemy integracija ne tik didina transporto priemoniy
techninj efektyvuma, bet ir keiCia zmogaus vaidmenj sistemoje, perkelia dalj funkcijy i§ Zmogaus i
technologija bei sukuria naujg zmogaus—masinos sgveikos paradigma. Dél Sios priezasties technologijy jtaka
turi biiti analizuojama kompleksiskai, vertinant ne tik jy tiesioginj poveikj saugai ir efektyvumui, bet ir jy
saveika su vairuotojo elgsena bei kognityviniais procesais.

Vienas svarbiausiy technologiniy poky¢iy transporto sektoriuje yra pazangiy vairuotojo pagalbos
sistemy diegimas, kuris leidZia automatizuoti dalj vairavimo funkcijy ir sumazinti zmogiskyjy klaidy
tikimybe (Cicchino, 2017: 289). Tokios sistemos, kaip automatinis avarinis stabdymas, adaptyvi greicio
kontrolé ar eismo juostos palaikymas, veikia kaip papildomas saugos sluoksnis, galintis kompensuoti
7mogaus reakcijos ribotumus kritinése situacijose. Sios technologijos ypa¢ svarbios miesto transporto
aplinkoje, kur eismo intensyvumas ir situacijy sudétingumas yra didziausi. Tac¢iau kartu su jy privalumais
atsiranda ir naujy i$$tkiy, susijusiy su vairuotojo vaidmens transformacija.

Automatizacijos poveikis vairuotojo veiklai pasizymi dvilypumu. Viena vertus, automatizuotos
sistemos sumazina fizinj kriivj ir leidzia vairuotojui deleguoti dalj funkcijy technologijai, taip sumazinant
nuovargj. Kita vertus, §is procesas kei¢ia kognityving veikla, nes vairuotojas i§ aktyvaus valdytojo tampa
sistemos stebétoju (Parasuraman et al., 2000: 286-297). Toks pokytis reikalauja nuolatinio budrumo
i8laikymo, taciau esant mazam aktyviy veiksmy skaiciui gali atsirasti monotonija ir sumazéti situacinis
suvokimas. Sis reiskinys, daznai apibiidinamas kaip ,,out-of-the-loop* efektas, rodo, kad automatizacija gali
sukelti naujo tipo rizikas, kurios néra tiesiogiai susijusios su techniniais gedimais, bet kyla i§ Zmogaus ir
sistemos sgveikos.

Technologijy poveikis vairuotojy elgsenai taip pat pasireiskia per pasitikéjimo sistemomis lygj. Per
didelis pasitikéjimas automatizuotomis sistemomis gali lemti sumazéjusj démesj ir pavéluota reakcija
situacijose, kuriose reikalingas zmogaus jsikiSimas. Tuo tarpu nepakankamas pasitikéjimas gali riboti
technologijy naudojima ir sumazinti jy efektyvuma. Todél svarbu uZztikrinti optimaly pasitikéjimo lygj, kuris
leisty efektyviai iSnaudoti technologijy teikiamas galimybes, i§laikant vairuotojo jsitraukima.
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Telematikos ir duomeny analizés technologijos suteikia naujy galimybiy objektyviai vertinti
vairuotojy elgsena ir transporto sistemy veikima. Sios sistemos leidzia realiu laiku rinkti duomenis apie
vairavimo parametrus, tokius kaip greitis, pagreitis, stabdymas ar marsruto laikymasis. Analizuojant $iuos
duomenis galima identifikuoti neefektyvaus ar rizikingo vairavimo modelius, kurie turi tiesioginj poveikj
tiek saugai, tiek energijos sanaudoms. Toks duomenimis gristas poziiiris leidzia pereiti nuo subjektyvaus
vertinimo prie objektyvios analizés, kuri yra biitina kuriant efektyvias valdymo strategijas.

Zmogaus—masinos sasaja yra vienas kritiniy aspekty, lemiandiy technologijy efektyvuma.
Informacijos pateikimo biidas, valdymo elementy iSdéstymas ir signalizacijos struktiira turi tiesioging jtaka
vairuotojo kognityvinei apkrovai ir démesio paskirstymui. Per didelis informacijos kiekis gali sukelti
informacing perkrova, o nepakankamas — sumazinti situacinj suvokima. Todél bitina kurti intuityvias ir
ergonomiskai pagristas sasajas, kurios leisty vairuotojui efektyviai apdoroti informacijg ir priimti
sprendimus.

Vairuotojo biiklés stebésenos technologijos tampa vis svarbesnés siekiant uztikrinti sauga ir
efektyvuma. Tokios sistemos, naudojancios jutiklius ir algoritmus, leidzia realiu laiku vertinti nuovargj,
démesio lygj ir kitus psichofiziologinius parametrus. Siy sistemy privalumas yra jy gebéjimas anksti
identifikuoti rizikines biisenas ir inicijuoti prevencines priemones. Taciau jy efektyvumas priklauso nuo
duomeny tikslumo, algoritmy patikimumo ir integracijos j bendrg transporto sistema.

Technologijy integracija taip pat vyksta sisteminiu lygmeniu, kuriant iSmaniasias transporto sistemas,
kurios apima eismo valdyma, marSruty optimizavimg ir energijos naudojimo kontrole. Tokios sistemos
leidzia efektyviau paskirstyti transporto srautus, sumazinti vélavimus ir optimizuoti iStekliy naudojima.
Vairuotojas Sioje sistemoje tampa vienu i§ elementy, sgveikaujanciy su skaitmenine infrastruktura, todél jo
veikla vis labiau priklauso nuo informaciniy sistemy kokybés ir patikimumo.

Svarbus aspektas yra technologijy poveikio sgveika su vairuotojy elgsena. Technologijos gali skatinti
efektyvesn]j vairavima, taciau jy poveikis priklauso nuo to, kaip jos yra naudojamos. Pavyzdziui, telematikos
sistemos gali biiti naudojamos kaip mokymo ir grjZztamojo rysio priemong, skatinanti racionaly vairavima,
taCiau netinkamas jy naudojimas gali biiti suvokiamas kaip kontrolés priemoné ir didinti stresg. Todél
technologijy diegimas turi biiti lydimas organizaciniy sprendimy, uztikrinan¢iy jy priimtinumg ir
efektyvuma.

Ateities technologinés tendencijos rodo, kad transporto sistemos taps vis labiau automatizuotos ir
integruotos(Stankevicius, 2019: 63). Dirbtinio intelekto sprendimai leis kurti adaptyvias sistemas, kurios
galés prognozuoti vairuotojo elgseng ir optimizuoti transporto procesus realiu laiku. Autonominio transporto
plétra gali i§ esmés pakeisti vairuotojo vaidmenj, taciau net ir tokiose sistemose zmogaus vaidmuo isliks
svarbus, ypac¢ sprendZziant nestandartines situacijas.

Apibendrinant galima teigti, kad technologijy jtaka visuomeninio transporto sistemoms yra daugialypé
ir dinamiska. Nors technologijos suteikia reikSmingy galimybiy didinti saugg ir efektyvuma, jos taip pat
keicia vairuotojo darbo pobud; ir sukuria naujy i$siikiy, susijusiy su Zmogaus ir sistemos sgveika. Todél
technologijy diegimas turi biiti grindziamas integruotu pozitriu, kuris apimty techninius, kognityvinius ir
organizacinius aspektus, siekiant uztikrinti optimaly jy veikimg transporto sistemose.

Aplinkosauginiai ir emisijuy aspektai

Aplinkosauginiai ir emisijy aspektai visuomeninio transporto sistemose tampa vis svarbesniu tyrimy
objektu, ypac atsizvelgiant j globalius klimato kaitos i$§tkius ir grieztéjanCius tarptautinius reikalavimus
mazinti Siltnamio efekta sukelianciy dujy emisijas. Nors visuomeninis transportas laikomas viena i$
efektyviausiy priemoniy mazinti individualaus transporto poveikj aplinkai, jo eksploatacinis efektyvumas ir
realus emisijy lygis iSlieka stipriai priklausomi nuo veiklos organizavimo, technologiniy sprendimy ir,
svarbiausia, vairuotojy elgsenos. D¢l Sios priezasties aplinkosauginiai aspektai turi biiti analizuojami
integruotai, vertinant technologijy, Zmogaus veiksniy ir eksploataciniy saglygy saveika.

Transporto sektorius yra vienas didziausiy anglies dioksido ir kity ter$aly $altiniy, ypa¢ urbanizuotose
teritorijose, kuriose transporto srautai yra intensyviausi (Kazukauskas, 2016: 7). Visuomeninis transportas,
nors ir pasizymi mazesnémis emisijomis vienam keleiviui, vis délto generuoja reik§mingg absoliuty emisijy
kiekj dél nuolatinés eksploatacijos ir didelio marSruty tankio. Todél siekiant mazinti bendrg transporto
sistemos poveikj aplinkai buitina ne tik modernizuoti transporto priemones, bet ir optimizuoti jy eksploatacija
bei vairuotojy elgsena.

Vairavimo stilius yra vienas svarbiausiy veiksniy, lemianéiy energijos sgnaudas ir emisijy kiekj
(Ericsson, 2001: 325-345). Agresyvus vairavimas, pasiZymintis staigiais greitéjimais, intensyviu stabdymu
ir daznais grei€io svyravimais, didina variklio apkrova ir lemia neefektyvy kuro naudojimag. Tokie vairavimo
modeliai ne tik didina anglies dioksido emisijas, bet ir skatina azoto oksidy bei kietyjy daleliy susidaryma.
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PrieSingai, tolygus ir i§ anksto planuojamas vairavimas leidZia optimizuoti variklio darbo rezimg, sumazinti
energijos sanaudas ir i§laikyti stabilesnj emisijy lygj. Si priklausomybé rodo, kad vairuotojy elgsena yra
vienas i§ svarbiausiy kintamyjy, kurj galima valdyti siekiant mazinti aplinkosauginj poveikj (Slapikaité,
2014: 69).

Ekologisko vairavimo principai yra vienas efektyviausiy biidy mazinti emisijas be dideliy
technologiniy investicijy. Sie principai apima racionaly grei¢io pasirinkima, ankstyva stabdyma, optimalig
pavary keitimo strategija ir bendra transporto priemonés darbo rezimo optimizavimg. Tokia vairavimo
strategija leidzia ne tik sumazinti kuro sanaudas, bet ir sumazina mechaniniy komponenty nusidévéjima, kas
ilgainiui didina transporto sistemos efektyvuma. Taciau praktinis $iy principy jgyvendinimas priklauso nuo
vairuotojy mokymo, motyvacijos ir darbo salygy, todél buitina uztikrinti sisteminj poziiirj i jy diegima.

Transporto priemoniy elektrifikacija yra viena pagrindiniy strategijy, siekiant mazinti transporto
sektoriaus emisijas. Elektriniai autobusai pasizymi nulinémis tiesioginémis emisijomis ir didesniu energijos
panaudojimo efektyvumu, palyginti su vidaus degimo varikliais. Be to, jie sumazina triuk§mo tarsa, kas yra
svarbu miesto aplinkoje. Taciau svarbu pazyméti, kad elektrifikacija nepanaikina zmogaus vaidmens, nes
vairavimo stilius vis dar daro reik§mingg jtaka energijos suvartojimui (Meskauskieng, 2022: 33). Pavyzdziui,
regeneracinio stabdymo efektyvumas priklauso nuo vairuotojo gebéjimo optimaliai valdyti transporto
priemong, todél net ir pazangiausios technologijos negali uztikrinti maksimalaus efektyvumo be tinkamos
elgsenos.

Vertinant aplinkosauginj poveikij, butina taikyti gyvavimo ciklo analizés principus, kurie leidzia
jvertinti transporto priemonés poveikj visais jos gyvavimo etapais. Nors elektrinés transporto priemonés
eksploatacijos metu neiSskiria terSaly, jy gamyba ir energijos tickimas gali turéti reikSminga netiesioginj
poveikj aplinkai. Todél tikrasis aplinkosauginis efektyvumas priklauso nuo energijos gamybos Saltiniy ir
visos transporto sistemos struktiiros. Sis aspektas rodo, kad emisijy analizé turi bati atliekama kompleksiskai,
integruojant technologinius ir eksploatacinius veiksnius.

Svarbus $io tyrimo aspektas yra aplinkosauginiy ir psichofiziologiniy veiksniy saveika. Vairuotojy
buklé, ypa¢ nuovargis ir stresas, gali turéti netiesioginj poveikj emisijoms, nes ji lemia vairavimo stiliaus
poky¢ius. Nuovargis gali sumazinti vairavimo tikslumg ir padidinti greicio svyravimus, o stresas gali skatinti
agresyvesnj vairavimg (Zaranka, 2013: 4). Be to, darbo organizavimas, ypac laiko spaudimas ir nerealiis
tvarkarasciai, gali versti vairuotojus rinktis maziau efektyvias vairavimo strategijas. Tai rodo, kad
aplinkosauginis efektyvumas yra glaudziai susijgs su Zmogaus veiksniais ir negali buti vertinamas atskirai
nuo darbo salygy.

Technologijos suteikia papildomy galimybiy mazinti emisijas, ypa¢ naudojant telematikos ir realaus
laiko duomeny analizés sistemas. Sios sistemos leidZia stebéti vairavimo stiliy, identifikuoti neefektyvius
elgsenos modelius ir teikti rekomendacijas vairuotojams. Tokie sprendimai gali biiti naudojami tiek mokymy
procese, tiek kasdienéje veikloje, siekiant skatinti racionaly vairavimg. Be to, marSruty optimizavimo
sistemos leidzia sumazinti nereikalingus sustojimus ir greic¢io pokycius, kas taip pat prisideda prie emisijy
mazinimo.

Pastaraisiais metais aplinkosaugos tyrimuose vis didesnis démesys skiriamas integruotam pozitriui,
kuris apima technologijas, vairuotojy elgseng ir sisteminj valdyma. Tokie modeliai leidzia vienu metu
vertinti kelis kriterijus, tokius kaip sauga, energijos sagnaudos ir emisijos, ir ieSkoti optimaliy sprendimy. Tai
ypac svarbu kuriant tvarias transporto sistemas, kuriose skirtingi tikslai turi baiti suderinti.

Ateities tyrimy kryptys rodo, kad aplinkosauginis efektyvumas vis labiau priklausys nuo duomenimis
gristy sprendimy ir dirbtinio intelekto taikymo. Tokios technologijos leis prognozuoti energijos sanaudas,
optimizuoti vairavimo strategijas ir adaptuoti transporto sistemas realiu laiku. Taip pat tikétina, kad didés
individualizuoty sprendimy svarba, leidzianti atsizvelgti j konkre€iy vairuotojy elgsenos ypatumus ir
pritaikyti rekomendacijas pagal jy darbo stiliy.

Apibendrinant galima teigti, kad aplinkosauginiai ir emisijy aspektai yra integrali visuomeninio
transporto sistemy dalis, kuri tiesiogiai priklauso nuo technologijy, vairuotojy elgsenos ir darbo
organizavimo. Efektyvus emisijy maZzinimas reikalauja kompleksinio poziiirio, kuris apimty ne tik techninius
sprendimus, bet ir Zmogaus veiksniy integracijg, sickiant sukurti tvarig ir efektyvig transporto sistema..

Matematiniai ir statistiniai modeliai

Matematiniai ir statistiniai modeliai sudaro pagrindg Siuolaikinei transporto sistemy analizei,
leidzianciai kiekybiskai jvertinti technologijy, vairuotojy elgsenos ir aplinkosauginiy veiksniy sgveika
(Baublys, 1997: 102). Kompleksiné visuomeninio transporto sistema pasizymi dideliu kintamyjy skai¢iumi,
nelinearinémis priklausomybémis ir reikSmingu neapibréztumu, todél tradiciniai deterministiniai metodai
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daznai yra nepakankami. Dél Sios priezasties vis dazniau taikomi pazangiis modeliavimo metodai, kurie
leidZia integruoti skirtingus duomeny $altinius ir prognozuoti sistemos elgseng jvairiomis sglygomis.

Vienas svarbiausiy modeliavimo objekty yra vairuotojy elgsenos ir psichofiziologinés biiklés poveikis
transporto sistemos veikimui. Nuovargio ir reakcijos laiko modeliai leidzia kiekybiskai jvertinti Zmogaus
buklés jtaka sprendimy priémimui ir eismo saugai. Tokie modeliai daznai grindziami dinaminémis
funkcijomis, kurios apraSo nuovargio kaupimasi priklausomai nuo darbo trukmés, poilsio intervaly ir
cirkadiniy veiksniy. Siy modeliy svarba yra ta, kad jie leidzia identifikuoti kritines bisenas, kuriose
vairuotojo veiklos efektyvumas reik§mingai sumazéja, ir prognozuoti galimas rizikas.

Reakcijos laiko modeliavimas yra svarbus tarpinis etapas, leidziantis susieti psichofiziologing bukle
su saugos rezultatais. Statistiniai modeliai rodo, kad reakcijos laikas yra jautrus nuovargio, streso ir
kognityvinés apkrovos poky¢iams, o jo padidéjimas turi disproporcinga poveikj eismo jvykiy tikimybei. Si
nelineariné priklausomybé yra svarbi kuriant rizikos vertinimo sistemas, nes ji leidzia identifikuoti ribines
busenas, kuriose sauga staigiai blogéja.

Eismo saugos analizéje placiai taikomi tikimybiniai modeliai, leidziantys jvertinti jvairiy veiksniy
itaka eismo jvykiy tikimybei. Logistiné regresija yra vienas dazniausiai naudojamy metody, nes ji leidzia
modeliuoti dvejetainius rezultatus ir jvertinti skirtingy kintamyjy svarba. Tokie modeliai suteikia galimybe¢
nustatyti, kaip nuovargis, darbo kriivis ar vairavimo elgsena veikia rizika, ir leidzia identifikuoti kritinius
slenkscius, kuriuos virsijus tikimybé zenkliai padidéja. Be to, daugiamaté analizé leidzia jvertinti veiksniy
saveika, kuri yra bitina analizuojant kompleksines sistemas.

Transporto emisijy modeliavimas taip pat remiasi matematiniais metodais, kurie leidzia nustatyti
rySius tarp vairavimo parametry ir energijos sanaudy (Pareigis, 2012: 5). Greitis, pagreitis ir transporto
priemonés darbo rezimas yra pagrindiniai kintamieji, kurie daro jtaka emisijy lygiui. Modeliai rodo, kad
staigilis pagrei¢iai ir dazni grei¢io pokyciai Zenkliai didina kuro sgnaudas, o stabilus vairavimas leidzia
pasiekti optimaly energijos naudojima. Tokie modeliai yra ypa¢ svarbiis vertinant eco-driving strategijy
efektyvuma ir jy poveikj aplinkosaugai.

Neapibréztumo analizéje svarbi vieta tenka simuliaciniams metodams, kurie leidzia modeliuoti
atsitiktinius procesus ir jvertinti skirtingy scenarijy tikimybes. Monte Carlo tipo simuliacijos suteikia
galimybe generuoti daugybe galimy situacijy ir analizuoti jy pasiskirstyma, kas yra ypa¢ svarbu transporto
sistemose, kuriose egzistuoja didelis variabilumas. Sie metodai leidZia jvertinti ne tik vidutines reik§mes, bet
ir ekstremalias situacijas, kurios daznai yra svarbiausios saugos pozitriu.

Daugiakriteriné analizé tampa vis svarbesné, nes transporto sistemose reikia vienu metu vertinti kelis
tikslus, kurie daznai yra tarpusavyje prieStaringi. Saugos, efektyvumo ir aplinkosaugos tikslai ne visada
sutampa, tod¢l biitina rasti kompromisinius sprendimus. Daugiakriteriniai metodai leidzia strukttiruotai
jvertinti skirtingus kriterijus ir nustatyti optimalias strategijas, atsizvelgiant j jy svarbg. Tokie metodai yra
ypac naudingi planuojant transporto sistemas ir vertinant skirtingy technologiniy sprendimy poveik].

Statistiniai metodai sudaro pagrindg empiriniy duomeny analizei ir modeliy validacijai. Regresine
analizé, koreliacijos analiz¢ ir dispersiné analizé leidZia nustatyti rySius tarp kintamyjy ir jvertinti jy statistinj
reik§mingumg. Taciau svarbu uztikrinti duomeny kokybe ir tinkamg metody taikyma, nes netinkamai
parinkti modeliai gali lemti klaidingas i§vadas. Todél vis didesnis démesys skiriamas duomeny paruosimui,
filtravimui ir validacijai.

Integruotas modeliavimo poziiiris tampa vienu svarbiausiy Siuolaikiniy tyrimy elementy, nes leidzia
sujungti skirtingus modelius j vieninga sistema. Tokie modeliai gali apimti vairuotojy biiklés analize, eismo
sauga ir emisijy vertinima vienu metu, leidziant geriau suprasti jy tarpusavio saveika. Pavyzdziui, nuovargio
modeliai gali buti naudojami prognozuoti reakcijos laikg, kuris integruojamas j rizikos modelius, o vairavimo
elgsena gali biiti siejama su emisijy modeliais. Toks pozitris leidZia kurti holistinius sprendimus, kurie
atsizvelgia j visus svarbiausius veiksnius.

Pastaraisiais metais modeliavimo metodai sparciai evoliucionuoja, integruojant dirbtinio intelekto ir
masininio mokymosi sprendimus. Sie metodai leidzia analizuoti didelius duomeny kiekius ir identifikuoti
sudétingas priklausomybes, kurios néra lengvai apraSomos tradiciniais metodais. Masininio mokymosi
modeliai gali biiti naudojami prognozuoti vairuotojy elgsena, energijos sgnaudas ar eismo jvykiy tikimybe,
remiantis realaus laiko duomenimis. Tokie modeliai yra adaptyvis ir gali nuolat tobuléti, didindami
prognozavimo tiksluma.

Ateities tyrimy kryptys rodo, kad modeliavimas taps dar labiau individualizuotas ir integruotas.
Skirtingi vairuotojai pasizymi skirtingomis elgsenos ir fiziologinémis savybémis, todél universaliis modeliai
gali buti nepakankamai tiksliis. Individualizuoti modeliai, kurie atsizvelgia ] konkretaus vairuotojo
ypatumus, gali reikSmingai pagerinti sprendimy efektyvuma. Be to, skaitmeniniy dvyniy koncepcija suteikia
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galimybe kurti virtualias transporto sistemy kopijas, leidZianéias testuoti jvairius scenarijus be realios
rizikos.

Apibendrinant galima teigti, kad matematiniai ir statistiniai modeliai yra biitini siekiant suprasti ir
valdyti visuomeninio transporto sistemas. Jie leidzia integruoti technologijy, vairuotojy elgsenos ir
aplinkosauginiy veiksniy poveikj ] vieninga analizés sistema, kuri yra bitina kuriant efektyvias ir tvarias
transporto strategijas. Integruotas, duomenimis grjstas ir adaptyvus modeliavimo pozitiris tampa pagrindiniu
jrankiu sprendziant Siuolaikinius transporto sektoriaus i$$tikius (Vipartas, 2013: 12).

Diskusija

Atlikta analiz¢ leidzia teigti, kad technologijy, vairuotojy elgsenos ir matematiniy modeliy sgveika
visuomeninio transporto sistemose sudaro kompleksine, daugiasluoksne struktiira, kurios veikima lemia ne
pavieniai veiksniai, o jy integruotas poveikis. Skirtingai nei tradicinése transporto analizése, kuriose
technologijos ir Zmogaus elgsena daZznai nagrinéjamos atskirai, $is tyrimas atskleidzia, kad jy saveika yra
esminé siekiant uztikrinti tiek sauga, tiek aplinkosauginj efektyvuma. Todé¢l diskusija orientuojama j Siy
veiksniy tarpusavio priklausomybés ir jy integracijos reikSme.

Vienas pagrindiniy rezultaty yra tai, kad technologijos negali biiti laikomos universaliu sprendimu
transporto sistemy problemoms spresti, jei neatsizvelgiama | vairuotojy elgseng ir kognityvinius procesus.
Nors pazangios vairuotojo pagalbos sistemos ir automatizacija gali sumazinti klaidy tikimybe, jy
efektyvumas priklauso nuo to, kaip vairuotojai sgveikauja su Siomis sistemomis. Automatizacijos poveikis
yra dvilypis — ji mazina fizinj kriivj, tatiau tuo paciu gali sumazinti budrumg ir situacinj suvokimg. Sis
reiskinys rodo, kad technologijy integracija turi biiti grindziama Zzmogaus—masinos sgveikos principais, o ne
vien techniniu efektyvumu.

Vairuotojy elgsena iSlieka vienu svarbiausiy veiksniy, lemianciy tiek sauga, tick emisijas. Analizé
parodé, kad net ir pazangiausios technologijos negali uztikrinti optimalaus sistemos veikimo, jei vairavimo
stilius yra neefektyvus. Agresyvus vairavimas didina ne tik eismo jvykiy tikimybe, bet ir energijos sanaudas
bei emisijas, tod¢l Sie aspektai turi biiti vertinami kartu. Tai leidzia daryti iSvada, kad vairuotojy elgsena yra
jungiamasis elementas tarp saugos ir aplinkosaugos tiksly.

Matematiniai ir statistiniai modeliai suteikia galimybe integruoti Siuos veiksnius j vieningg analizés
sistema, taCiau jy taikymas susiduria su tam tikrais i$Stkiais. Vienas i$ pagrindiniy i$Stkiy yra modeliy
sudétingumas ir duomeny prieinamumas. Nors pazangiis modeliai gali tiksliai atspindéti realias salygas, jy
efektyvumas priklauso nuo duomeny kokybés ir kiekio. Be to, dauguma modeliy remiasi supaprastintomis
prielaidomis, kurios ne visada atitinka realias transporto sistemy salygas. Todél bitina toliau plétoti
modelius, kurie galéty geriau atspindéti nelinearines saveikas ir dinamiskus procesus.

Svarbus diskusijos aspektas yra integruoto pozilirio biitinybé. TradiciSskai sauga, efektyvumas ir
aplinkosauga buvo nagringjami kaip atskiri tikslai, taciau Sis tyrimas rodo, kad jie yra glaudziai susije.
Pavyzdziui, vairavimo strategijos, kurios mazina emisijas, daznai tuo paciu mazina ir eismo jvykiy rizika,
nes jos grindziamos tolygiu ir prognozuojamu vairavimu. Tai rodo, kad integruoti modeliai, vertinantys kelis
kriterijus vienu metu, gali buti efektyvesni nei atskiry aspekty optimizavimas.

Technologijy vaidmuo Siame kontekste yra svarbus, taciau jy poveikis priklauso nuo jy integracijos
lygio ir naudojimo strategijos. Telematikos ir duomeny analizés sistemos suteikia galimybe realiu laiku
stebéti vairuotojy elgseng ir teikti griztamajj rysj, kuris gali biiti naudojamas tieck mokymui, tiek operatyviam
valdymui. Taciau svarbu uztikrinti, kad Sios sistemos buity naudojamos kaip pagalbos priemoné, o ne kaip
kontrolés mechanizmas, nes prieSingu atveju jos gali didinti stresg ir mazinti darbuotojy motyvacija.

Metodologiniu pozitriu analizé atskleidzia, kad esami tyrimai daznai yra fragmentuoti ir orientuoti j
atskirus aspektus, o ne j jy integracijg. Skirtingos disciplinos naudoja skirtingus metodus ir rodiklius, todel
sunku sukurti vieningg analizés sistemg. Tai rodo, kad biitina plétoti tarpdisciplininius tyrimus, kurie
sujungty technologinius, elgsenos ir aplinkosauginius aspektus j vieng modelj. Tokie tyrimai galéty suteikti
naujy jzvalgy ir padéti kurti efektyvesnes transporto sistemas.

Dar viena svarbi problema yra realaus laiko duomeny naudojimo triikumas. Nors telematikos sistemos
suteikia galimybe rinkti didelius duomeny kiekius, jy integracija | analizés ir sprendimy priémimo procesus
dar néra pakankamai iSplétota. Ateityje biitina plétoti sistemas, kurios galéty ne tik rinkti duomenis, bet ir
juos analizuoti realiu laiku, leidziant dinamiskai adaptuoti transporto sistemy veikimg.

Praktiniu pozitiriu tyrimo rezultatai rodo, kad efektyvus transporto sistemy valdymas reikalauja
kompleksiniy sprendimy (Juchneviéius, 2022: 6). Pirma, biitina integruoti technologijas su vairuotojy
mokymu ir elgsenos valdymu, siekiant uztikrinti jy efektyvy naudojimg. Antra, svarbu naudoti matematinius
modelius sprendimy priémimui pagrjsti, ypa¢ planuojant marSrutus ir optimizuojant energijos naudojima.
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Trecia, btina atsizvelgti j aplinkosauginius tikslus, kurie turi biti integruoti j bendrg transporto sistemos
strategija.

Ateities tyrimy kryptys rodo, kad transporto sistemy analizé vis labiau orientuosis i duomenimis
gristus ir adaptyvius modelius. Dirbtinio intelekto metodai leis analizuoti didelius duomeny kiekius ir
identifikuoti sudétingas priklausomybes, kurios néra lengvai pastebimos tradiciniais metodais. Tokios
sistemos galés prognozuoti vairuotojy elgsena, optimizuoti energijos sgnaudas ir adaptuoti transporto
sistemas realiu laiku. Taip pat tikétina, kad didés individualizuoty sprendimy svarba, leidzianti atsizvelgti j
konkreciy vairuotojy ypatumus.

Apibendrinant galima teigti, kad technologijy, vairuotojy elgsenos ir matematiniy modeliy integracija
yra esminé salyga kuriant efektyvias ir tvarias visuomeninio transporto sistemas. Siy veiksniy saveika lemia
bendrg sistemos veikimg, todé¢l jy analizé turi buti grindziama integruotu ir tarpdisciplininiu pozitriu. Tik
toks poziiiris leidzia uztikrinti, kad transporto sistemos biity ne tik technologiskai pazangios, bet ir saugios,
efektyvios bei aplinkai draugiskos.

ISvados

1. Atlikta analizé leidzia teigti, kad visuomeninio transporto sistemy efektyvumas ir tvarumas yra
kompleksinis rezultatas, kurj lemia technologijy, vairuotojy elgsenos ir matematiniy modeliy saveika. Sie
elementai sudaro integruota sistema, kurioje kiekvieno komponento poveikis priklauso nuo bendros sistemos
strukttiros ir veikimo salygy. Todél transporto sistemy analizé turi biiti grindziama ne pavieniy veiksniy
vertinimu, o jy tarpusavio sgveikos supratimu.

2. Vienas svarbiausiy Sios analizés rezultaty yra tai, kad technologijos, nors ir suteikia reikSmingy
galimybiy didinti sauga ir efektyvuma, negali uztikrinti optimalaus sistemos veikimo be tinkamos vairuotojy
elgsenos. Nustatyta, kad vairavimo stilius yra kritinis veiksnys, lemiantis tick eismo sauga, tiek energijos
sanaudas ir emisijy lygj. Agresyvus vairavimas didina tiek avarijy tikimybe, tiek transporto poveikj aplinkai,
tuo tarpu racionalus ir prognozuojamas vairavimas leidzia pasiekti sinerginj efekta, mazinant tiek rizika, tiek
emisijas.

3. Tyrimas taip pat parodé, kad technologijy poveikis yra dvilypis. Viena vertus, pazangios sistemos
gali sumazinti zmogiskyjy klaidy tikimybe ir optimizuoti transporto procesus, taciau kita vertus, jos keiCia
vairuotojo vaidmenj ir gali sukelti naujy riziky, susijusiy su sumazéjusiu budrumu ir situaciniu suvokimu.
Todél technologijy diegimas turi biiti grindziamas zmogaus—masinos saveikos principais, uztikrinant, kad
technologijos papildyty, o ne pakeisty zmogaus gebéjimus.

4. Matematiniai ir statistiniai modeliai iSrySkéja kaip esminé priemone, leidZianti integruoti
skirtingus veiksnius ir kiekybiSkai jvertinti jy poveikj. Tokie modeliai suteikia galimybe prognozuoti eismo
ivykiy tikimybe, energijos sanaudas ir emisijas, taip pat optimizuoti transporto sistemy veikima. Nustatyta,
kad integruoti modeliai, apimantys vairuotojy elgsena, technologinius sprendimus ir aplinkosauginius
parametrus, yra efektyvesni nei atskiry aspekty analize.

5. Svarbi iSvada yra ta, kad sauga ir aplinkosauga transporto sistemose yra glaudziai susije¢ tikslai,
kurie turi biti vertinami kartu. Vairavimo strategijos, orientuotos j emisijy mazinimg, daznai tuo paciu
mazina ir eismo jvykiy rizika, nes jos grindziamos tolygiu ir prognozuojamu vairavimu. Tai rodo, kad
integruotas poziiiris, apimantis kelis kriterijus vienu metu, leidZia pasiekti geresniy rezultaty nei atskiry
tiksly optimizavimas.

6. Praktiniu pozitriu tyrimo rezultatai leidzia suformuluoti kelias pagrindines kryptis, kurios gali
prisidéti prie efektyvesniy transporto sistemy kiirimo. Pirma, biitina integruoti technologinius sprendimus su
vairuotojy mokymu, siekiant uztikrinti jy tinkamg naudojimg. Antra, svarbu naudoti duomenimis grjstus
modelius, kurie leisty optimizuoti marSrutus, energijos naudojimg ir vairavimo strategijas. Trecia, biitina j
transporto sistemy valdyma integruoti aplinkosauginius tikslus, siekiant mazinti emisijas ir didinti tvaruma.

7. Analizé taip pat atskleidé metodologinius i§Stkius, susijusius su duomeny pricinamumu ir
modeliy integracija. Skirtingi duomeny $altiniai ir metodai apsunkina vieningos analizés sistemos kiirima,
todél biitina plétoti standartizuotus metodus ir rodiklius. Be to, realaus laiko duomeny integracija j modelius
i8lieka viena pagrindiniy ateities tyrimy krypciy.

8. Ateities tyrimy kontekste svarbu plétoti adaptyvius ir individualizuotus modelius, kurie galéty
atsizvelgti | vairuotojy skirtumus ir dinamiskai prisitaikyti prie besikei¢ianciy sglygy. Dirbtinio intelekto
metodai suteikia galimybe analizuoti didelius duomeny kiekius ir kurti prognozavimo sistemas, kurios galéty
biiti taikomos realiu laiku. Tokios sistemos leisty ne tik geriau suprasti transporto sistemy veikima, bet ir
aktyviai jj valdyti.

Apibendrinant galima teigti, kad technologijy, vairuotojy elgsenos ir matematiniy modeliy integracija
yra esminé salyga kuriant saugias, efektyvias ir tvarias visuomeninio transporto sistemas. Tik kompleksinis,
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duomenimis grjstas ir tarpdisciplininis pozitris leidzia pasiekti optimalius rezultatus, atsizvelgiant |

vV —
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INTEGRATION OF TECHNOLOGIES, DRIVER BEHAVIOR, AND MATHEMATICAL MODELS IN
PUBLIC TRANSPORT SYSTEMS: ASSESSMENT OF SAFETY AND ENVIRONMENTAL EFFICIENCY

Summary

The efficiency and sustainability of public transport systems are increasingly dependent on technological solutions,
driver behavior, and their interaction. Despite the rapid development of transport technologies, the human role remains
critical, particularly in the assessment of energy consumption, emissions, and safety indicators.

The aim of this study is to systematically analyze the interaction between technologies, driver behavior, and
mathematical models in public transport systems, evaluating their impact on safety and environmental efficiency. The
study is based on a systematic literature review and narrative synthesis, integrating research from transport engineering,
environmental science, and applied mathematics.

The findings indicate that driving style is one of the key factors influencing energy consumption and emissions,
while advanced technologies, such as Advanced Driver Assistance Systems (ADAS) and telematics, can significantly
optimize these processes. However, the impact of technologies is dual in nature, as they not only reduce physical
workload but also increase cognitive load and transform the role of the driver. Mathematical and statistical models
enable the integration of different factors into a unified analytical framework, providing the capability to predict risk,
energy consumption, and emissions.
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The study reveals that effective management of transport systems requires an integrated approach that combines
technological solutions, driver behavior analysis, and data-driven modeling. The results can be applied in the
development of sustainable, safe, and efficient transport systems.

Key words: Public transport; technologies; ADAS; emissions; eco-driving; mathematical models; transport
sustainability
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ENVIRONMENTAL CHALLENGES OF FUTURE AERODYNAMICS

Audrius JonuSas
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

The field of aerodynamics faces a range of environmental challenges in the future as the demand for faster and
more fuel-efficient aircraft increases. These challenges include reducing carbon emissions, noise pollution, and the
impact of aviation on local air quality and ecosystems. Additionally, improvements in aecrodynamic design, lightweight
structures, and air traffic management systems are being explored to reduce emissions, fuel consumption, and noise
levels. Overall, the future of aerodynamics will require a holistic approach that considers the environmental impact of
aviation and strives to develop cleaner and greener technologies to ensure a sustainable future for air travel.

Key words: aerodynamics, fuel-efficient, carbon emissions, electric propulsion systems, sustainability of
aircraft.

Introduction

Aviation serves as a critical connector for global communities today, yet it significantly contributes to
climate change. Currently, it is estimated that the aviation sector accounts for about 3.5% of the total human-
induced alterations to the Earth’s energy balance. Since the mid-1980s, emissions from aviation have
increased, consistently representing 2-2.5% of overall global emissions. Disturbingly, projections indicate
that by 2050, aviation may be responsible for a quarter of the allowable CO: emissions needed to keep global
warming within 1.5°C above preindustrial conditions [1]. Given that aircraft can have a service life of up to
30 years, it's evident that urgent action is necessary.

Industry stakeholders and policymakers face the challenge of formulating and executing strategies
aimed at achieving net-zero emissions for a sustainable future. In this regard, sustainable aviation initiatives
are gaining traction. At the international level, the International Civil Aviation Organization (ICAO), a UN
agency that promotes collaboration among 193 countries, has set a goal of reaching net-zero carbon
emissions for global civil aviation by 2050 [2]. The UN has also emphasized the importance of reducing CO-
emissions per capita to between 2 and 2.5 tons by 2030, highlighting that while this objective isn't solely
focused on aviation, cutting down aviation emissions is crucial.

For context, the ICAO Carbon Emissions Calculator estimates that a passenger flying round-trip in
economy class from Los Angeles to London will produce approximately 880 kg of CO-, which constitutes
35-45% of the individual emissions cap.

Material and Methods

While advances in aeronautical technology hold great potential, they are often constrained by existing
ideas and our understanding of physics. Additionally, although the expansion of information technology has
significantly influenced various fields, its effect on aeronautical design tools and environments has been
relatively limited thus far.

turbulent flow
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Fig. 1. HLFC — Hybrid Laminar Flow Control [3]
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As air travel continues to grow, the demand for enhanced safety, reliability, reduced noise, lower
emissions, time efficiency, and more affordable options will become increasingly important. To
accommodate this demand, the aviation industry is working on the development of larger aircraft capable of
carrying up to 600 passengers, and potentially even more—up to 800 or 1,000. These larger aircraft will need
to be highly fuel-efficient, produce minimal noise, and be able to operate on standard runways.

To achieve fuel efficiency, new engines with ultra-high bypass ratios are being designed, along with
aerodynamic improvements aimed at reducing drag. One promising technology in this area is hybrid laminar
flow control (HLFC), which enhances fuel efficiency by employing a uniquely designed wing surface
combined with a suction system to maintain a smooth and low-drag airflow along a greater section of the
wing [3, 4]. This method minimizes drag and, through the use of micro-perforated surfaces, helps postpone
the shift from laminar to turbulent airflow, resulting in substantial drag reduction. While initial research has
shown that HLFC can effectively decrease drag and enhance fuel efficiency, additional investigations are
needed to adapt this technology for the higher Reynolds numbers.
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Fig. 2. Aircraft High-Lift System [4]

Another factor that greatly affects the weight of an aircraft is the performance of its high-lift system.

In general, the more complex systems utilizing the high-lift system the more it weighs. with fewer
elements (i.e., flaps, slats, etc.) either passive or active boundary layer suction or blowing to delay separation
of the flap boundary layers will be needed to meet runway length constraints. Smart structures, together with
flow control technology, will play a vital role in the needed improvements in control surface effectiveness
These technologies and their size and weight. will also allow for continuous recontouring of the wing surface
during cruise, thus further reducing the drag and improving fuel efficiency.

Innovative materials and flow control technologies will be crucial for enhancing the effectiveness of
control surfaces. These advancements, along with minimizing size and weight, could facilitate the continuous
reshaping of wing surfaces during flight, leading to reduced drag and improved fuel efficiency.
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(c)
Fig. 3. The airfoil with traditional (a) and adaptive (b) mechanization.
(c) The airfoil with an adaptive slat [5]

Moreover, alongside enhancing existing aircraft designs, it is essential to explore entirely new
concepts that can achieve a significant leap in performance. These opportunities configurations for mitigation
should offer both drag due to lift and wake vortex hazard and synergistic propulsive and aerodynamic
interactions. Examples of these forward-thinking designs include blended wing body aircraft and strut-
braced wings, among others.

A blended wing body (BWB), sometimes referred to as a hybrid wing body (HWB) or a lifting airfoil
fuselage, is a type of fixed-wing aircraft characterized by the seamless integration of the wings and the main
fuselage. In this design, the wings and body emerge as a single continuous structure without a distinct
separation.

On the other hand, a truss-braced wing aircraft features a design that employs a truss—a triangular
support framework—to reinforce its ultra-thin, high-aspect-ratio wings in relation to the fuselage. This
innovative approach facilitates longer, narrower wings that enhance lift while minimizing induced drag,
resulting in greatly improved fuel efficiency.

The design of supersonic aircraft is a subject of extensive research at present. Supersonic transport
(SST) refers to aircraft, either for passengers or cargo, that can exceed the speed of sound (Mach 1). These
planes significantly cut down travel time, often reducing intercontinental flight durations by half when
compared to subsonic aircraft. They are designed to cruise at speeds between Mach 1.2 and 2.2
(approximately 1,500 to 2,700 km/h). Their sleek, aerodynamic profiles, frequently featuring delta or arrow-
shaped wings, help reduce drag and endure high levels of aerodynamic heating.

To address the rising demand for air travel, particularly for journeys under 500 kilometers, one
promising solution lies in personal air vehicles. These vehicles could effectively use the many general
aviation airports and optimize low-level airspace by introducing designated skyways. Personal air vehicles,
which may include small planes, rotorcraft, tiltrotors, or converticars, are designed to be crash-resistant and
capable of flying in various weather conditions, requiring minimal training for operators.

These aircraft will feature engines that are both dependable and environmentally friendly, ultimately
aimed at achieving zero emissions through fuel cell technology. Additionally, they will operate quietly,
minimizing noise disturbances for nearby communities.
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Advancements in flow control technology [4, 5] will help prevent wing stalls, reduce the effects of
atmospheric turbulence, and facilitate automatic take-offs and landings. Besides ensuring desirable
aerodynamic qualities, these personal air vehicles must also be economically accessible, starting with a niche
market and eventually reaching the average consumer. While the idea of pilotless, emission-free, flexible-
flight options may seem ambitious today, reflecting on the progress in aviation over the past hundred years,
it reveals that such advancements are within reach.

Results and discussion

A method for designing a wing with minimal drag is to ensure that a substantial portion of the wing's
wetted surface maintains laminar flow. This concept is referred to as laminar flow control (LFC), and
considerable advancements have been made in this area for both small and large aircraft, whether subsonic
or supersonic.

There are various strategies to achieve LFC. One of the most straightforward is natural laminar flow
control (NLF), which utilizes a favorable pressure gradient to postpone the transition of the boundary layer.

Both NLF and suction-based LFC aim to delay this transition by diminishing the growth of unstable
disturbances within the laminar boundary layer, which are known to trigger transition. A more fundamental
strategy in LFC involves addressing the root cause of these instabilities, termed boundary-layer receptivity,
where external disturbances become internalized within the boundary layer. However, the practical challenge
of mitigating naturally occurring instabilities through the artificial generation of out-of-phase but similar
disturbances requires exploring alternative methods of implementing receptivity control.

One promising innovative approach has been the artificial stimulation of subdominant instability
modes, which can hinder the development of the predominant modes through nonlinear mode competition.
Currently, the application of receptivity control for LFC is in its early developmental stages and necessitates
a better understanding and modeling of the receptivity process. Once fully realized, this method could
significantly streamline the application of laminar flow control by removing the need for suction systems
and components like piping and pumps.
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Fig. 4. Flow control for boundary layer separation [4]
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Boundary layer separation happens on various aircraft components under different flow conditions,
leading to significant reductions in aerodynamic efficiency. Vortex generators have proven effective in
managing separated flow by introducing longitudinal vorticity into the airflow.

This can be achieved using fluidic actuators. One type of fluidic actuator features a cavity with a flat
plate positioned asymmetrically at the top, creating both wide and narrow gaps. Tests conducted in a wind
tunnel have demonstrated that a jet-like flow can be generated from either the small or large gap, depending
on the actuator's scaling parameters. Additionally, it has been observed that by keeping the narrow gap width
constant while altering the width of the wide gap, along with adjusting the frequency and movement of the
plate, various flow patterns can be achieved, including vertical jet-like flows, wall-jets, angled jet-like flows,
or vortex flows.
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Fig. 5. Actuator concepts [5]

It’s clear that further investigation and development of this and other actuator concepts are necessary.
Micro Electro Mechanical Systems (MEMS), as well as larger-scale technologies that incorporate MEMS
devices as active components, play a crucial role in advancing these actuators. Moreover, to thoroughly
explore the design possibilities for these devices, it's essential to create an efficient computational model
tailored for this type of actuator.

Discussion

Recent research has shown that micro-sized piezoelectric actuators can effectively manipulate flow.
The specific type of piezoelectric actuator described exhibits a net mass flow of zero; however, it creates a
distinctive jet-like flow pattern when activated. This unique characteristic has led to its classification as a
synthetic jet actuator.

These actuators have been demonstrated to produce velocities ranging from a fraction of a meter per
second to several tens of meters per second across frequency ranges from Hertz to kilohertz. With additional
advancements, these zero-net-mass jets could offer significant aerodynamic advantages, such as increased
lift on wings, reduced drag during cruising through advanced active lift control (LFC), and the ability to
generate controlled moments on demand. This could potentially minimize or eliminate the reliance on
conventional flap and slat mechanisms.

Future research on zero-net-mass actuators will focus on several key areas. This includes exploring
the relationship between actuator characteristics and the resulting flow field. Investigations will also look at
how jet-like flows interact with turbulent boundary layers. Additionally, there will be an analysis of the
correlation between actuator features and near-field surface pressure, which can aid in developing control
laws. Finally, the research will assess the resulting lift and control moments for both unswept and swept
wings, while quantifying any potentially negative impacts on overall acoustic signatures.
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Conclusions

The future of aerodynamics lies at the intersection of technological innovation, environmental
responsibility, and sustainable development. As global air travel continues to expand, the aviation industry
must prioritize reducing carbon emissions, noise pollution, and ecological impact while enhancing safety,
performance, and efficiency.

Breakthroughs in laminar flow control, lightweight materials, and smart structures are paving the way
toward revolutionary improvements in drag reduction and fuel efficiency. The integration of active flow
control systems and advanced computational modeling promises a new era of adaptive, intelligent aircraft
capable of optimizing their performance dynamically in flight.

Through global collaboration and continuous research, the aviation industry can transform air
transport into a truly sustainable mode of travel - one that meets the needs of a connected world without
compromising the health of the planet.
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APLINKOSAUGINIAI ISSUKIAI ATEITIES AERODINAMIKOJE

Santrauka

Ateityje aerodinamikos sritis susidurs su jvairiais aplinkosaugos i$siikiais, nes didés greitesniy ir ekonomiskesniy
orlaiviy poreikis. Sie i$3tikiai apima anglies dioksido i¥metimo, triuk§mo tar3os ir aviacijos poveikio vietos oro kokybei
bei ekosistemoms mazinima. Be to, siekiant sumazinti iSmetamyjy terSaly kiekj, degaly sanaudas ir triukSmo lygi,
ieSkoma biidy, kaip patobulinti aerodinaminj dizaing, lengvas konstrukcijas ir oro eismo valdymo sistemas. Ateityje
aerodinamika orientuosis i holistinj pozilrj, kuriame biity atsizvelgiama | aviacijos poveikj aplinkai siekianr kurti
Svaresnes ir ekologiskesnes technologijas, taip uztikrinant tvarig skrydziy ateit;.

Reik$miniai Zodziai: aerodinamika, degaly taupymas, anglies dioksido iSmetimas, elektrinés varymo sistemos,
orlaiviy tvarumas.
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ADAPTIVE TECHNOLOGIES FOR UNMANNED AERIAL VEHICLES
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Riga Technical University, Institute of Aeronautics, Space Engineering and Transport

Abstract

The paper presents the basic concepts and definitions of an unmanned aerial vehicle (UAV), its main application
areas, and the tasks it solves. It examines the essence of adaptive technologies for improving UAV performance and
analyzes the UAV operating environment. Structural (constructive) adaptation is highlighted as the factor that
contributes most substantially to performance improvement and to expanding the range of effective operations. As
examples, various adaptive designs of the airframe, propulsion system, and energy replenishment for UAVs are
discussed. From the analysis of structural adaptation and examples of its implementation, it follows that this approach
is effective for developing next-generation UAVs. An unmanned mobile vehicle is an artificial mobile object for
reusable or conditionally reusable use that has no onboard crew (human pilot) and is capable of autonomous, goal-
directed movement in space to perform various functions either autonomously (using its own control program) or via
remote control (by a human operator or a dispatch center). Unmanned mobile vehicles operate in space, in the Earth’s
atmosphere, in water, on land, and underground. Here we will consider an unmanned mobile vehicle operating in the
Earth’s atmosphere. Such unmanned mobile vehicles are referred to as unmanned aerial vehicles (UAVs). An unmanned
aerial vehicle (UAV) is an aircraft for reusable or conditionally reusable use that has no onboard crew (human pilot)
and is capable of autonomous, goal-directed movement in air (the Earth’s atmosphere) to perform various functions
either autonomously (using its own control program) or via remote control carried out by a human operator from a
stationary or mobile control station.

Keywords: UAV, Adaptive Technologies, UAV performance improvement, Aerodynamic optimization.

UAV Applications and Task Evolution

Unmanned Aerial Vehicles (UAVs) are defined as reusable or conditionally reusable aircraft capable
of autonomous or remote-controlled movement in the atmosphere without an onboard crew. These vehicles
range from micro-drones to heavy, multi-ton platforms designed for ultra-long-range missions. By movement
principle, they are categorized as fixed-wing, flexible-wing, rotary-wing, flapping-wing, aerostatic, or hybrid
types .

UAVs are increasingly preferred over crewed aircraft due to several distinct advantages:

e  Higher Payload Fraction: The absence of life-support systems allows for more mission-specific
equipment.

e  Aggressive Maneuverability: They can sustain higher load factors than a human pilot could
survive.

e  Cost-Effectiveness: Small vehicles are significantly cheaper to produce and operate.

e Risk Mitigation: Missions can be conducted in environments with radiation hazards or extreme
risk levels.

In the military sphere, tasks include reconnaissance, strike missions, electronic warfare, and cargo
transport . Civilian applications are expanding rapidly, with the number of sectors utilizing UAV services
expected to grow from 20 to approximately 50 in the near term.

Unmanned Aerial Vehicles (UAVs) are no longer just remote-controlled toys but sophisticated
autonomous systems. According to their movement principles, they are classified into:

Fixed-wing: Efficient for long-range high-speed flight.

Rotary-wing (Multicopters): Capable of hovering and vertical takeoff.

Flexible-wing (Paragliders): Used for low-speed, heavy-lift transport.

Flapping-wing (Ornithopters): Biomimetic designs for micro-reconnaissance.

Hybrid systems: Combining vertical takeoff with horizontal flight efficiency (VTOL).

In terms of weight, they range from Micro UAVs (< 0.1 kg) to Heavy UAVs (> 1000 kg). Their
strategic value lies in the "4D" missions: Dull, Dirty, Dangerous, and Deep. By removing the pilot, we
eliminate the need for heavy cockpits, oxygen systems, and ejection seats, allowing the airframe to be
designed purely for mission performance.

The Essence of Adaptive Technologies

Adaptivity is the primary instrument for increasing UAV effectiveness in complex environments.
There are four primary types of adaptation:

1. Parametric: Correcting system parameters to account for characteristic drift.
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2. Structural (Constructive): The ability of an object to change its physical structure to match a
changing situation.

3. Object: Utilizing a set of cooperating objects (swarms) rather than a single unit.

4. Goal Adaptation: Modifying unattainable goals through artificial intelligence.

Structural adaptation is highlighted as the factor contributing most substantially to expanding a UAV's
effective operating range.

UAYV Operating Environments

UAVs must operate across a spectrum of "heterogeneous environments" classified by their level of
reaction to the vehicle's presence:

e Environments with Uncertainties: Influenced by unmeasurable factors like a turbulent
atmosphere.

e Reacting Environments: Weakly influenced by the UAV’s actions (e.g., wake turbulence).

e  Adaptive Environments: Characterized by purposeful responses, such as automated air-defense
systems.

e Intelligent Environments: Possess goal-setting mechanisms and human-command variability,
such as integrated air-defense networks.

To survive in intelligent environments, next-generation UAVs must be able to assess situations,
forecast evolution, and adapt structurally to solve tasks not envisioned in their original design .

Structural Adaptation of UAV Elements

While traditional UAVs are optimized for a single flight regime, constructive adaptation modifies the
airframe configuration as the flight regime changes to maintain near-optimal performance throughout the
entire envelope .

Adaptive Wing Technologies

An adaptive wing provides continuity of aerodynamic derivatives, keeping surfaces smooth while
internal mechanisms deform the mid-surface . This can lead to drag reductions of up to 40%.

Variable sweep ]
In-plane chape
change (2D) Variable chord ]
Variable span ]
Methods

of changing Airfoil profile

Uniform camber change]
adjustment

wing
geometry

Local camber change J

Out-of-plane Twist (chordwise) J
wing transformation
Bendlng spanwise) 1

Fig. 1. Classification of methods for changing wing geometry
Source: created by authors

Primary Methods of Transformation:

e  Variable Sweep (Sweep): Allows efficient flight across subsonic, transonic, and supersonic
regimes.

e  Variable Chord (Chord): Uses flexible skins or expanding mechanisms to increase wing area,
improving takeoff and landing performance.

e  Variable Span (Span): Telescopic sections increase aspect ratio for loitering and decrease it for
high-speed flight.

e  Profile Regulation: Continuous adjustment of the airfoil geometry (leading edge, trailing edge,
or camber) to prevent flow separation and reduce fuel consumption.
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e  QOut-of-Plane Transformation: Includes chord-wise twisting and span-wise bending. Span - wise
bending, as seen in the B-70 Valkyrie, improves directional stability and reduces trim drag at supersonic
speeds.

Adaptive Propulsion Systems

For small UAVs, adaptive carbureted internal combustion engines (ICE) use microprocessors and
electromagnetic valves to open and close 30 times per second, ensuring an optimal fuel-air mixture regardless
of altitude or temperature.

For heavy UAVs, Adaptive Gas-Turbine Engines (GTE) incorporate variable geometry in the flow
path. Programs like ADVENT and AETD aim to produce engines that use 25% less fuel and deliver 10-20%
more thrust by adjusting bypass/core air redistribution and utilizing variable inlet guide vanes

/ 2 J $ 56 78910 1 e

]

Fig. 15. Schematic of a hypothetical adaptive gas-turbine engine (GTE) with flow-path regulation
elements
1 — variable inlet guide vanes (IGVs) of the fan; 2 — adjustable redistribution of air between bypass/core
streams; 3 — variable stator vanes of the compressor; 4 — adjustable radial clearances in the rear stages of
the high-pressure compressor; 5 — fuel supply to the adaptive combustor; 6 — adjustable third stream; 7
— regulation of the compressor turbine (variable nozzle guide vanes and adjustable rotor radial
clearances); 8 — variable nozzle guide vanes of the fan turbine; 9 — adjustable radial clearances of the fan
turbine; 10 — variable-geometry mixer; 11 — fuel supply to the adaptive afterburner; 12 — fully
modulating (all-regime) variable-geometry nozzle.

Adaptive Energy Supply

To overcome battery limits, adaptive energy replenishment methods are being developed:

e  Wireless Laser Recharging: Continuous energy replenishment from ground or airborne laser
stations.

e  Tethered Systems: Provide virtually unlimited endurance for tasks in confined areas by removing
the need for onboard energy storage .

Conclusion

Structural adaptation, particularly when combined with artificial intelligence, is the key to developing
next-generation UAVs. By allowing the vehicle to change its physical shape and propulsion characteristics
in real-time, these technologies enable mission effectiveness in highly dynamic and hostile environments .
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BEPILOCIO ORLAIVIO PENGUIN MK 2.5 VTOL PILOTO KAMEROS IR NAUDINGOSIOS
APKROVOS MODULIO DANGTELIO TEORINIO MODELIO TYRIMAS

Morta Januténaité, Esmeralda Styps, Kestutis Grigaliiinas
Lietuvos inZinerijos kolegija

Anotacija

operatoriai yra gebéjimas skristi nenaudojant navigaciniy sistemy. Inercinés sistemos daznai yra brangios ir negali
uztikrinti tikslumo viso skrydzio metu dél iSorés faktoriy, tokiy kaip bepilo€io orlaivio atlickami manevrai ar véjo jtaka
skrydzio trajektorijai. Esamos kameros tokiuose bepiloCiuose orlaiviuose yra pagrindinis instrumentas, kuriuo yra
vykdomos jvairios uzduotys. Dél Sios priezasties, papildoma piloto kamera, kuri bity naudojama tik vizualiai
navigacijai, gali uztikrinti tiek nenutriikstama jvairiy uzduociy vykdyma, tiek leidZia pilotui operatoriui sekti skrydzio
marsrutg ir tokiu biidu vizualiai naviguoti orlaivj §veisiu paros metu.

Reik$miniai ZodZiai: Bepilotis orlaivis, naudingoji apkrova, navigacija.

Ivadas

Didziojoje daugumoje mazo tipo bepiloCiuose orlaiviuose naudojama viena kamera, kurios pilnai
pakanka vykdant uzduotis idealiomis salygomis. BepiloCio orlaivio pilotui, skrendant be navigacinés
sistemos, tenka naudoti esamg kamera esamos vietos nustatymui. [prastai tai reikalauja nukreipti kamera nuo
stebimo objekto. TaCiau nukencia uzduoties vykdymas, nes kameros vaizdas pradedamas naudoti
orientavimuisi, o ne uzduociai jvykdyti. Dél §ios priezasties iSkyla poreikis veikti be navigacijos - skristi
orientuojantis vizualiai pagal ant Zemés matomus orientyrus. Siame straipsnyje nagrinéja problema ar atskira
kamera, kuri biity skirta tik pilotui, leisty turéti nuolatinj vaizda skrydzio kryptimi ir taip padéty orientuotis
skrydzio metu?

Tyrimo objektas. Bepilocio orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios apkrovos
modulio dangtelio modelis.

Tyrimo tikslas. Suprojektuoti bepilocio orlaivio piloto kameros ir naudingosios apkrovos modulio
dangtelio model;.

Tyrimo uzdaviniai:

1. Apzvelgti bepilocio orlaivio piloto kameros ir naudingosios apkrovos modulio paskirtj,
konstrukcija, veikimo principa bei funkcinius elementus;

2. Atlikti suprojektuoto bepilocio orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios
apkrovos modulio teorinius stipruminius skaiciavimus.

Tyrimo metodai:

1. Techninés literatiiros Saltiniy analizé¢ — naudota analizuojant bepilocio orlaivio piloto kameros ir
naudingosios apkrovos modulio dangtelio modelio konstrukcinius ir techninius ypatumus.

2. Tikslings literatiiros Saltiniy analizé — naudota analizuojant bepilocio orlaivio piloto kameros ir
naudingosios apkrovos modulio dangtelio modeliui keliamus techninius reikalavimus.

Surinktos informacijos bei tikslinés ir techninés dokumentacijos pagrindais suprojektuotas bepilo¢io
orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios apkrovos modulio dangtelio teorinis modelis,
leisiantis orientuotis skrydzio metu.

Bepilocio orlaivio Penguin Mk 2.5 VTOL konstrukciniai ypatumai

Penguin Mk 2.5 VTOL bepilotis orlaivis (1 pav.) yra vertikalaus kilimo ir tGipimo, vidutinio auks¢io
ilgos skrydzio trukmés modulinis orlaivis. Orlaivio priekinis (nosies) modulis yra tuséiaviduris, pagamintas
i§ anglies pluosto. Nosyje yra talpinama naudingoji apkrova, tai gali biiti gamintojo rekomenduojama kamera
su jos tvirtinimo mechanizmu, ar vartotojo pasirinktas kitas sensorius, kuriam laikiklj gaminty pats
vartotojas. Taip pat priekinis modulis talpina PITO vamzdelj su jungtimi bei GPS antena.
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Priekinis- (nosies)-apkrovos-modulis|
1 pav. Bepilotis orlaivis Penguin Mk 2.5 VTOL [1]

Modulis prie fiuzelia?o yra prijungtas rotacine jungtimi, kuri gali suktis 180 laipsniy kampu. Si
funkcija yra naudojama orlaivio kilimo, ttipimo bei avariniy situacijy metu siekiant apsaugoti kamera, ar kita
sensoriy nuo galimo kontakto su Zeme.

Pilotui vykdant kilimo ir nusileidimo procediiras, ar orlaiviui identifikavus, jog jis yra Zemiau nei
nustatytas minimalus aukstis, nosis apsisuka 180 laipsniy kampu j virSy, kur nukreipiama ir kamera. Tokiu
bidu orlaiviui pasiekus Zeme, kamera lieka nepazeista.

Visi komponentai esantys nosies modulyje turi laidines jungtis, kurios prijungiamos prie avionikos
modulio i§ kurio radijo rysio signalu informacija i$ orlaivio yra perduodama j antzeming stotj ir atvirksciai.

Tvirtinant kamera prie dangtelio svarbu jvertinti kelis aspektus: fiksacija, vibracijy slopinima bei
apsauga. Fiksacijos elementas yra svarbus, kad skrydzio metu kamera nepakeisty savo padéties dél oro
pasipriesinimo ar manevry. DidZiausios vibracijos susidaro bepilo¢iam orlaiviui kylant ir leidziantis, ta¢iau
$iy faziy metu kameros yra nenaudojamos. Tvirtinant kamera prie virSutinio dangtelio reikia jvertinti aspekta,
jog nusileidimo metu nosies modulis apsivercia 180 laipsniy kampu ir piloto kamera gali susiliesti su Zeme.
Taip pat pats tvirtinimo mechanizmas turi buti nesudétingas, kad apgadinus kamera jg lengvai ir greitai biity
galima pakeisti nauja.

Esamos ir papildomos kameros tvirtinimas prie orlaivio korpuso

Penguin Mk 2.5 VTOL bepilotis orlaivis iSsiskiria tuo, jog jis néra priklausomas nuo gamintojo
teikiamy sensoriy ir galima pasirinkti sensoriy savo nuoziiira bei prijungti jj prie esamy jungciy. Nagriné¢jamu
atveju naudota gamintojo teikiama kamera su tvirtinimo elementais. Kamera jau yra su integruotu laikikliu,
kuris jsistato j nosies modulio ertmg ir yra tvirtinamas keturiais taskais naudojant varztus (2 pav.). Taip pat
nosies modulyje prie kameros jungiasi ir maitinimo bei antenos laidai.

2 3 - Payload (4
holding screws v

Gfo/

Ory,

— y/

] Y,
o<y

A
\ D SmreNC

1 - Main connector
2 - Antenna connector

2 pav. Kameros tvirtinimo konstrukcija [1]

Kadangi nosies modulis prie$ kylant ir leidziantis pakyla j virSy 180 laipsniy kampu, svarbu tinkamai,
vadovaujantis instrukcija, sujungti laidus tam, kad sukimosi metu jie nesikabinty prie esamy konstrukcijy
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viduje ir nenutriikty. Po kameros jdéjimo yra bitina atlikti svorio centro nustatymo procediirg ir esant
poreikiui j nosies dalj gali reikéti jstatyti papildomy svareliy.

vietos bei konstrukcinio modelio pasirinkimg. Siam tyrime pasirinkta RunCam Phoenix 2 SPV 5 kamera.
Tai yra jprasta FPV (ang. First Person View) analoginé kamera, kuri pasizymi dél universalaus veikimo tiek
ryskioje saulés $viesoje, tiek prieblandoje (3 pav.).

Q)

3 pav. Piloto kameros matymo kampai: a) vertikalus matymo kampas; b) horizontalus matymo kampas
Saltinis: sudaryta autoriy

Nustatant kameros vietg ant priekinio nosies modulio skydelio buvo jvertinta, jog vaizdo neblokuoty
1 matymo laukg patenkancios bepilocio orlaivio dalys. Pasirenkant kameros pozicija ant bepilocio orlaivio
Penguin Mk 2.5 VTOL buvo vadovaujamasi $iais kriterijais: 1) kameros padétis turi biiti kiek jmanoma
nustumta j nosies modulio prieking dalj, kurioje yra didziausias nuolydis tam, kad nusileidimo metu, kuomet
nosies modulis yra apsukamas 180° kampu ] virSy, buty iSnaudotas tarpas tarp Zemés ir kameros taip
sumazinant kameros smigio j zeme tikimybe; 2) siekti iSlaikyti kamerg kiek jmanoma Zemiau tam, kad
minimizuoti naujai atsiradusj oro srauto poveikj aplink kamerg ir iSlaikyti kameros vaizdo nuozulnyjj
atstuma (angl. slant range) apie 45°, kuris yra optimalus stebé&jimui prie$ save esanc¢iy objekty, skrydzio
trajektorijos sekimui.

4 pav. Piloto kameros laikiklis su aptaku
Saltinis: sudaryta autoriy

Kadangi kamera yra skirta tik zitiréjimui j priekj, buvo pasirinktas fiksuotas apverstos U formos
kameros tvirtinimo laikiklis, kuris tvirtinamas prie kameros virSutinio skydelio. Kamera Sonuose turi
tvirtinimo taskus, kurie ir bus naudojami jos tvirtinimui prie laikiklio rémo. Aplink rémelj uzdétas nuozulnus
aptakas, siekiant nukreipti oro srauta skrydzio metu (4 pav.).
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Tyrimo metodika

Esamas nosies modulio virSutinis dangtelis yra naudojamas kaip gaubtas apsaugoti viduje esantiems
komponentams, taip pat jo aerodinaminis dizainas prisideda prie mazesnio oro srauto pasiprieSinimo
skrydzio metu. Jis yra pagamintas i§ anglies pluosto, yra plonas (~1 mm) ir labai lengvas. Dangtelis turi
keturis tvirtinimo taskus, kurie tvirtinasi prie nosies korpuso DZUS tipo tvirtinimo detalémis.

5 pav. Dangtelis su piloto kamera
Saltinis: sudaryta autoriy

Esant didesnei drégmei, jungiamosios linijos pries skryd;j gali biiti apklijuotos specialia izoliacija, kuri
apriboty drégmés kaupimasi. Vykdant tyrimg dangtelis buvo naudojamas ir kaip pagrindas piloto kamerai
tvirtinti (5 pav.). ir buvo jvertinta tai, kad: 1) papildomos kameros laikiklis turi i§laikyti kamera nustatytoje
fiksuotoje pozicijoje; 2) bepilotis orlaivis neturi blokuoti vaizdo 45° kampu nuo kameros linzés centro; 3)
kameros laikiklis turi atlaikyti postkiy metu atsirandancias jégas kai véjo greitis siekia iki 20 m/s, orlaiviui
skrendant iki 32 m/s greiciu.

Tyrimo objektas - piloto kameros laikiklis su gaubtu - buvo pagamintas naudojant 3D spausdintuva
Bambu Lab P1S i§ medziagos ASA-CF. Tai yra standartinis ASA tipo plastikas su jmaiSytomis anglies
pluosto dalelémis. Si medziaga pasizymi geru atsparumu oro salygoms ir UV spinduliams, anglies pluostas
prideda standumo ir matmeny stabilumo. Pagrindinés Sios medziagos fizikinés ir cheminés savybés
parodytos atitinkamai 1 ir 2 lentelése.

1 lentelé. Medziagos ASA-CF Fizikinés savybés [4]

Veiksnys Informacija Testavimo metodai / salygos
MedZziagos tankis 1,02 g/cm? ISO 1183

Lydymosi indeksas 1,74 £ 0,3 g/ 10 min 210°C

Lydymosi temperatiira 210°C DSC, 10°C/min

Vikaro minkstéjimo temperatiira 108°C ISO 306, GB/T 1633

2 lentele. Medziagos ASA-CF Mechaninés savybés [4]

Veiksnys Informacija Testavimo metodai / salygos
Tempimo stipris (X-Y) 34+ 3 MPa ISO 527, GB/T 1040
Tempimo stipris (Z) 30 £ 4 MPa ISO 527, GB/T 1040
Lenkimo stipris (X-Y) 72 £ 5 MPa ISO 178, GB/T 9341
Lenkimo stipris (Z) 33 £3 MPa ISO 178, GB/T 9341
Smigio stipris (X-Y) 14,0 + 2,2 kJ/m? ISO 179, GB/T 1043
Smigio stipris (Z) 9,4 +0,6 kJ/m? ISO 179, GB/T 1043

Stipruminiams skai¢iavimams atlikti buvo naudojamos Autodesk CFD 2027 ir Autodesk Fusion
programos:

e | Autodesk CFD buvo jkeltas paruostas piloto kameros laikiklio su dangteliu modulis, tuomet
aplink jj buvo sukurtas véjo tunelis su oro srautu.

e Autocad Fusion programos pagalba buvo atlikta statinio jtempio simuliacija (6 pav.), kuri leidzia
patikrintini ar konstrukcija atlaikys numatytas apkrovas. Apkrovos rodiklis buvo gautas i§ anks¢iau minétos
véjo tunelio.
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6 pav. Jégos, veikiancios piloto kameros priekines briaunas
Saltinis: sudaryta autoriy

Tyrimo rezultatai

Autodesk CFD 2027 programoje oro savybés modeliavimui buvo pasirinkta pastovi standartiné
atmosfera: 1013,25 hPa ir +15°C. Ties jéjimo ir i§¢jimo ribomis buvo nustatytas 35 m/s greitis. Iteracijy
skaiCius nustatytas 500, ties 237 konvegeracija tapo ploks¢ia (6 pav.). Matydami gaunamas statines apkrovas
aplink piloto kameros tvirtinimo elementa ir jos aptaka matome, jog didziausia statinio slégio verté susidaro
ties kameros priekinémis briaunomis, maksimali statinio slégio reikimé siekia 0,0185272 MPa. Sia verte
toliau naudosime apkrovy priekinéms briaunoms skaiciavimams.
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6 pav. Statinio slégio simuliacija véjo tunelyje
Saltinis: sudaryta autoriy
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Autocad Fusion programoje, atliekant statinio jtempio simuliacija, visoms priekinéms briaunoms buvo
duota 0,0185272 MPa apkrova. Simuliacijos rezultatai parodé (7 pav.), kad saugos koeficientas yra 69,079,
o0 virSutiné saugumo riba yra 4.

Result Summary
Result type Sub-result Minimum Maximum

Safety Factor

Safety Factor 69.079 91B1E+06
Stress
Von Mises 2 178E-06 MPa 0289 MPa
1st Principal -0.12 MPa 0322 MPa
3rd Principal -0.402 MPa 0.096 MPa
Normal XX -0.257 MPa 0117 MPa
Normal YY -0.182 MPa 030 MP2
Normal ZZ -0.249 MPa 0108 MPa
Shear XY 0.082 MPa 0,059 MPa
Shear YZ -0.08 MPa 0.061 MPa
Shear X2 -0.139 MPa 0.071 MPa
Displacamant
Total omm 0.002 mm
X -0.002 mm 0.002 mm
Y ~4,863E-04 mm 0.001 mm
z -1303E-04 mm 0.002 mm
Reaction Force
Total oN 0786 N
X -0.145 N 0242 N
¥ Q751N 0132N
z -0223N 0U6N
Strain
Equivalent 1384E-09 2.362E-04
1st Principal 9977E-10 158E-04
3rd Principal 243E-04 1935E-08
Normal XX -7.792E-05 4.396E-05
Normal YY -5675E-05 1184E-04
Normal 22 -5.291€-05 J115E-05
Shear XY ~1007E-04 7221€-05
Shear YZ -9,888E-05 7S13E-05
Shear X2 -1715E-04 B7T7E-05

7 pav. Pagrindiniai simuliacijos rezultatai
Saltinis: sudaryta autoriy

Vertinant §j rodiklj galima teigti, kad konstrukcija yra tvirta ir atlaikys numatytas apkrovas.

Diskusija

Skrydzio metu nosies modulis yra stacionarioje pozicijoje ir nejuda, piloto kamera ant virSutinio
dangtelio leidzia turéti nuolatinj vaizdg skrydzio kryptimi. Naudojant §j vaizda ir lyginant jj su sistemoje
esanciu zemélapiu, galima vizualiai identifikuoti iSskirtinius objektus esancius ant zemés ir taip nustatyti
bepilocio orlaivio bivimo vieta. Tuo pat metu asmuo, dirbantis su kamera gali vykdyti jam paskirtas
zvalgymo uzduotis be poreikio nukreipti kameros nuo pagrindinio vaizdo tam, kad galéty orientuotis
vietovéje.

Bepilociui orlaiviui Penguin Mk 2.5 VTOL piloto kamerai keliamus techninius reikalavimus apriboja
gamintojo keliami reikalavimai naudingajai apkrovai bei galutiniam tikslui. Pilotui operatoriui, naudojant
papildoma kamerg, be navigacijos, gebéti naviguoti orlaivj skrydzio metu, reikalingas vaizdas. Skrendant be
GPS orlaivis pradeda naudoti inercines navigacijos sistema, taciau ji i§laiko savo tiksluma tik trumpg laiko
tarpg (iprastai iki 5 min), véliau tikslumas sumazéja dél véjo nuonasos bei orlaivio atliekamy manevry.

Turint pakankamai didelj pervir§j, esamag konstrukcija patobulinta pagal matomus apkrovy
diapazonus. Tokiu btidu buvo jvertinta, kuriose: 1) vietose sieneles galima ploninti arba storinti; 2) sienelés
vietos yra labiausiai linkusios islinkti.

I 8 paveikslo matyti, kad jautriausios yra piloto kameros laikiklio vidinés sienelés. D¢l Sios priezasties
ateityje, norint optimizuoti §] modelj, galima bty galvoti apie $iy sieneliy stiprinimg jas storinant.
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8 pav. Poslinkio vizualizacija
Saltinis: sudaryta autoriy

Von Mises jtempiai taip pat parodo silpniausias konstrukcijos vietas. 9 paveiksle galima matyti, jog
priekiniy kameros laikiklio sieneliy apacia, ties susijungimu su dangteliu, yra potencialiai jautriausia
pazeidimams ir dél apkrovas jaucia labiausiai. Tod¢l §iy viety pastorinimas leisty uztikrinti, kad gavus
apkrovas, $ios vietos nesideformuoty.

'ﬁ Von Mises Stress (MPa)

0.289 r\‘ Max

14 pav. Von Mises jtempia
Saltinis: sudaryta autoriy

Taigi, pilotas, turédamas kamera su nuolatiniu vaizdu skrydzio kryptimi, Zemélapj ir suplanuota
skrydzio marsrutg gali vykdyti skrydj nenaudojant GPS navigacinés sistemos ir tokiu buidu i§vengti galimy
trikdziy bei padidinti pacio skrydzio sauguma.

ISvados

Mazojo tipo bepiloCius orlaivius naudojantys pilotai operatoriai turi gebéti skristi nenaudojant
navigaciniy sistemy. Inercinés sistemos daznai yra brangios ir negali uZtikrinti tikslumo viso skrydzio metu
del iSorés veiksniy, tokiy kaip bepilocio orlaivio atliekami manevrai ar véjo jtaka skrydzio trajektorijai.

Esamos kameros tokiuose bepilo¢iuose orlaiviuose yra pagrindinis instrumentas, dél $ios prieZasties
jos naudojamas vizualiai navigacijai iSlieka apribotas. Papildoma piloto kamera leidzia pilotui operatoriui
sekti skrydZio marsrutg ir tokiu biidu vizualiai naviguoti orlaivj Sveisiu paros metu.

Suprojektuotas bepilocio orlaivio piloto kameros tvirtinimo elemento teorinis modelis yra apverstos
U raidés formos, prie kurio Sony kamera tvirtinama varztais. Vir§ kameros uzdétas aptakas, siekiant
minimizuoti dél kameros atsiradusius papildomus oro srautus.

Atlikti stipruminiai skaiCiavimai parode, kad piloto kameros laikiklio konstrukcija yra pakankamai
stipri, saugumo faktorius 69,079, reikiama koeficiento riba 4, atlaikyti simuliacijoje gautas statinio slégio
apkrovas prie 35 m/s v¢jo stiprumo, kurios yra 0,0185272.
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Turint pakankamai didelj pervir§j, esamg konstrukcija galima tobulinti pagal matomus apkrovy
diapazonus jvertinant vietas, kur galima sieneles ploninti arba storinti, ir sienelés vietas labiausiai linkusias
islinkti.
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W

THEORETICAL MODEL STUDY OF THE PILOT CAMERA AND PAYLOAD MODULE COVER OF THE
PENGUIN MK 2.5 VTOL UNMANNED AIRCRAFT

Summary

Currently, one of the main challenges faced by pilots and operators of small unmanned aircraft is the ability to fly
without the use of navigation systems. Inertial systems are often expensive and cannot ensure accuracy throughout the
flight due to external factors, such as maneuvers performed by the unmanned aircraft or the influence of wind on the
flight path. Existing cameras in such unmanned aircraft are the main instrument with which various tasks are performed.
For this reason, an additional pilot camera, which would be used only for visual navigation, can ensure both the
uninterrupted execution of various tasks and allow the pilot-operator to follow the flight path and thus visually navigate
the aircraft at any time of the day.

Key words: Unmanned aerial vehicle, payload, navigation.
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DEVELOPMENT AND ANALYSIS OF METHODS FOR DECRYPTION AMBIGUITY
REDUCTION IN PUBLIC-KEY CRYPTOSYSTEMS

Petras Nefas, Riita Jankiiniené
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

In recent years, public-key cryptography has faced an increasing demand for efficient and alternative
cryptographic constructions capable of reducing computational resource requirements in cryptographic systems. One
potential approach involves exploiting higher-degree functions instead of conventional RSA or other traditional
encryption methods. However, such approaches significantly complicate the decryption process because multi-valued
mappings introduce ambiguity, requiring additional mechanisms for identifying the correct plaintext message. This
paper investigates practical methods for efficient plaintext identification without transmitting redundant auxiliary
information by employing cubic mappings. When the modulus is constructed from prime numbers satisfying specific
conditions, the decryption process produces nine possible cube roots. Such ambiguity limits direct applicability of cubic
mappings in practical cryptographic schemes. Three methods for identifying the original plaintext among nine possible
candidates are proposed. The first method employs adaptive Jacobi symbol sequences with shifts. The second method
exploits structural relationships between consecutive plaintext messages. The third method optimizes the second
approach by transmitting only a small number of least significant bits from a secondary ciphertext. Experimental
evaluation was conducted in Java using 1024-bit, 1536-bit, and 2048-bit moduli. Results demonstrate that all three
methods reliably identify the original plaintext. The partial ciphertext method exhibited the best trade-off between
computational cost and communication overhead, reducing decryption time by approximately 50%.

Keywords: Public-key cryptography, cubic residues, Jacobi symbol, trapdoor one-way functions, modular
arithmetic, cryptographic identification.

Introduction

The rapid development of information technologies, electronic commerce, cloud computing, and
distributed communication systems continuously increases the demand for secure and computationally
efficient cryptographic solutions. Public-key cryptography remains one of the fundamental mechanisms for
ensuring confidentiality, authentication, integrity, and secure data exchange in modern information systems.
The most widely used public-key cryptosystems, including RSA and Rabin schemes, are based on modular
arithmetic and the computational hardness of integer factorization. These cryptographic mechanisms have
proven their effectiveness in a wide range of practical applications, including secure communications, digital
signatures, authentication systems, and electronic transactions. Alongside traditional cryptographic schemes,
increasing attention is being devoted to alternative mathematical constructions that could reduce
computational complexity while maintaining an adequate level of security. Such interest is motivated by the
growing scale of digital communications, the proliferation of resource-constrained devices, and the need for
efficient cryptographic operations in distributed environments. One promising direction is the application of
higher-degree modular functions in public-key cryptography. In particular, cubic mappings possess several
attractive properties, including computationally efficient encryption due to the use of a small public
exponent. In comparison with conventional public-key schemes, such mappings may offer reduced
encryption complexity and simpler public-key structures. However, unlike traditional public-key
cryptosystems, cubic modular mappings may generate multiple valid plaintext candidates during decryption.
Under specific conditions, when the modulus is constructed from prime numbers satisfyingp = q =
1(mod 3), the decryption process may produce nine possible cube roots corresponding to the same
ciphertext. This ambiguity significantly complicates practical deployment of such cryptographic
constructions and limits their applicability in real-world communication systems.

Although previous studies have extensively investigated algorithms for cube root computation, finite
field arithmetic, and theoretical aspects of higher-order residues, comparatively less attention has been
devoted to practical methods enabling deterministic identification of the correct plaintext message among
multiple candidate solutions without introducing substantial communication overhead or redundant encoding
schemes. Consequently, the ambiguity problem remains one of the primary obstacles limiting wider practical
application of cubic mappings in public-key cryptography.

Furthermore, although efficient cube root computation algorithms have been developed, the practical
applicability of cubic mappings remains constrained by the lack of efficient ambiguity elimination
mechanisms. Existing studies primarily focus on mathematical properties of cubic residues and root
computation procedures, whereas comparatively little attention has been devoted to deterministic
identification of the correct plaintext message among multiple valid candidates. As a result, a gap exists
between the theoretical feasibility of cubic modular cryptosystems and their practical deployment in real-
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world cryptographic applications. Therefore, the development of efficient ambiguity reduction methods that
do not require substantial additional communication or computational resources constitutes a relevant
scientific problem.

The research object of this study is ambiguity elimination in public-key cryptosystems based on cubic
modular mappings.

The aim of this study is to develop and experimentally evaluate methods for deterministic
identification of the original plaintext message among multiple candidate solutions generated during cubic
function inversion.

To achieve this aim, the following tasks are formulated: to analyze the theoretical foundations of
ambiguity arising in cryptosystems based on cubic modular mappings; to develop ambiguity reduction
methods based on Jacobi symbol sequences, structural relationships between consecutive plaintext messages,
and partial ciphertext information; to investigate the effectiveness of the proposed methods through
theoretical and experimental analysis; to evaluate their computational efficiency and security implications;
and to compare the developed methods in order to determine their practical applicability in public-key
cryptographic systems.

The research employs methods of number theory, modular arithmetic, public-key cryptography,
algorithm analysis, statistical evaluation, and experimental performance testing implemented in the Java
programming environment.

The article consists of the following parts: Section 2 presents the problem analysis and literature
review; Section 3 introduces research methodology, while Section 4 presents the adaptive Jacobi shift
filtering method. Section 5 presents the consecutive-message pair identification method, and Section 6
describes the partial ciphertext method. Section 7 provides a comparative performance evaluation of the
proposed algorithms, and Section 8 discusses the obtained results. Finally, Section 9 summarizes the main
conclusions and outlines directions for future research.

Problem Analysis

Public-key cryptosystems based on modular exponentiation constitute one of the fundamental pillars
of modern cryptography. The most widely known representatives are RSA and Rabin cryptosystems, whose
security relies on computational hardness of integer factorization [1, 2]. RSA encryption is performed as:
¢ = m®(mod n), where the public exponent e is selected to ensure unique invertibility during decryption
[1]. In contrast, Rabin cryptography: ¢ = m?(mod n) is inherently multi-valued. Decryption produces four
candidate plaintexts because four square roots exist modulo # [2, 3].

Ambiguity elimination methods for quadratic residue systems have been extensively investigated.
Existing solutions include redundant bits, structured message encoding, and probabilistic filtering methods
[2, 3]. These approaches improve deterministic identification but generally increase communication
overhead or computational complexity. However, such methods primarily target quadratic mappings and are
not directly applicable to higher-degree functions.

Number-theoretic research has extensively investigated higher-order residues, particularly cubic
residues modulo #. Under specific conditions:.n = p - q, where: p = q = 1(mod 3), each cubic residue may
possess up to nine distinct cube roots. This phenomenon follows directly from the Chinese Remainder
Theorem and multiplicative group properties [6].

Research in this area has primarily focused on efficient root computation in finite fields and rings.
Earlier studies investigated cube root computation algorithms, their mathematical properties, and
computational complexity (Miiller, 2004: 293-304; Barreto et al., 2006: 275-280). Later research examined
optimization possibilities for these methods and their practical implementation (Cho et al., 2020: Article
101708, 10 pp.). These studies mainly emphasize multiplicative group structures, discrete logarithm-type
transformations, applications of the Chinese Remainder Theorem, and efficient root computation in finite
field arithmetic [4]-[6].

The mathematical foundations of applied cryptography, including modular arithmetic, finite fields,
and the theoretical principles of algebra-based cryptographic systems, have been extensively investigated in
foundational cryptographic literature (Menezes et al., 2018: 816 pp.). The theoretical foundations of public-
key cryptography, the RSA algorithm, elliptic curve cryptography, discrete logarithm problems, and
mathematical cryptographic algorithms are systematically examined in the work of Hoffstein et al. (2014:
540 pp.). Within the broader context of modern cryptography, increasing attention has been devoted to threats
posed by quantum computing and to the development of post-quantum cryptographic methods (Bernstein et
al., 2009; Bernstein and Lange, 2017: 188—194).
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The literature analysis revealed that existing studies primarily focus on cube root computation
algorithms, mathematical foundations, security assumptions, and theoretical properties; however, they
provide little practical investigation into how to efficiently identify the correct plaintext message among
multiple possible candidates without transmitting additional redundant information. The use of auxiliary
identification information in cryptographic schemes requires evaluation of whether the transmission of
additional data weakens the security properties of the underlying one-way function. Unlike RSA, where
decryption produces a unique result, or the Rabin scheme, where four candidates are obtained, cubic
functions may generate up to nine possible candidates [5], [6]. As the degree of the function increases, the
number of possible solutions grows rapidly, making traditional ambiguity elimination methods less effective
or requiring additional transmitted information.

However, the growing demand for efficient and alternative cryptographic constructions motivates
renewed investigation into the potential of higher-degree functions. The cubic mapping ¢ = m3(mod n)
possesses several attractive properties. Due to the small public exponent (e=3), encryption can be performed
faster and may require fewer computational resources than traditional schemes [1, 2]. The public-key
structure becomes simpler, while key generation procedures may require fewer auxiliary parameters. If the
ambiguity problem could be eliminated efficiently and reliably, such functions could become a competitive
alternative to existing public-key cryptosystems.

In previous studies conducted by the authors of this publication, aspects of number theory and public-
key cryptography forming the theoretical foundation of the problem investigated in this work were examined.
Efficient computational methods and their application possibilities were analyzed in the development of
algorithms for determining Euler’s totient function values (Nefas et al., 2021: 135-141), while the
factorization problem was investigated as one of the fundamental security assumptions underlying public-
key cryptography (Nefas et al., 2022: 165—-170). More recent studies have also examined theoretical and
practical aspects of ensuring security in public-key cryptographic systems (Nefas et al., 2024: 55-60).

Considering the above, a clear research gap becomes evident. Although efficient cube root
computation methods exist [4-6], comparatively less attention has been devoted in the literature to practical
and efficient solutions for eliminating ambiguity in cryptosystems based on cubic residues without
employing redundant encoding schemes or significantly increasing communication overhead. Therefore, this
work investigates practical methods enabling deterministic identification of the correct plaintext message
among multiple possible candidates. Three algorithms are proposed, exploiting statistical properties of Jacobi
symbols, structural relationships between consecutive plaintext messages, and partial ciphertext information.
These methods enable evaluation of the practical applicability of cubic mappings in public-key cryptography
and establish a foundation for further experimental investigation.

Research Methodology

The research methodology consists of theoretical analysis and experimental validation of ambiguity
reduction methods for public-key cryptosystems based on cubic modular mappings. The study combines
methods of number theory, modular arithmetic, public-key cryptography, algorithm analysis, statistical
evaluation, and experimental performance testing.

The first stage of the research focuses on the theoretical analysis of ambiguity arising during inversion
of the cubic mapping (x3mod n) when the modulus (n = p - q) is constructed from prime numbers satisfying
the condition (p = g = 1(mod 3)). The mathematical properties of cubic residues, cube root computation
procedures, and ambiguity formation mechanisms are analyzed using concepts from number theory and
modular arithmetic.

Based on the identified ambiguity problem and the research gap revealed by the literature analysis,
three ambiguity reduction methods are developed. The first method exploits statistical properties of Jacobi
symbol sequences. The second method utilizes structural relationships between consecutive plaintext
messages. The third method is based on partial ciphertext information and represents an optimization of the
second approach.

The effectiveness of the proposed methods is evaluated through theoretical and experimental analysis.
Three research hypotheses are formulated and subsequently verified using statistical experiments. The
evaluation focuses on the ability of the proposed methods to uniquely identify the original plaintext message
among multiple valid decryption candidates.

Experimental investigations are implemented in the Java programming environment (JDK 17).
Randomly generated prime numbers and plaintext messages are used to construct test datasets. Statistical
validation involves up to 10,000 experimental trials, depending on the investigated method. Cryptographic
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moduli of 1024, 1536, and 2048 bits are selected to evaluate the behavior of the proposed methods under
different security levels and computational conditions.

The proposed methods are assessed according to four criteria: identification accuracy, amount of
transmitted auxiliary information, computational performance, and security implications. Computational
performance is evaluated by measuring execution times on both the sender side (encryption) and the receiver
side (decryption and identification). Statistical analysis is used to determine the probability of successful
message identification and to evaluate the practical applicability of the proposed ambiguity reduction
methods.

Theoretical Analysis: Adaptive Jacobi Shift Filtering Method

The Jacobi symbol is a generalization of the Legendre symbol to all odd composite moduli. The
Legendre symbol (a/p), where p is a prime number, determines whether the number a is a quadratic residue
modulo p, i.e., whether there exists an integer x such that (1):

x% = a (mod p) (1)

If such a value exists, the symbol is equal to 1; if no such value exists, it is equal to —1; and if a =
0 (mod p), the symbol is equal to 0.

The Jacobi symbol (a/n), wheren = pflpze2 p,ik, is defined as the product of Legendre symbols
2):

(a/n) = (a/p1)*(a/p2)% - (a/pK)%* )

It is important to note that, unlike the Legendre symbol, the Jacobi symbol does not always determine
whether a is a quadratic residue modulo n. However, it preserves important algebraic properties and can be
computed efficiently without knowledge of the factorization of the modulus.

Jacobi symbol computation is performed using a modification of the Euclidean algorithm together
with symbol reciprocity rules; therefore, its computational complexity is O(logn). For this reason, it is
practically suitable for use with large moduli (e.g., 2048-bit moduli).

In this research the Jacobi symbol is employed as a computationally efficient filtering mechanism:
each symbol value contributes one bit of information, while a sequence of multiple symbols enables efficient
discrimination of the original plaintext message among several possible candidates. The proposed algorithm
is based on the assumption that Jacobi symbol values corresponding to different shifts behave similarly to
independent random variables taking values from the set {—1, 1} with approximately equal probabilities.
Since the Jacobi symbol is a deterministic function, its values can be computed precisely during encryption
and identically reconstructed during decryption.

Although Jacobi symbols are deterministic values, their distributions in modular arithmetic often
exhibit statistical characteristics resembling pseudo-random behavior. In particular, for sufficiently large
moduli and varying input values, positive and negative Jacobi symbol values tend to occur with comparable
frequencies. Consequently, sequences of Jacobi symbols generated from different shifts may provide
discriminative information that can be exploited for candidate filtering. Based on this observation, Jacobi
symbol sequences are investigated as a potential mechanism for distinguishing the correct plaintext message
from multiple valid decryption candidates.

It is expected that a sequence of such symbols (referred to as a “fingerprint”’) will enable efficient
identification of the original plaintext message among nine possible candidates obtained through inversion
of the cubic function.

Let n = p -q, where p =q =1 mod 3, and let m be a plaintext message satisfying ¢ =
m3 mod n. Assume that the decryption process produces a set of nine possible candidate plaintexts: M =
{m;, my, ..., mg}.

It is assumed that the Jacobi symbol sequence (3):

Jams) = (B2), i=12,..,k 3)

For different shift values exhibits properties similar to those of independent random variables. where
P(J=1) = P(J = —1) = 0,5.. The hypothesis 1 follows from this assumption.

Hypothesis 1. If Jacobi symbol values corresponding to different shifts exhibit properties similar to
those of independent random variables, then a Jacobi symbol sequence can be used as an effective filtering
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mechanism for statistically eliminating incorrect candidates and identifying the original plaintext message

with high probability.

To test the proposed hypothesis, a statistical study was conducted. During the experiment, 10,000
random pairs of prime numbers (p, ¢) and plaintext messages m were generated. In each case, the minimum
number of shifts s € {1, 2, ...,20} required for the system to independently identify the original plaintext
message was calculated (Table 1):

Table 1
Experimental Results
Number of Shifts (k) N?f'r‘:;elrl‘(’)fo%z;es Number of Shifts (k) N?fﬂ?ﬁr{éfo%ﬁies
1 0 7 579
2 723 8 318
3 2465 9 142
4 2697 10 71
5 1864 11-18 81
6 1060 >18 0

Source: prepared by the authors

The data indicate that, in most cases (mode), only four shifts are sufficient for unambiguous
identification. The absence of successful cases for &=1 is expected, since a single Jacobi symbol provides
only one bit of information, whereas distinguishing one candidate among nine theoretically requires at least
log,(9) = 3,17 bits of information. More than 99 % of identifications were completed within the first ten
steps.

The obtained results support the theoretical assumption that Jacobi symbol sequences generated using
multiple shifts can serve as discriminative fingerprints for filtering candidate plaintexts. The analysis
indicates that even a relatively short sequence of Jacobi symbols provides sufficient information to
distinguish the correct plaintext message from multiple cube-root candidates with high probability.

The amount of auxiliary information transmitted in this method remains very small compared to the
total amount of transmitted information. Since a single Jacobi symbol conveys no more than one additional
bit of information, in practice a sequence of approximately ten symbols is typically sufficient, corresponding
to roughly ten additional bits. When using a 2048-bit modulus, this represents less than 0.5 % of the total
transmitted information.

It is important to emphasize that the Jacobi symbol by itself does not directly enable reconstruction of
either the original plaintext message or the cube root value. In this work, Jacobi symbols are used exclusively
as a filtering mechanism for progressively eliminating incorrect candidates among multiple possible
solutions. Since the symbol value is computed from already existing candidates and does not provide direct
information regarding inversion of the cubic function, the use of such auxiliary information does not alter
the security assumptions of the underlying one-way function.

Assume that an efficient algorithm existed capable of practically reconstructing the original plaintext
message using the transmitted Jacobi symbol sequence. In such a case, the algorithm could potentially be
transformed into an efficient method for inverting the cubic function without knowledge of the modulus
factorization. Since such a possibility would contradict the security assumptions of the employed trapdoor
one-way function, it is reasonable to conclude that transmitting additional Jacobi symbols does not provide
a practical cryptanalytic advantage.

It should be noted that the presented argument does not constitute a formal cryptographic security
proof. Rather, it provides a heuristic justification indicating that the transmitted Jacobi symbol sequence does
not appear to reveal sufficient information to reduce the computational complexity of the underlying cubic
inversion problem. Formal security analysis of this ambiguity reduction mechanism remains a subject for
future research.

Consecutive Message Pair Identification Method

The main idea of the second method is to exploit a known structural relationship between two
consecutive plaintext messages. If the sender encrypts two consecutive numbers m and m +1, two
ciphertexts are generated (4):

c=m3modnand ¢; = (m+ 1)3 mod n. 4)
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During decryption, each ciphertext produces nine possible candidate solutions, forming two candidate
sets (5):

M = {m;,m,, ..., mg} and M; = {mj,mj, ..., mg}. (5)

It is assumed that among these 9 X 9 = 81 possible candidate pairs, there exists a unique pair
satisfying the original arithmetic relationship. Since the original plaintext messages differ by exactly one,
the corresponding candidate sets are expected to preserve this relationship only for the correct pair of
solutions. Although multiple cube roots are generated during modular inversion, the probability that an
incorrect candidate pair satisfies the same arithmetic condition is expected to be low. Therefore, the
relationship (mj'v —m; = 1) is investigated as a potential deterministic identification mechanism.

Hypothesis 2. Among candidate sets M ir My there exists a unique pair (mi,m}), satisfying the

condition: m]' —m; = 1. If this hypothesis holds, the original plaintext message m can be deterministically

identified without requiring additional statistical information, simply by locating the unique candidate pair
satisfying this arithmetic relationship.

It should be noted that both ¢ and ¢ I are ciphertexts generated using the same one-way function.
Transmitting these two values does not reveal the content of the original plaintext message m, since
recovering the message from either c or c¢; directly reduces to the problem of inverting the cubic function,
i.e., extracting a cube root modulo n, which is computationally difficult without knowledge of the
factorization of n. The use of these additional transmitted values does not alter the underlying hardness
assumptions of the cubic inversion problem. Suppose that an efficient algorithm existed that could
reconstruct the plaintext message using the two transmitted ciphertexts. Such an algorithm could then be
used to solve the cubic function inversion problem without knowledge of the modulus factorization. This
would contradict the security assumption of the underlying one-way function.

The experiments were conducted in a Java environment using 1024-bit, 1536-bit, and 2048-bit moduli
n. For each key length, 1000 trials were performed, evaluating identification accuracy and execution time.

The experimental results support Hypothesis 2: within the performed experimental dataset, a unique

candidate pair satisfying the condition m]f —m; = 1 was identified in all trials (Table 2).

Table 2
Median Execution Time of Operations
Key Length Trials Errors Accuracy
1024-bit 1000 0 100 %
1536-bit 1000 0 100 %
2048-bit 1000 0 100 %
Source: prepared by the authors
Table 3
Execution Time Distribution (Median Values Across 1000 Trials)
Operation 1024-bit 1536-bit 2048-bit
Encryption 0,010 ms 0,019 ms 0,032 ms
Cube roots from ¢ 1,60 ms 3,77 ms 7,33 ms
Cube roots from ¢ 1 1,60 ms 3,75 ms 7,34 ms
Pair search (MxM1) 0,002 ms 0,001 ms 0,0016 ms
Total 3,22 ms 7,55 ms 14,85 ms

Source: prepared by the authors

As shown in Table 3, the majority of execution time (~99.8 %) is consumed by cube root computation,
which is performed twice in this method.

Analysis of the 2048-bit key case revealed that:

e  Encryption accounts for only approximately 0.2% of total execution time.

e  Cube root extraction dominates the algorithm structure (~99.8%).

¢ Candidate pair search is computationally negligible (< 0.01 %).

The overall execution time grows approximately quadratically with increasing key length, which is
characteristic of large-integer arithmetic operations, such as modular exponentiation and application of the
Chinese Remainder Theorem (CRT).

109



Partial Ciphertext Method

The third algorithm represents an optimization of the second method aimed at eliminating two major
limitations of that approach:

e communication overhead, since two complete ciphertexts are transmitted, effectively doubling
the communication volume; and

e computational cost, because the receiver is required to perform the computationally expensive
cube root extraction operation modulo # twice.

The main idea of the third method is to transmit only a small portion of the least significant bits (LSB
— Least Significant Bits) of the ciphertext ¢, = (m + 1)3 mod n instead of transmitting the entire ciphertext.

The algorithm operates as follows: the sender computes ¢ = m3 mod n and ¢, = (m + 1)3mod n.
The sender transmits ¢ together with the & least significant bits of c,. The receiver computes nine possible
roots from ¢, obtaining the candidate set M = {m,,m,, ..., mg}. For each candidate m; the receiver
additionally computes a test ciphertext: ¢; = (m; + 1)3mod n and compares the k least significant bits of ¢;
with those received from the sender. The candidate whose bits match is identified as the original plaintext
message m.

Hypothesis 3. A small subset of ciphertext bits is sufficient for unambiguous identification.

Since the probability of a random match for an incorrect candidate is 27%, the expected number of
incorrect candidates remaining after filtering is given by (6):

E (errors) = 8 - 27k, (6)

As k increases, this probability decreases exponentially, causing the probability of unambiguous
identification to rapidly approach 1.

To validate Hypothesis 3, a statistical study was conducted using a 2048-bit modulus across 10,000
experimental trials. The results demonstrate the relationship between the number of transmitted bits £ and
identification success rate (Table 4):

Table 4
Results of Hypothesis 3 Validation

Number of Bits (k) Unambiguous Cases Ambiguous Cases Possibility
4 5868 4132 0,5868
8 9693 307 0,9693
12 9986 14 0,9986
16 9999 1 0,9999
18 10000 0 1,0000

Source: prepared by the authors

The following advantages of the proposed method were identified:

1. Performance: Decryption speed increases by approximately a factor of two compared to
Algorithm 2, since the most computationally expensive operation (cube root extraction) is performed only
once. Encryption (m; + 1)3mod n is several thousand times faster than decryption.

2. Complexity comparison: Although nine modular exponentiation operations must be performed
during decryption, their total computational cost is negligible compared to a single modular exponentiation
involved in root computation using the Chinese Remainder Theorem.

3. Compactness: Additional communication overhead is reduced by more than two orders of
magnitude (from 2048 bits to approximately 16—18 bits).

4. Security: The transmitted & bits constitute only a small portion of the function value ¢, =
(m + 1)3mod n. Since k is very small compared to the overall modulus length, disclosure of these bits does
not directly reveal the original plaintext message m. For a 2048-bit modulus transmitting 18 auxiliary bits,
the additional information constitutes less than 1 % of the total ciphertext length. The transmitted partial
ciphertext information is used exclusively for candidate filtering and does not directly provide a method for
inverting the cubic function.

Assume that an efficient algorithm exists that is capable of reconstructing the plaintext message using
the transmitted partial ciphertext information. In such a case, the algorithm could potentially be transformed
into a method for solving the cubic inversion problem modulo (n) without knowledge of the modulus
factorization. Since such a possibility would contradict the security assumptions of the underlying one-way
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function, the disclosed auxiliary information does not appear to provide a practical cryptanalytic advantage
or reduce the computational complexity of the cubic inversion problem.

It should be noted that this argument does not constitute a formal cryptographic security proof. Rather,
it provides a heuristic justification indicating that the transmitted auxiliary bits do not appear to reveal
sufficient information for efficient recovery of the original plaintext message. In the proposed method,
auxiliary bits are used solely for candidate selection among already computed candidate solutions and do not
directly facilitate modulus factorization or inversion of the cubic function. Formal security analysis of the
proposed mechanism remains a subject for future research.

Comparative Analysis of Algorithms and Performance Evaluation

All algorithms and statistical evaluation tests used in this study were implemented in Java (using JDK
17). The complete source code enabling reproduction of the experimental results is publicly available in a
GitHub repository [15].

A comprehensive performance evaluation of all three algorithms (A1, A2, and A3) was conducted
using key lengths of 1024, 1536, and 2048 bits. For each key length, 1000 trials were performed while
measuring the average execution time at both the sender side (Party A — encryption) and receiver side (Party
B — decryption and identification). The algorithm comparison results are presented in Table 5:

Table 5
Average Execution Time (ms)

Key Length Side Algorithm 1 Algorithm 2 Algorithm 3
1024-bit A (Sender) 1,6187 ms 0,0109 ms 0,0114 ms

B (Receiver) 3,7666 ms 3,2765 ms 1,6611 ms
1536-bit A (Sender) 2,8654 ms 0,0197 ms 0,0200 ms

B (Receiver) 7,5758 ms 7,6867 ms 3,9062 ms
2048-bit A (Sender) 4,3705 ms 0,0333 ms 0,0334 ms

B (Receiver) 13,0190 ms 14,7795 ms 7,4674 ms

Source: prepared by the authors

Analysis of the obtained results (Table 5) reveals the following key observations:

1. Sender-side (Party A) computational overhead: Algorithm 1 exhibits the highest
computational cost on the sender side (up to 4.37 ms using a 2048-bit key), since computation of the Jacobi
symbol sequence is required. In contrast, Algorithms 2 and 3 demonstrate significantly lower execution times
on the sender side (approximately 0.033 ms), because encryption relies on modular cubing with a small
exponent value (e=3). As a result, these algorithms operate approximately 130 times faster than the method
based on Jacobi symbol sequence computation.

2. Receiver-side (Party B) efficiency: Algorithm 3 demonstrated the best decryption performance.
It operates approximately twice as fast as Algorithm 2. This confirms the theoretical assumption that
eliminating the second cube root extraction operation reduces receiver-side execution time by approximately
50 %. Algorithm 1 remains competitive on the receiver side only for shorter key lengths but loses its
advantage relative to Algorithm 3 due to the additional Jacobi symbol computations required for each
candidate.

Overall, the obtained results demonstrate that all three algorithms successfully address the ambiguity
problem, although they differ substantially in terms of computational requirements and communication
overhead. Algorithm 1 minimizes transmitted auxiliary information, Algorithm 2 provides deterministic
identification, whereas Algorithm 3 achieves the most favorable balance between identification accuracy,
execution speed, and communication efficiency.

Discussion

The experimental results demonstrated that ambiguity arising from cubic mappings can be effectively
eliminated using a relatively small amount of auxiliary information.

The Jacobi symbol filtering method revealed that a sequence of several symbols can function as a type
of message “fingerprint.” Although a single Jacobi symbol contributes only one bit of information,
combining multiple such symbols enables rapid elimination of incorrect candidate plaintexts.

The consecutive-message method provides a deterministic identification mechanism. Experiments
conducted using different key lengths demonstrated that the correct candidate pair can always be identified
based on a simple arithmetic relationship. However, this approach requires transmission of two complete
ciphertexts and execution of the cube root extraction operation twice.
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The partial ciphertext method represents an optimization of this approach. By transmitting only a small
number of bits from the second ciphertext, the receiver can identify the correct candidate without performing
a second root computation. Experimental results demonstrated that this approach reduces overall decryption
time by approximately half.

From a security perspective, the amount of transmitted auxiliary information remains very small
relative to the modulus length. Consequently, it does not appear to provide a significant advantage to a
potential cryptanalyst attempting to reconstruct the plaintext message or factorize the modulus. Similarly,
the transmitted auxiliary information does not appear to alter the computational hardness assumptions
associated with the cubic inversion problem or create practical conditions for more efficient recovery of the
original plaintext message.

Although the proposed methods demonstrated high identification accuracy and favorable
computational properties, several limitations should be acknowledged. The Jacobi-based method relies on
statistical assumptions regarding the behavior of Jacobi symbol sequences and therefore would benefit from
additional theoretical analysis. The consecutive-message method requires transmission of an additional
ciphertext, while the partial ciphertext method introduces a small amount of auxiliary information.
Furthermore, experimental evaluation was performed using cryptographic moduli up to 2048 bits, and
additional investigations are required to determine whether similar behavior is preserved for larger key sizes
and alternative modulus constructions.

It should be emphasized that the presented security considerations are heuristic in nature and do not
constitute formal cryptographic security proofs. The arguments provided in this study indicate that the
proposed ambiguity reduction mechanisms do not appear to reduce the computational hardness of the
underlying cubic inversion problem or provide a practical cryptanalytic advantage. Nevertheless, rigorous
reduction-based security proofs and information-theoretic analysis of the disclosed auxiliary information
remain important directions for future research.

Conclusions

1. The efficiency analysis of the three proposed algorithms demonstrated that their applicability
depends on achieving an appropriate balance between computational cost and the amount of transmitted
auxiliary information. Algorithm 1 enables message identification while transmitting minimal auxiliary
information; however, it requires the highest computational cost on the sender side. Algorithm 2 ensures
deterministic identification but requires transmission of two complete ciphertexts and execution of two cube
root extraction operations. Algorithm 3 demonstrated the best experimental trade-off between efficiency and
communication overhead. By transmitting only partial information from the second ciphertext, receiver-side
execution time was reduced from 14.78 ms to 7.47 ms (approximately 49.5%) when using a 2048-bit
modulus.

2. The conducted theoretical and experimental investigation demonstrated that the ambiguity problem
arising in public-key cryptosystems based on the cubic mapping x3mod n can be effectively addressed. The
results showed that, although cubic function inversion generates nine possible plaintext candidates when
p =q =1 (mod 3), the proposed ambiguity reduction methods provide a practical mechanism for
identifying the original plaintext message with high reliability.

3. Statistical experiments demonstrated that when using Jacobi symbol shift sequences, the original
plaintext message is identified within 10 filtering steps in more than 99% of cases. Since each Jacobi symbol
contributes one additional information bit, this method practically requires approximately 10 auxiliary bits,
representing less than 0.5% of transmitted information when using a 2048-bit modulus. However, this
method requires the highest computational cost on the sender side, with average execution time reaching
4.37 ms when using a 2048-bit key.

4. Experimental results demonstrated that Algorithm 3 represents the most efficient refinement of
Algorithm 2. Transmitting only the 18 least significant bits of the second ciphertext resulted in successful
identification in all performed experimental trials while reducing receiver-side execution time from 14.78
ms to 7.47 ms when using a 2048-bit modulus. The elimination of the second cube root extraction operation
enabled approximately a twofold improvement in decryption performance.

5. The scientific novelty of this research lies in the proposal and experimental evaluation of three
ambiguity reduction methods for public-key cryptosystems based on cubic modular mappings. Unlike
previously published studies, which primarily focus on cube root computation algorithms and theoretical
properties of cubic residues, the proposed methods address the practical problem of deterministic plaintext
identification among nine possible decryption candidates. The obtained results demonstrate that ambiguity
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can be eliminated without employing redundant encoding schemes and with only minimal additional
communication overhead.

6. The obtained results indicate that the proposed methods preserve a high level of security, since the
transmitted auxiliary information (Jacobi symbols or partial ciphertext bits) does not appear to provide a
practical cryptanalytic advantage for factorizing the modulus # or inverting the cubic function. The presented
analysis suggests that the proposed ambiguity reduction mechanisms do not reduce the computational
hardness of the underlying cubic inversion problem, although formal security proofs remain a subject for
future research. Among the investigated approaches, Algorithm 3 provides the best balance between
execution speed, communication overhead, and identification accuracy, making it particularly suitable for
practical deployment in real-time systems.

7. Future research may be extended in several directions:

e conducting deeper theoretical analysis of the statistical properties of Jacobi symbol sequences
to provide stronger justification for the effectiveness of Algorithm 1;

e investigating optimized shift sequences to reduce the required number of Jacobi symbols and
further accelerate the identification process;

e adapting similar methods to other modular functions, such as fourth-degree or fifth-degree
residue systems;

e integrating cubic mappings into experimental cryptographic schemes or hybrid protocols to
evaluate their practical applicability in real-world communication systems and identify opportunities to
reduce computational costs while maintaining the required security level.
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NEVIENAREIKSMISKUMO MAZINIMO METODU VIESOJO RAKTO KRIPTOSISTEMOSE KURIMAS
IR ANALIZE

Santrauka
Viesojo rakto kriptografijoje pastaruoju metu iskilo ir vis didéja poreikis efektyvioms ir alternatyvioms
kriptografinéms konstrukcijoms, kurios leisty sumazinti skai¢iavimo resursy poreikj kriptografinei sistemai. Vienas i$
sprendimy - pranesimo uzSifravimui vietoj jprasty RSA ar kito Sifravimo metodo taikyti aukstesnio laipsnio funkcijy
potenciala. Taciau toks sprendimas Zenkliai apsunkina patj pranesimo desifravimo procesa, nes dél daugiareikSmiskumo
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problemos iskyla papildomy mechanizmy poreikis teisingam prane§imui identifikuoti. Siame straipsnyje autoriai
praktiskai tiria galimybe efektyviai identifikuoti priimtg pranesima, nenaudojant tam papildomy pertekliniy duomeny,
tam pritaikant biitent kubine funkcija x> mod n. Kai modulis n = pq sudarytas i§ pirminiy skaié¢iy, tenkinandiy salyga
p = q = 1(mod3), desifravimo metu gaunamos devynios galimos kubinés Saknys. Toks dviprasmi$kumas riboja
tiesioginj Sios funkcijos taikyma praktinése kriptografinése schemose. Straipsnyje pasiilyti trys metodai, leidziantys
identifikuoti tikrajj pranesima tarp devyniy galimy kandidaty. Pirmasis metodas naudoja adaptacing Jacobi simboliy
seka su poslinkiais. Antrasis metodas iSnaudoja struktiirinj rysj tarp dviejy gretimy praneSimy. Treciasis metodas yra
optimizuota antrojo metodo versija, kurioje perduodama tik nedidelé dalis antrosios Sifrogramos zemiausiy bity.
Eksperimentiniai tyrimai atlikti Java aplinkoje, naudojant 1024, 1536 ir 2048 bity modulius. Gauti rezultatai rodo, kad
visi trys metodai leidzia patikimai identifikuoti originaly pranesimg. Nustatyta, kad dalinés Sifrogramos metodas
pasiZymi geriausiu balansu tarp skaiiavimo sgnaudy ir perduodamos informacijos kiekio, leidziant sumazinti
desifravimo laika mazdaug du kartus.

ReikSminiai Zodziai: vieSojo rakto kriptografija, kubinés liekanos, Jacobi simbolis, vienkryptés funkcijos,
moduliné aritmetika, kriptografiné identifikacija.
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EXPERIMENTAL INVESTIGATION OF REAR SUSPENSION COIL SPRING STIFFNESS

Tomas Mickevicius
Lietuvos Inzinerijos Kolegija|Higher Education Institution

Abstract

The vehicle suspension system is one of the most important systems of an automobile, comprising elastic
elements, shock absorbers, protective components, and the connections between the vehicle body and its wheels. The
dimensional design of suspension components, the application of advanced technologies, and the proper geometric
arrangement and integration of suspension elements within the chassis have a significant influence on vehicle safety
and ride comfort. The primary function of the suspension system is to absorb road-induced impacts and reduce them to
minor vibrations transmitted to the vehicle body.

This study presents an experimental investigation of the compression characteristics of coil springs with the aim
of evaluating their stiffness under loading conditions. The experiments were conducted to identify manufacturing
variations and mechanical differences between springs belonging to the same manufacturer and product model. The
tests were performed using the LABA7 Spring Rate Tester Daily, a dedicated testing system designed to determine the
mechanical properties of automotive suspension springs under compressive loading. The testing procedure enables
continuous measurement of load and deformation, allowing the construction of force—displacement characteristics.

The experimental results demonstrate that coil springs from the same manufacturer and product model do not
exhibit identical displacement responses under equivalent loading conditions. Differences in the stiffness coefficient
were observed throughout the compression process, becoming more pronounced as the compression stroke increased.
The findings indicate that even relatively small variations in spring stiffness may result in uneven load distribution on
the rear axle, which can adversely affect vehicle stability and ride comfort. The experimental results revealed stiffness
deviations ranging from approximately 4% to 6% between coil springs belonging to the same product set.

Key words: coil spring, stiffness, force, displacement

Introduction

Recent advances in automotive suspension systems have been primarily driven by increasing demands
for ride comfort, driving safety, and the integration of electric and autonomous vehicle technologies.
Although active suspension systems have received considerable research attention due to their ability to
improve vehicle dynamics, passive suspension systems remain the most widely used solution in commercial
passenger vehicles because of their simplicity, reliability, and cost-effectiveness. Consequently, the
mechanical characteristics of passive suspension components, particularly coil springs, continue to play a
crucial role in determining vehicle ride comfort, handling stability, and load distribution. For this reason,
precisely measuring spring stiffness and tracking manufacturing inconsistencies continues to be a critical
focus in ongoing research (Yu et al., 2024).

A vehicle relies on its suspension system to bridge the gap between the chassis and the wheels. By
integrating both rigid and elastic components, this setup allows for relative movement while ensuring a
smooth, stable ride (Pridie & Antonya, 2021). Key parts include dampers, elastic elements, linkages, and
control arms. Whenever a vehicle hits uneven ground, the resulting physical shocks move directly from the
tires into the chassis (Han & Liang, 2022). The suspension's primary job is to intercept this energy—keeping
passengers comfortable, preventing long-term wear on the vehicle's frame, and maintaining overall
drivability (Aboazoum, 2022).

In a conventional suspension system, each wheel is independently connected to the vehicle body
through a combination of elastic and damping elements. This configuration influences the vibration
behaviour of the entire vehicle body, while the elastic and damping components must effectively respond to
all possible wheel motions. Consequently, the natural frequencies of the suspension system are governed by
the spring stiffness, the location of the vehicle's centre of mass, and the wheel assemblies. Suspension designs
improved dramatically once engineers started integrating anti-roll bars. These components actively fight
body lean, keeping the car completely stable through sharp turns and quick steering inputs (Pridie & Antonya,
2021).

Although numerous studies have investigated suspension design and ride comfort, limited attention
has been devoted to manufacturing variability between nominally identical aftermarket coil springs.
Variations in spring stiffness may influence axle load distribution, vehicle stability and ride comfort;
however, quantitative experimental data comparing different manufacturers remain scarce.

The research problem addressed in this study is whether coil springs manufactured by the same
manufacturer and belonging to the same product model exhibit identical mechanical properties that may
influence suspension performance.

115



The aim of this study is to evaluate the differences in the displacement and stiffness characteristics of
coil springs belonging to identical product sets.
The objectives of the study are as follows:
e measure the force—displacement characteristics of the tested coil springs;
e determine the relationship between instantaneous spring stiffness and deformation throughout
the entire compression range;
e compare the mechanical characteristics of coil springs belonging to the same product set.
The research methodology combines a review of the relevant scientific literature with experimental
investigations. Compression tests of automotive coil springs were performed using a dedicated spring testing
system to determine the force—displacement relationship and the corresponding stiffness coefficient. The
experimental data were subsequently analysed and compared to evaluate differences in the mechanical
characteristics of the tested springs.

Theoretical Aspects of Elastic Components in Automotive Suspension

At the theoretical level, automotive suspension springs function primarily as energy storage
mechanisms. When a vehicle encounters a road disturbance, the elastic components deform, immediately
converting the kinetic energy of the impact into potential strain energy. The fundamental physics governing
this process dictate how quickly and efficiently the suspension can absorb a shock before the damper
dissipates that energy as heat. Consequently, analysing these components requires a deep understanding of
structural deformation and load distribution under dynamic driving conditions. Coil springs are among the
most important components of a vehicle suspension system, as they absorb road-induced vibrations and
contribute significantly to vehicle stability and ride comfort. A suspension's overall effectiveness relies
heavily on these underlying mechanical properties. For this reason, rigorously testing spring stiffness is a
mandatory step when developing new systems and verifying production quality (Imoro et al., 2023).

Elastic elements do much more than just smooth out rough roads to keep the tyres grounded
(Aboazoum, 2022). They also dictate how the wheels react under hard acceleration, heavy braking, and sharp
turns. By managing these forces, the springs physically prevent the vehicle's body from swaying excessively
over uneven pavement (Mahanthi & Murali, 2017).

During vehicle operation, suspension components are continuously subjected to dynamic loads,
vibrations, and impact forces. Consequently, their technical condition has a significant influence on vehicle
safety and overall driving performance. Achieving a safe, reliable, and durable suspension system requires
careful consideration of numerous geometric, structural, and technological factors. The physical shape and
load capacity of a coil spring dictate its exact functional behaviour in real-world applications (Kobelev,
2024). This mechanical profile determines the success of the entire suspension system. It sets the baseline
for how the vehicle handles and how comfortable the ride feels (Partheeban & Ibrahim, 2025).

To optimise suspension performance for specific operating requirements, two fundamental aspects
must be considered: the mechanical properties of the spring material and the structural design of the spring
itself. Both factors should be carefully selected and optimised according to the intended application to
achieve the desired balance between durability, ride comfort, and handling performance.

Materials and Methods

The experimental investigation was conducted using the LABA7 Spring Rate Tester Daily, a spring
stiffness testing system designed to evaluate the mechanical properties of automotive suspension springs
under compressive loading. The testing system enables continuous measurement of applied load and spring
deformation, allowing the construction of force—displacement characteristics for the tested components. A
BMW 330d (E90) was selected as the reference vehicle for this study. The experimental investigation
involved four sets of rear suspension coil springs manufactured by different manufacturers and designed for
the rear axle of the BMW 3 Series (E90). The chassis design of the selected vehicle is representative of other
variants within the BMW E90 series. Therefore, the BMW 330d (E90) was considered an appropriate
reference platform for the comparative analysis of suspension components. The technical specifications of
the rear axle coil spring sets used in the experimental investigation are presented in Table 1.

The maximum permissible testing load is 10,000 N, enabling the evaluation of both conventional and
high-stiffness coil springs. The testing system is equipped with a reinforced adjustable crosshead that
provides secure and reliable positioning of the test specimen throughout the experiment. In addition, the
adjustable compression stroke, ranging from 0 to 300 mm, allows the testing of coil springs with a wide
variety of geometric dimensions and mechanical characteristics.
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Table 1
Characteristics of the Coil Springs

Length 336 mm 331 mm

Quter diameter 104 mm 99 mm

Wire diameter 14 mm 14 mm

Spring type Coil spring (S1) Coil spring (S2)

Source: prepared by the authors

At the beginning of each test, the testing system was automatically positioned at its initial reference
state, where the applied load was approximately zero and the spring displacement was 0 mm. This position
served as the reference point for the entire measurement procedure. Spring compression was performed at a
constant speed using an electromechanical drive system. During the test, load and displacement sensors
continuously recorded changes in the applied force and spring deformation in real time. The primary
measured parameters included displacement (mm), applied force (N), and the instantaneous spring stiffness
(N/mm), which was calculated from the force-to-deformation ratio over a specified measurement interval.

All measurements were carried out under identical testing conditions to minimise the influence of
experimental errors. The compression test for each spring was repeated three times, and the final results were
obtained by averaging the measured values. This approach reduced the effect of random measurement errors
and improved the reliability and repeatability of the experimental results.

To ensure the reliability and repeatability of the experimental results, the compression test for each
coil spring was repeated three times under identical testing conditions. Between consecutive tests, each
spring was completely unloaded, and the testing system was returned to its initial reference position. The
final force, displacement, and spring stiffness values were calculated as the arithmetic mean of the three
repeated measurements. This procedure reduced the influence of random measurement errors and improved
the reliability and repeatability of the experimental data. Experimental data are presented as the mean +
standard deviation (SD) of three independent measurements. Statistical analysis was performed to assess the
repeatability of the measurements and to minimise the influence of random experimental errors. All
measurement data were automatically recorded by the Spring Tester Daily software and exported to
Microsoft Excel for further analysis. The experimental results were subsequently processed graphically and
used for the comparative analysis of the mechanical characteristics of the tested coil springs.

Results and Discussion

The obtained force—displacement curves enable the evaluation of differences in the mechanical
properties of coil springs belonging to the same product set. In the first stage of the experimental
investigation, the force—displacement characteristics of the rear axle coil springs manufactured by (S1) were
analysed. Figure 1a presents the force—displacement characteristics of the rear axle coil spring set (S1). The
experimental results indicate that the force—displacement relationships of both springs are approximately
linear, confirming that the springs operate predominantly within the elastic deformation region. Nevertheless,
noticeable differences between the two curves can be observed. Throughout the entire deformation range,
one spring required a higher compressive force to achieve the same displacement, indicating a greater
stiffness. These differences became more pronounced with increasing deformation. At a displacement of 100
mm, the compressive force of one spring reached approximately 6,000 N, whereas the corresponding value
for the other spring was approximately 6,300 N, representing a difference of about 5%. This finding indicates
that the two springs do not possess identical stiffness characteristics. The repeatability of the measurements
confirmed the reliability of the obtained characteristics.

The observed differences may be attributed to manufacturing tolerances, variations in material
properties, or inconsistencies in the heat-treatment process during production. Furthermore, the different
slopes of the force—displacement curves indicate variations in the spring stiffness coefficient, which directly
influences the overall stiffness of the suspension system and consequently affects vehicle ride comfort.
Although the observed differences are relatively small, they may influence suspension performance. Under
operating conditions, such variations may result in an uneven distribution of loads across the rear axle,
thereby affecting vehicle stability.

The variation in spring stiffness as a function of deformation was subsequently analysed for the (S1)
rear axle coil springs. Based on the measured force—displacement data, the instantaneous stiffness
characteristics were determined to evaluate changes in the mechanical behaviour throughout the entire
compression stroke. Figure 1b illustrates the stiffness—deformation relationships for the two springs
belonging to the same product set. The results demonstrate that the stiffness of both springs increases with
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increasing deformation, indicating non-linear elastic behaviour and a gradual deviation from the ideal linear
response predicted by Hooke's law over the full compression range.
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Fig. 1. Mechanical response of the (S1) rear axle coil springs: (a) force—displacement characteristics; (b)
spring stiffness versus compression stroke
Source: prepared by the authors

Within the initial and intermediate stages of compression (approximately 20—80 mm), the stiffness
curves remain nearly linear, allowing this region to be considered representative of the nominal spring
stiffness. However, systematic differences between the two springs are evident, with one spring consistently
exhibiting higher stiffness throughout the entire deformation range. At a compression stroke of 80 mm, the
stiffness of one spring reached approximately 72 N/mm, whereas the corresponding value for the other spring
was approximately 69 N/mm, representing a difference of approximately 4-5%. These findings confirm that
measurable variations in the mechanical properties exist even between coil springs belonging to the same
product set.

Figure 2a presents the force—displacement characteristics of two rear axle coil springs (S2). Both
curves exhibit an approximately linear relationship, indicating that the springs operate within the elastic
deformation region and maintain stable mechanical behaviour throughout the investigated compression
range. Despite the overall similarity of the force—displacement characteristics, measurable differences
between the two springs were observed. One of the curves remains consistently above the other throughout
the entire deformation range, indicating a higher spring stiffness. Consequently, a greater compressive force
is required for this spring to achieve the same displacement. These differences become increasingly
pronounced as deformation increases. At a displacement of 100 mm, one spring generated a compressive
force of approximately 7,600 N, whereas the corresponding value for the second spring was approximately
7,200 N, representing a difference of approximately 5—-6%. These results indicate that the mechanical
characteristics of coil springs belonging to the same product set are not identical.
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Fig. 2. Mechanical response of the (S2) rear axle coil springs: (a) force—displacement characteristics; (b)
spring stiffness versus compression stroke
Source: prepared by the authors

Compared with the (S1) spring set, the larger differences observed in the (S2) Technology springs
suggest a lower degree of manufacturing uniformity. Such variations may influence suspension performance,
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particularly under dynamic loading conditions, resulting in uneven load distribution between the wheels and
consequently affecting vehicle stability and ride comfort.

Figure 2b presents the instantaneous stiffness characteristics of the two (S2) coil springs, allowing the
stability of their mechanical properties to be evaluated throughout the entire deformation range. As shown
in the figure, the spring stiffness coefficient remained relatively constant over most of the compression
stroke, varying between approximately 68 and 74 N/mm. It can be concluded that the springs operate
predominantly within the near-linear elastic region, exhibiting a relatively stable mechanical response
throughout most of the compression range. Nevertheless, measurable differences between the two springs
were observed during the experimental investigation. The stiffness of one spring varied between
approximately 69 and 74 N/mm, whereas that of the other ranged from 68 to 72 N/mm, indicating a non-
uniform distribution of stiffness within the spring set.

A distinct increase in stiffness was observed during the tests. At a compression stroke of approximately
100—105 mm, the stiffness coefficient of one spring increased to approximately 84 N/mm. This behaviour
may be attributed to non-linear deformation effects occurring at higher compression levels. Such localised
increases in stiffness warrant further investigation to identify their underlying causes. In contrast, the second
spring exhibited a more uniform stiffness profile throughout the entire compression range, without any
pronounced stiffness peaks. This behaviour indicates a more stable mechanical response and suggests greater
consistency in the spring's operational performance.

A comparative analysis of the mechanical characteristics of the (S1) and (S2) coil spring sets revealed
significant differences both between the two manufacturers and between individual springs within the same
product set. The analysis of the force—displacement characteristics demonstrated that the springs produced
by both manufacturers operated within the elastic deformation region, exhibiting nearly linear force—
displacement relationships throughout the investigated compression range. However, the (S2) spring set
exhibited greater variability between individual springs than the (S1) set. At a displacement of 100 mm, the
difference in compressive force between the springs in the (S2) set was approximately 5-6%, whereas the
corresponding difference for the (S1) set was approximately 4-5%.

The analysis of the instantaneous stiffness characteristics further highlighted these differences. The
(S1) springs exhibited a more uniform variation in stiffness, with values ranging from approximately 68 to
72 N/mm, indicating a more stable mechanical response. In contrast, the stiffness of the (S2) springs varied
over a wider range, from approximately 69 to 74 N/mm, and one spring exhibited a localised increase in
stiffness to approximately 84 N/mm. Such behaviour may influence suspension performance, particularly
under dynamic loading conditions where the springs operate at higher levels of deformation.

Overall, the results indicate that the (S1) spring set demonstrates greater manufacturing uniformity
and more consistent mechanical properties than the (S2) spring set, which exhibited larger variations in
stiffness and localised non-linear effects. These findings suggest that coil springs produced by different
manufacturers may differ significantly in terms of the consistency and stability of their mechanical
performance, potentially affecting the operational characteristics of the vehicle suspension system. The
observed differences may be attributed to manufacturing tolerances and material variability. Although
relatively small, these deviations may contribute to uneven load distribution under dynamic operating
conditions.

Conclusions

1. The experimental results demonstrated that the force—displacement characteristics of all tested
coil springs were approximately linear, indicating that the springs operated predominantly within the elastic
deformation region.

2. The analysis of the instantaneous stiffness characteristics showed that the spring stiffness
coefficient remained relatively constant throughout most of the compression stroke. However, slight
deviations were observed at higher levels of deformation, indicating the presence of non-linear deformation
effects.

3. The comparison of coil springs belonging to the same product set revealed measurable differences
in stiffness, ranging from approximately 4% to 6%. These variations indicate the influence of manufacturing
tolerances and demonstrate that the mechanical properties of nominally identical components are not entirely
uniform.

4. The obtained results suggest that even relatively small differences in spring stiffness may lead to
uneven load distribution on the rear axle, potentially affecting vehicle stability and ride comfort under
operating conditions.
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GALINES PAKABOS SPYRUOKLES STANDUMO EKSPERIMENTINIS TYRIMAS
Santrauka

Automobilio pakabos sistema yra viena svarbiausiy automobilio sistemy, kurig sudaro elastingi elementai,
amortizatoriai, apsauginiai komponentai ir jungtys tarp automobilio kébulo ir raty. Pakabos komponenty matmeny
projektavimas, pazangiy technologijy taikymas ir tinkamas pakabos elementy geometrinis iSdéstymas bei integravimas
vaziuokléje daro didele jtakg automobilio saugumui ir vaziavimo komfortui. Pagrindiné pakabos sistemos funkcija —
sugerti kelio sukeltus smiigius ir sumazinti juos iki nedideliy vibracijy, perduodamy automobilio kébului.

Siame tyrime pateikiamas eksperimentinis spyruokliy suspaudimo charakteristiky tyrimas, siekiant jvertinti juy
standumg apkrovos salygomis. Eksperimentai buvo atlikti siekiant nustatyti gamybos skirtumus ir mechaninius
skirtumus tarp to paties gamintojo ir gaminio modelio spyruokliy. Bandymai buvo atlikti naudojant ,,LABA7 Spring
Rate Tester Daily*“ — specialia bandymy sistema, skirta automobiliy pakabos spyruokliy mechaninéms savybéms
gniuzdymo apkrovos metu nustatyti. Bandymo procediira leidzia nuolat matuoti apkrova ir deformacija, o tai leidzia
konstruoti jégos ir poslinkio charakteristikas.

Eksperimentiniai rezultatai rodo, kad to paties gamintojo ir gaminio modelio spyruoklés neparodo identisky
poslinkio reakcijy esant lygiavertéms apkrovos salygoms. Viso suspaudimo proceso metu buvo pastebéti standumo
koeficiento skirtumai, kurie tapo rySkesni didéjant suspaudimo eigai. Rezultatai rodo, kad net ir santykinai nedideli
spyruokliy standumo skirtumai gali lemti netolygy apkrovos pasiskirstyma galingje asyje, o tai gali neigiamai paveikti
transporto priemonés stabiluma ir vaziavimo komfortg. Eksperimentiniai rezultatai parodé, kad to paties gaminiy
rinkinio spyruokliy standumo nuokrypiai svyruoja nuo mazdaug 4 % iki 6 %.

Raktiniai ZodzZiai: spyruoklé, standumas, jéga, poslinkis
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FORMATION AND TRANSFORMATION OF AUSTENITE AND THE ELIMINATION OF
RETAINED AUSTENITE

Artis Iesmins, Viktors Gutakovskis, Aleksandrs Okunevs
Riga Technical College, Latvia

Abstract

Steel plays a fundamental and irreplaceable role in modern industrial manufacturing, construction,
transportation, and materials engineering due to its favorable combination of mechanical strength, formability,
durability, and cost efficiency. The performance and reliability of steel products are largely determined by their
microstructural evolution during processing, among which the formation, transformation, and stabilization of austenite
are of particular importance. Austenite, a face-centered cubic phase of iron, serves as a key intermediate phase during
thermal and thermomechanical treatments and strongly influences subsequent phase transformations, such as the
formation of ferrite, pearlite, bainite, or martensite. During steel processing operations—including casting, hot and cold
working, heat treatment, and surface modification—the controlled formation and decomposition of austenite directly
affect manufacturing efficiency, dimensional stability, and energy consumption. Precise regulation of austenite grain
size, chemical homogeneity, and transformation kinetics enables optimization of production routes and contributes to
improved consistency and quality of final products. In advanced high-strength steels and tool steels, the stability of
austenite is intentionally manipulated to enhance strength, toughness, wear resistance, and fatigue performance.
Austenite is not only present in structural and engineering steel products but also plays a critical role in the
manufacturing and performance of metalworking tools, where its behavior influences hardness, edge stability, and
service life. Represented review is the part of the educational content.

Key words: steel, austenite, martensitic, formation

Introduction

In most cases, the first process during the heat treatment of steel is the formation of austenite. When
steel components with a sufficiently large cross-section are heated slowly, raising the temperature by 30-50
°C above the critical point ensures the formation of a homogeneous austenitic structure. In this case, the
heating rate is an important factor, as it provides sufficient time for diffusion processes and prevents
distortion.

In modern technologies, high-speed heating methods are widely used, particularly induction heating.
Under such conditions, the rate and duration of phase transformations become decisive. Therefore,
understanding the mechanism and kinetics of austenite formation is essential for controlling the properties
of steel. The template uses the correct page formatting and contains all the necessary styles. The styles are
summarized in Table 1. At the same time - Table 1 - alongside with Table 2 in Materials and methods section
show examples of tabular data formatting.

Formation of Austenite

It should be emphasized that the transformations shown in equilibrium (phase) diagrams occur only
under ideal conditions of extremely slow heating. Under practical conditions, the nature of these
transformations differs significantly.

At high heating rates, it is possible for an austenite—carbide structure to persist even in cases where a
homogeneous austenite should theoretically form. Moreover, different heating temperatures above the
critical range produce austenite with different properties, which affects the subsequent cooling process.

The formation of austenite is a diffusion-controlled process that develops over time. Therefore,
changes in the temperature—time regime directly influence the structure and composition of austenite.

Mechanism of Austenite Formation

Microscopic studies show that austenite forms by nucleation and growth of grains within the volume
of the initial structure. This process begins at the interfaces between the ferrite and carbide phases.

Carbide particles gradually dissolve into the austenite, supplying carbon to the newly formed phase.
Ferrite itself cannot transform into austenite without a sufficient carbon concentration.

The formation of austenite nuclei occurs only at locations where the carbon concentration reaches a
critical level. This concentration arises as a result of the diffusion of carbon atoms within microvolumes.

Thus, the formation of austenite is closely linked to carbon distribution and diffusion processes in
steel.

Kinetics of Austenite Formation
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The transformation rate depends strongly on temperature. At lower temperatures the process proceeds
slowly, whereas at higher temperatures it occurs very rapidly.

For example, at approximately 730 °C the transformation may begin after several tens of seconds,
while at 800 °C it occurs almost instantaneously. At even higher temperatures, austenite forms virtually
immediately.

Increasing the carbon content of steel accelerates austenite formation. This is associated with an
increase in the amount of carbides and a larger interfacial area between phases.

Alloying elements influence this process in different ways. Carbide-forming elements, such as
chromium, can slow down austenite formation because their carbides dissolve more slowly [1,2].

Carbide Dissolution and Austenite Homogenization

The process of austenite formation includes three successive stages:

formation of austenite,

dissolution of carbides,

homogenization of austenite.

Carbide dissolution is a diffusion process during which carbon spreads throughout the austenite. As a
result, a non-uniform carbon distribution is initially formed.

Subsequent homogenization ensures a uniform distribution of carbon throughout the entire volume of
austenite. This stage is particularly important for achieving uniform material properties after quenching.

Effect of Heating Rate

The heating rate significantly affects the temperature range of austenite formation. As the heating rate
increases, the transformation temperatures shift to higher values.

During rapid heating, diffusion processes do not have sufficient time to proceed fully, and therefore
the austenite may be inhomogeneous. This means that the carbon concentration may vary from one region
to another.

Consequently, to obtain homogeneous austenite under rapid heating conditions, higher temperatures
are required than in the case of slow heating.

Austenite Grain Size

The grain size of austenite has a significant effect on the properties of steel. Initial, actual, and inherited
grain sizes are distinguished.

The initial grain size forms immediately after the appearance of austenite. It depends on the ratio
between the rates of nucleation and grain growth.

As temperature increases, the nucleation rate rises more rapidly than the grain growth rate, resulting
in finer grains.

However, prolonged holding at high temperature causes grain coarsening. Coarse-grained austenite
deteriorates mechanical properties.

Transformation of Austenite During Cooling

During cooling, austenite can transform into various structures:

pearlite,

bainite,

martensite.

The type of transformation depends on the cooling rate. Slow cooling promotes the formation of
pearlite, whereas rapid cooling leads to martensite formation.

Martensite forms without diffusion and is associated with a rearrangement of the crystal lattice. Bainite
formation involves both diffusion-controlled and diffusionless mechanisms.

Microstructure of 20CrMn4 steel after different step-quenching variants using scanning electron
microscopy is represented on the pictures below.
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Fig.1. A.B and C. Microstructure of 20CrMn#4 steel after different step-quenching variants (scanning
electron microscopy): (M1 — primary martensite; B — bainite; M2 — secondary martensite; A — retained
austenite)

Retained Austenite and Its Formation

Not all of the austenite phase transforms into martensite. Part of the austenite may remain as retained
austenite.

This occurs when austenite is enriched with carbon and the martensitic transformation temperature is
reduced below room temperature. Retained austenite can be both beneficial and detrimental.

On the one hand, it improves plasticity and impact toughness. On the other hand, it reduces hardness
and dimensional stability.

Experimental Studies

The investigations used 20Kh2G2SNMA steel with a complex chemical composition. The specimens
were obtained after melting and hot rolling, followed by normalizing and tempering.

Dilatometric studies were carried out to analyze the transformation of undercooled austenite. The
specimens were heated to the austenitizing temperature and then cooled under controlled conditions.

The results showed that primary martensite, bainite, and secondary martensite form during cooling.
The nature of the transformations depends strongly on the heat-treatment regime.

Effect of Step Quenching
In the case of single-step quenching, incomplete stabilization of austenite is observed. This leads to
the formation of secondary martensite during cooling.
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Two-step quenching provides more intensive carbon diffusion and a more uniform distribution within
the austenite. As a result, the formation of secondary martensite is reduced.

In addition, two-step treatment increases the amount of stabilized austenite, indicating more effective
austenite stabilization.

Importance of Carbon Diffusion

Carbon diffusion is the main factor determining austenite stability. Higher temperatures promote more
intensive carbon redistribution.

During two-step treatment, austenite becomes more enriched with carbon, which lowers the
martensitic transformation temperature. As a result, more austenite remains untransformed.

The diffusion of alloying elements is much slower than that of carbon, which contributes to structural
inhomogeneity.

Elimination of Retained Austenite

The amount of retained austenite can be reduced using various methods. One of the most effective
methods is step quenching.

Cryogenic (subzero) treatment is another method that promotes the transformation of retained
austenite into martensite. In this process, the material is cooled to low temperatures.

Tempering helps stabilize the structure and reduce internal stresses. The correct selection of the heat-
treatment regime is crucial [3,4].

Conclusions

Austenite formation is a complex diffusion-controlled process consisting of several stages. Its progress
is influenced by temperature, time, carbon content, and alloying elements.

The transformation of austenite during cooling determines the final structure and properties of steel.
Incomplete transformation leads to the formation of retained austenite.

The amount of retained austenite can be controlled by using optimal heat-treatment regimes. Two-step
quenching and cryogenic treatment are effective methods for its reduction.

Thus, controlling austenite formation and transformation is essential for producing high-quality steel.
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PLGA NANOPLUOSTU, PAGAMINTU ELEKTROVERPIMO METODU, PORETUMO
VERTINIMAS TAIKANT SEM VAIZDU ANALIZE IR SKYSCIO ISSTUMIMO METODA

AndZela SeSok
Vilniustech

Anotacija

Audiniy inzinerijoje elektroverpimo bidu suformuoti poli(laktido-ko-glikolido) (PLGA) nanopluostiniai
karkasai yra pla¢iai naudojami kaip trimatés struktiiros, imituojandios ekstralgsteling matricg. Siuose taikymuose
porétumas yra vienas svarbiausiy parametry, lemiantis lasteliy infiltracija ir maistiniy medziagy difuzija. Sio darbo
tikslas — jvertinti ir palyginti PLGA nanopluostiniy karkasy porétuma, taikant skaitmening SEM vaizdy analizg ir
gravimetrinj skysc¢io iSstimimo metoda. Eksperimentams 13 % (m/t) PLGA tirpalas buvo paruostas dichlormetano
(DCM) ir dimetilformamido (DMF) misinyje (25:10,5 v/v). Elektroverpimas buvo vykdomas taikant 18 kV jtampa bei
17 cm atstuma iki kolektoriaus. Gauti rezultatai parodé, kad SEM vaizdy analizé, naudojant ImageJ programing jranga
(iSanalizavus po 5 vaizdus kiekvienam méginiui), nustaté 45,3 + 1,4 % pavirSiaus porétuma, o skysc€io iSstimimo
metodas su etanoliu parodé didesnj tiirinj porétuma — 53,2 + 12,2 %. Stebimas rezultaty skirtumas paaiSkinamas metody
ypatumais: SEM analizé apsiriboja dvimaciu pavir§iaus vertinimu, o etanolis efektyviai prasiskverbia per visg trimatj
karkaso turj. Darbe daroma iSvada, kad nustatytas apie 53 % tiirinis porétumas yra palankus audiniy inZinerijos
taikymams, o nanopluosto karkasams tiksliau apibiidinti rekomenduojama taikyti abu metodus kaip vienas kita
papildancius.

ReikSminiai ZodZiai. Elektroverpimas, PLGA nanopluostai, porétumas, SEM vaizdy analizé, skys¢io i§stimimo
metodas, audiniy inZinerija

Ivadas

Nanopluostai yra itin ploni pluostai, kuriy skersmuo paprastai siekia nuo keliy nanometry iki keliy
mikrometry (Bayat ir kt., 2022). Dél didelio pavirSiaus ir tiirio santykio, didelio porétumo bei galimybés
kontroliuoti jy struktiira nanopluostai plac¢iai taikomi filtravimo technologijose, vaisty pristatymo sistemose,
jutikliuose ir audiniy inzinerijoje (Cai ir kt., 2012). Vienas perspektyviausiy nanopluosty gamybos metody
yra elektroverpimas (angl. electrospinning), kurio metu polimerinis tirpalas veikiamas stipriu elektriniu
lauku ir formuojami iStisiniai mikro- bei nanometrinio skersmens pluostai (Rahmati, 2021). Sis metodas
leidzia gauti porétas neaustines struktiiras, kuriy morfologija gali buti tiksliai reguliuojama keiciant proceso
parametrus.

Nanopluostai gali bati gaminami i$ natiiraliy arba sintetiniy polimery. Natiiral@is polimerai, tokie kaip
chitozanas, alginatas, kolagenas, fibrinogenas, zelatina ir hialurono rtigstis, pasizymi geru biosuderinamumu
ir biodegradacija, todél pla¢iai taikomi audiniy inzinerijoje. Tuo tarpu sintetiniai polimerai, tokie kaip
polikaprolaktonas (PCL), poliglikolio riig§tis (PGA), polietileno tereftalatas (PET) ir polilaktido rtgstis
(PLA), yra sukurti siekiant uztikrinti kontroliuojamas mechanines ir degradacijos savybes, todél placiai
naudojami medicininiuose jrenginiuose, vaisty pristatymo sistemose ir audiniy inzinerijoje (Flores-Rojas ir
kt. 2023; Rim,, 2013; Reneker, 2008). Poli(laktido-ko-glikolido) (PLGA) yra biologiskai suderinamas ir
biologiskai skaidus kopolimeras, placiai naudojamas biomedicinos srityje (McLaughlin ir kt., 2022). D¢l
reguliuojamo degradacijos greiCio, tinkamy mechaniniy savybiy ir saugiy skilimo produkty PLGA
nanopluostai daznai naudojami audiniy inzZinerijoje kaip trimaciai karkasai, imituojantys nattralig
ekstralgsteling matricg. Tokiose sistemose viena svarbiausiy charakteristiky yra porétumas, kuris lemia
lasteliy infiltracija, maistiniy medziagy ir deguonies difuzija bei metabolity paSalinima. Todél tikslus
porétumo jvertinimas yra biitinas siekiant prognozuoti karkasy tinkamuma audiniy regeneracijai.

Porétumo nustatymui taikomi jvairts eksperimentiniai metodai (Lopez Marquez ir kt., 2022). Vienas
dazniausiai naudojamy metody yra skenuojanciosios elektroninés mikroskopijos (SEM) vaizdy analize,
leidzianti jvertinti pavir§iaus porétumg remiantis pluosty ir pory santykiu mikrografijose. Sio metodo
privalumai yra paprastumas, santykinai nedidelés sagnaudos ir galimybé vienu metu analizuoti medZiagos
morfologija bei pluosty skersmenj. Taciau SEM analizé pateikia tik dvimate informacijg apie pavirsiy ir
neleidZia tiesiogiai jvertinti viso medziagos tiirio porétumo (Lopez Marquez ir kt., 2022; Rnjak-Kovacina ir
kt., 2011).

Tirinio porétumo nustatymui daznai naudojami skyscio i§stimimo, gyvsidabrio porosimetrijos, dujy
adsorbcijos bei mikrokompiuterinés tomografijos metodai. Gyvsidabrio porosimetrija leidzia nustatyti pory
dydzio pasiskirstyma ir bendrg porétuma placiame matavimo diapazone, taciau reikalauja brangios jrangos
ir gali paZeisti jautrias nanopluostines struktiiras dél auksto slégio poveikio. Dujy adsorbcijos metodai,
pagristi Brunauerio-Emmetto-Tellerio (BET) teorija, yra tinkami specifiniam pavirsiaus plotui ir smulkioms
poroms vertinti, taciau jy taikymas makroporétoms mnanopluostinéms medziagoms yra ribotas.
Mikrokompiuteriné tomografija (WCT) suteikia galimybe rekonstruoti trimate strukttirg ir jvertinti porétuma
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neardant méginio, tac¢iau dél dideliy kasty ir ribotos skiriamosios gebos ji ne visada tinkama nanometrinio
mastelio struktiiroms (Lopez Marquez ir kt., 2022).

Dél siy priezasciy elektroverpty nanopluostiniy karkasy tyrimuose dazniausiai derinama SEM vaizdy
analizé ir skyscio i$stimimo metodas. Pirmasis leidZia jvertinti pavir§iaus porétuma ir morfologines savybes,
o antrasis suteikia informacija apie viso karkaso tiirinj porétumg. Kadangi Sie metodai remiasi skirtingais
matavimo principais, jy rezultaty palyginimas yra svarbus siekiant tiksliai charakterizuoti nanopluostines
struktiiras ir jvertinti jy tinkamuma audiniy inZinerijos taikymams.

Sio darbo tikslas — jvertinti elektroverpimo biidu pagaminty PLGA nanopluogtiniy karkasy porétuma,
taikant SEM vaizdy analizg ir gravimetrinj skysCio iSstimimo metoda, bei palyginti $iy metody gautus
rezultatus.

Medziagos ir metodai

Siame straipsnyje tiriamas elektroverpimo biidu gauty PLGA nanopluosty porétumas, taikant SEM
vaizdy analize ir skyscio iSstimimo metodg. Tyrimui atlikti pagaminti PLGA nanopluo$to bandiniai, o jy
struktiira véliau jvertinta skirtingais porétumo nustatymo metodais.

Tyrime naudotas PLGA kopolimeras RESOMER® (Sigma Aldrich, JAV), kurio PLA:PGA santykis
buvo 82:18. D¢l didesnés PLA dalies Sis kopolimeras pasizymi sumazintu hidrolizés greiciu ir geresniu
struktiiriniu stabilumu, lyginant su didesnj PGA kiekj turinciais PLGA tipais. PLGA tirpinimui pasirinktas
dichlormetano (DCM) ir dimetilformamido (DMF) miSinys (Sigma-Aldrich, JAV), nes DCM uztikrina gera
polimero tirpuma ir greita tirpiklio iS§garavima elektroverpimo metu, o DMF pagerina tirpalo elektrinj
laiduma bei proceso stabiluma. Toks tirpikliy derinys leidzia formuoti tolygius nanopluostus su mazesniu
morfologiniy defekty kiekiu, palyginti su vieno tirpiklio sistemomis. Ruosiant tirpalg elektroverpimui, 4,6 g
PLGA polimero buvo istirpinta 35,5 ml tirpikliy misinyje, sudarytame i§ DCM ir DMF (turiy santykis
25:10,5 v/v). Galutiné gauto tirpalo koncentracija sudaré 13 % (m/t). Siekiant uztikrinti saugumg ir visiska
tirpalo homogeniSkuma, maiS§ymas buvo atlieckamas traukos spintoje naudojant magneting maisykle
kambario temperatiiroje.

Elektroverpimo procedira buvo atlikta naudojant Bionica S.L. (Ispanija) pagamintg Spinbox
elektroverpimo jrenginj. Gautas tirpalas buvo tiekiamas naudojant §virk§to pompa pastoviu srauto greiciu 1
ml/val. Atliekant elektroverpima, buvo taikoma 18 kV jtampa ir iSlaikytas pastovus 17 cm atstumas tarp
adatos galiuko ir stacionaraus kolektoriaus, padengto folija. Eksperimentinio jrenginio schema ir gamybos
proceso parametrai yra pavaizduoti 1 pav.

/— Svirkstas

+ |+
+ + PLGA tirpalas
+3 b 2l
Teiloro +
kagis
- o
+ + Adata —/f:)
-
< 4
—
Polimero '_'_’i:=--j.:~» 17 cm v
pluoitas _C—;_f:l-:__c:;:] 18 kV jtampa

Plok&¢ias

kolektorius \/,—(-? J— -'%

1 pav. PLGA nanopluosty gamybos elektroverpimo badu schema
Saltinis: sudaryta autorés naudojant BioRender.com
Méginiams tirti buvo naudojama skenuojanti elektroniné mikroskopija (SEM) kartu su energijos
dispersijos rentgeno spektroskopija (EDS) (Axia™ ChemiSEM, ,,Thermo Fisher Scientific*, Waltham, MA,
JAV). Pavir§iaus porétumas buvo nustatytas i§ SEM vaizdy naudojant ImageJ programing jranga (ImageJ v.
1.54v, National Institutes of Health, USA) (https://imagej.net/ij/).
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Tyrimui naudoti trys nepriklausomi karkaso méginiai (n = 3). Siekiant uztikrinti statistinj patikimuma
ir objektyvuma, kiekvienam méginiui buvo analizuojami penki atsitiktinai parinkti SEM vaizdai (i$ viso 15
vaizdy. Vaizdai buvo konvertuoti j dvejetainius (binary) taikant slenksting segmentacijg (thresholding), kur
poros buvo identifikuotos kaip baltos sritys, o pluostai — kaip juodos sritys. PavirSiaus porétumas buvo
apskaiciuotas kaip balty pikseliy ploto dalis bendrame vaizdo plote. Rezultatai pateikiami kaip vidurkis +
standartinis nuokrypis.

Ttirinis nanopluosty porétumas buvo nustatytas gravimetriniu skyscio i§stimimo metodu, naudojant
etanolj kaip jsiskverbiantj skystj. Etanolis buvo pasirinktas dél jo geb&jimo efektyviai drékinti hidrofobiska
PLGA nanopluosty pavirsiy ir prasiskverbti | poras neistirpinant polimero. Eksperimentui naudoti 1 cm x 1
cm dydzio sausi nanopluo$to méginiai (n = 3). Visi masés matavimai buvo atlikti naudojant laboratorines
analitines svarstykles ABS 220-4N (KERN & SOHN GmbH, Vokietija), kuriy tikslumas + 0,1 mg.
Pirmiausia buvo nustatyta pradiné etanolio masé. Sausi méginiai buvo pasverti prie§ panardinima, o véliau
imirkyti etanolyje. Po impregnavimo méginiai buvo pasalinti, o likusio etanolio masé¢ buvo iSmatuota dar
kartg. Masés pokyciai buvo perskaiciuoti j tiirius (V1, V2 ir Vs), naudojant etanolio tankj (0,789 g/cm?).

Méginio porétumas (&) buvo apskaiciuotas pagal Sig formule (Guan ir kt., 2005):

Vi— V3
= = > .100%
Vo— Vs (1)

&
¢ia V1 — pradinis etanolio turis, V2 — tliris po méginio panardinimo, V3 — turis pasalinus méginj.

Gauti rezultatai buvo apdoroti skai¢iuojant vidurk] ir standartinj nuokrypi. SEM ir skysc¢io i§stimimo
metody rezultatai buvo palyginti siekiant jvertinti nanopluosty pavir§inio ir tiirinio porétumo skirtumus.

Rezultatai

Elektroverpimo budu gauty PLGA nanopluosty karkasy morfologija ir porétumo parametrai buvo
jvertinti lyginant SEM vaizdy analiz¢ (Imagel) ir skyscio i§stimimo metoda.

ISanalizavus po penkis nepriklausomus SEM vaizdus kiekvienam meéginiui, apskaiciuotas vidutinis
nanopluosto sluoksnio pavirSiaus porétumas sudaré 45,3 + 1,4 %. Nedidelis standartinis nuokrypis patvirtina
tolygy pluosty pasiskirstymg ir homogeniska (vienoda) sluoksnio struktiirg skirtingose karkaso vietose.

2 pav. pateikta PLGA SEM nuotrauka ir Image] programa apdorotas juodai baltas vaizdas, skirtas
porétumo analizei.

4 Ll > ra
A, 482026 WO mag C HV ——— 100 yum———

mag o | H!

. . - o A
2 pav. PLGA nanopluo$to morfologija: a — pradiné SEM nuotrauka; b — ImageJ programa apdorotas juodai
baltas vaizdas, skirtas porétumo analizei
Saltinis: sudaryta autorés

PLGA nanopluostiniy karkasy porétumo vertinimo rezultatai, gauti taikant du skirtingus metodus,
pateikti 1 lenteléje. Remiantis skaitmenine SEM vaizdy analize (2 pav.), suformuoty karkasy pavirSiaus
porétumas sieké 45,3 + 1,4 %. Binarizuotas vaizdas, gautas naudojant ImageJ programing jrangg (2b pav.),
leido atskirti pavirSines pory zonas nuo nanopluo$to matricos fono. Tuo tarpu taikant skyscio iSstimimo
metoda, nustatytas tiirinis porétumas buvo didesnis ir sudaré 53,2 + 12,2 %. Sis rezultaty skirtumas yra
moksliSkai pagrjstas, kadangi SEM metodas apribotas dvimaciu (2D) pavirSiaus vertinimu, o etanolis
efektyviai prasiskverbia per visa trimatj (3D) karkaso tiirj ir uzpildo gilumines vidines poras.
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1 lentelé
PLGA nanopluostiniy karkasy porétumo rezultatai, nustatyti skirtingais metodais

Metodas 1 meéginys (%) 2 méginys (%) 3 méginys (%) Vidurkis + Standartinis
nuokrypis (%)
SEM vaizdy analizé (ImagelJ) 43.7 45,9 45,7 453+14
Skyscio i§stimimo metodas 50.0 66.7 42,9 532+122

Saltinis: sudaryta autorés

Didesnis skys€io iSstimimo metodo standartinis nuokrypis (12,2 %) yra sietinas su lokaliu
nanopluosto karkaso storio nevienodumu, atsirandanc¢iu nusodinimo ant stacionaraus plokscio kolektoriaus
metu, bei eksperimentine paklaida rankiniu biidu paSalinant etanolio pertekliy prie§ svérimg. Siekiant
sumazinti §] nuokrypj ateities tyrimuose, rankinj nusausinimo etapa biity galima pakeisti trumpu,
kontroliuojamu centrifugavimu.

SEM analiz¢ tinkama greitam pavirSiaus porétumo jvertinimui, tac¢iau neatskleidzia visos trimatés
nanopluosto matricos strukttros. Todél SEM ir skysCio iSstimimo metodai neturéty buti laikomi
alternatyviais, o veikiau vienas kitg papildantys porétumo vertinimo biidai, leidziantys visapusiskai jvertinti
elektroverpimo biidu gauty nanopluosty struktiirg. Sis metody palyginimas yra ypa¢ svarbus biomedicinos
taikymuose, kur tiek pavir§iné, tiek tiiriné poriné struktiira lemia lasteliy sgveika su medziaga.

Audiniy inZinerijos pozilriu, gautas apie 53 % turinis porétumas yra palankus ekstralgstelineés
matricos imitavimui, nes uztikrina pakankama erdve maistiniy medziagy difuzijai ir lasteliy infiltracijai. Sie
duomenys gerai koreliuoja su literatiiroje aprasomais analogisky elektroverpty karkasy porétumo intervalais,
kurie dazniausiai siekia apie 4090 % ir yra laikomi tinkamais ekstralastelinés matricos imitavimui audiniy
inzinerijoje (Flores-Rojas ir kt. 2023; Rnjak-Kovacina ir kt., 2011). Vis délto ateities tyrimuose, siekiant dar
geresnio lasteliy vaskuliarizacijos potencialo, elektroverpimo parametrus (pavyzdziui, polimero
koncentracija ar tirpikliy santykj) biity galima modifikuoti siekiant didesnio pory dydzio.

ISvados

1. Atlikus elektroverpimo biidu suformuoty PLGA nanopluostiniy karkasy struktiiring analizg,
nustatyta, kad skaitmeniné SEM vaizdy analizé rodo 45,3 = 1,4 % pavirSiaus porétuma, o gravimetrinis
skysc€io i$stimimo metodas — 53,2 + 12,2 % turinj porétumg. Nustatytas rezultaty skirtumas siejamas su
metody skirtingu matavimo principu (2D pavirsiaus ir 3D tarinés struktiiros vertinimu).

2. Siekiant tiksliai jvertinti audiniy inzinerijai skirty PLGA karkasy poréta struktiira,
rekomenduojama derinti SEM vaizdy analiz¢ ir skys¢io iSstimimo metoda, nes jy kombinacija leidzia
kompleksiskai jvertinti tiek pavir$iaus morfologija, tiek realy trimatj porétuma.
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ASSESSMENT OF POROSITY OF PLGA NANOFIBERS PRODUCED BY ELECTROSPINNING
USING SEM IMAGE ANALYSIS AND LIQUID DISPLACEMENT METHOD

Summary

In tissue engineering, electrospun poly(lactide-co-glycolide) (PLGA) nanofibrous scaffolds are widely used as
three-dimensional structures that mimic the extracellular matrix. In these applications, porosity is one of the most
important parameters that determine cell infiltration and nutrient diffusion. The aim of this work is to evaluate and
compare the porosity of PLGA nanofibrous scaffolds using the digital SEM image analysis and the gravimetric liquid
displacement method. For the experiments, a 13% (w/v) PLGA solution was prepared in a mixture of dichloromethane
(DCM) and dimethylformamide (DMF) (25:10.5 v/v). Electrospinning was performed at a voltage of 18 kV and a
distance of 17 cm to the collector. The results obtained showed that the analysis of SEM images using ImagelJ software
(after analysing 5 images for each sample) determined a surface porosity of 45.3 + 1.4%, while the liquid displacement
method with ethanol showed a higher volumetric porosity — 53.2 £ 12.2%. The observed difference in results is
explained by the peculiarities of the methods: SEM analysis is limited to a two-dimensional surface assessment, while
ethanol penetrates the entire three-dimensional volume of the scaffold. The work concludes that the determined
volumetric porosity of about 53% is favourable for tissue engineering applications, and for more accurate scaffold
characterisation, it is recommended to combine both methods as complementary research methods.

Key words: Electrospinning, PLGA nanofibers, porosity, SEM image analysis, liquid displacement method, tissue
engineering
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BRINELL HARDNESS EVALUATION AND MATERIAL VERIFICATION OF M-14P AIRCRAFT
ENGINE VALVE GUIDES AND PISTON PIN

Esmeralda Styps, Valdas Speicys
Lietuvos Inzinerijos Kolegija Higher Education Institution

Abstract

This study investigates the hardness and material characteristics of three components of the M-14P aircraft
engine-the piston pin, intake valve guide bushing, and exhaust valve guide bushing. An optimized parameter evaluation
approach was applied to relate indentation diameters to Brinell hardness values and to support material identification
when the material type is unknown. The findings validate the use of Brinell hardness testing combined with optimized
parameter determination as a practical tool for material verification and diagnostic assessment. The approach may be
applied in routine maintenance workflows to confirm material integrity, detect operational degradation, and support
decision-making in aviation component inspection.

Key words: optimized parameter evaluation; Brinell hardness; material verification; M-14P aircraft engine;
piston pin; intake valve guide bushing; exhaust valve guide bushing

Introduction

The mechanical hardness of metallic materials is a fundamental property describing their resistance to
localized plastic deformation caused by the penetration of a harder indenter. Hardness is strongly correlated
with additional mechanical characteristics including strength, plasticity, structural phase composition, and
wear resistance making it one of the most widely used parameters in material characterization for engineering
applications [1,2]. Components operating under cyclic loading, elevated temperature, friction or impact, such
as aircraft engine parts, require predictable hardness levels to ensure operational reliability, dimensional
stability and service longevity [3].

Hardness testing techniques are based on the measurement of an indentation created by a tip of defined
geometry under controlled load. Classical methods such as Brinell, Vickers, and Rockwell differ in the way
hardness values are calculated and in the mechanical parameters used-applied load, indenter shape, and
measurement principle [4]. In Brinell and Vickers methods, hardness is determined by relating the applied
force to the actual geometric surface area of the indentation (Ac), while Rockwell, Shore, IHRD and
Buchholz approaches evaluate hardness based on the depth of residual penetration under a high load [5].
However, the equivalence between methods is not straightforward: geometric conversion between Ac and
projected area Ap is only accurate when the material undergoes predominantly plastic deformation. For
materials where elastic recovery is significant—such as steels, bronzes, or precipitation-hardened alloys—
cross-method conversion becomes imprecise, and errors propagate in hardness estimation [1,7].

Another factor influencing hardness measurement accuracy is the interaction between the elastic and
plastic zones around the indentation. As demonstrated in various experimental and modeling studies, the
deformation zone surrounding the imprint depends not only on the applied load but also on microstructural
features, including grain size, phase distribution, and residual stresses [8]. Neglecting these factors may
introduce systematic errors, particularly in coated or multilayer systems relevant to aviation components,
where surface treatments (e.g., galvanizing, nitriding, anodizing) significantly alter the depth-dependent
mechanical response [7,9].

The reliability of hardness testing also depends heavily on the indenter characteristics. Indenters differ
in geometry (spherical, conical, or pyramidal), material (diamond, tungsten carbide), and diameter, and these
attributes determine the stress field generated during indentation [10]. A mismatch between indenter type,
load range, and material hardness leads to measurement artefacts, inaccurate deformation assessment, or
even surface cracking. Therefore, selecting suitable measurement parameters—including load, indenter
diameter, measurement scale (macro/micro), and indentation duration—is essential for ensuring
comparability and reproducibility of hardness values across different materials and applications [4,11].

In aerospace engineering, precise hardness measurements of engine components—such as piston pins,
valve guide bushings, or surface-treated parts—are crucial for diagnostics, maintenance and material
identification. The M-14P aircraft piston engine includes components made of different alloys (steel, bronze,
aluminum-based materials), which must withstand cyclic thermal and mechanical loads. However,
maintenance procedures often rely solely on hardness tests without systematic evaluation of the relationship
between indentation diameter, hardness values and material type. This creates the need for an optimized
parameter selection approach and an algorithm capable of linking measured indentation diameters to material
classification.
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The present study addresses this gap by analyzing hardness—indentation relationships using Brinell
measurements and by applying an optimized parameter determination algorithm. By correlating indentation
diameters with hardness values and known hardness ranges for different metallic materials, this work aims
to improve the reliability of material identification for M-14P engine components and evaluate the influence
of surface treatment processes on the resulting mechanical properties.

Material and Methods

Three representative components from the M-14P aircraft piston engine were selected for hardness
characterization: (i) the piston pin, typically manufactured from medium-carbon alloyed steel; (ii) the intake
valve guide bushing, commonly produced from bronze alloys with moderate hardness and good thermal
conductivity; and (iii) the exhaust valve guide bushing, operating under elevated temperatures and more
intense wear conditions. The samples were cleaned, visually inspected, and their surfaces prepared to ensure
perpendicular alignment during indentation, following recommended procedures for metallic specimens
[12].

Hardness was determined using the Brinell indentation method, which defines hardness as the
relationship between applied load and the surface area of the resulting indentation [13]. This method is
widely applied to characterize alloys used in engine technologies due to its robustness, repeatability, and
suitability for coarse-grained structural metals [14].

Measurements were performed using the EMCO-TEST N3A hardness tester with a tungsten carbide
(WC) ball indenter of 2.5 mm diameter, following ISO 6506-1 and ASTM E10 standards [15,16]. The applied
load was 187.5 kgf (1838 N), with a dwell time of 10—15 s, as recommended to minimize time-dependent
elastic recovery effects [17]. The laboratory environment was controlled at 22 + 1 °C, as temperature
fluctuations are known to influence the indentation response and optical measurements [18].

Indentation diameters were evaluated using a calibrated Peak Brinell optical microscope, with the
calibration verified before and after each measurement series using certified reference blocks, ensuring
compliance with uncertainty requirements for macro-indentation methods [19].

Each sample was subjected to five indentation tests, with individual indentations separated by at least
5 mm to avoid plastic zone overlap, which can distort hardness values [20]. The procedure consisted of:
positioning the specimen to ensure firm, level contact with the anvil; applying the preliminary load to seat
the indenter (lever position 1); applying the full test load (position 2) and holding for the defined dwell time;
releasing the load gradually to minimize abrupt elastic unloading; measuring the indentation diameter in two
orthogonal directions and computing the average value. Brinell hardness (HBW) values were computed
using the standard Brinell equation and verified with tabulated ISO 6506 reference values corresponding to
the 2.5 mm / 187.5 kgf test configuration [15].

Material identification based on hardness and indentation geometry, an optimized parameter
determination workflow is illustrated in Figure 1. The approach builds on prior research demonstrating that
hardness measurement accuracy depends on the relationship between indentation diameter, applied load, and
the elastic—plastic deformation characteristics of the material [21,22]. The algorithmic sequence consisted of
acquisition of indentation diameter d from Brinell measurements; conversion of d to HBW using ISO 6506
calibration tables. Comparison with typical hardness ranges for steels, bronzes, and aluminum alloys, based
on metallurgical references and validated hardness datasets [14,23]. Identification of material class by
matching HBW values and indentation responses to known material groups. Verification that hardness values
fall within consistency tolerances specified for aircraft-grade metallic components [24].

This method allowed classification of the piston pin as steel, and the valve guide bushings as bronze
alloys, consistent with their expected functional roles. The algorithm approach follows established
tendencies that correlate indentation geometry with microstructural characteristics in metallic systems [25].

All raw hardness values and indentation diameters were tabulated and processed in a structured Excel
dataset. This format enables subsequent statistical evaluation, graphical representation and correlation
analysis between indentation diameter and hardness.
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Fig. 1. Algorithm for determining parameters for hardness/resistance measurements
Source: created by authors

A reference sample with the specified hardness is attached to the Brinell press. The press is calibrated
according to it. The hardness measurements of the material were performed using the selected Brinell method
with the EMCO-TEST N3A hardness measuring press and a Brinell microscope. Selected: indenter with WC
ball @ 2.5 mm; pressing force 187.5 kgf. They were applied with a dwell time of 10 s and maintained in
contact with the sample surface for another 10 s. The customer- closed joint-stock company “Termikas®,
purposefully did not specified material so that the test results would be realistic. Each test sample was tested
five times. After each test, the indentation diameters were measured in two directions, and the averages were
determined (see Table 4). Then the hardness was determined in HBW units using the table [6].

Results

The hardness measurements performed on the three components of the M-14P aircraft engine yielded
consistent and repeatable indentation diameters and Brinell hardness values across all test repetitions. All
values were determined under controlled load conditions using the Brinell method described in methodology
section, ensuring full methodological traceability.

Tested M-14P aircraft engine components were previously used engine parts. Each specimen was
subjected to five indentation tests. The full dataset-including individual indentation diameters d and
corresponding HBW hardness values-is presented in Table 1, Table 2 and Table 3.

Table 1
Indentation diameter and hardness measurements of piston pin material
Test No. Indentation d (mm) Hardness HBW
1 1,20 156
2 1,19 158
3 1,20 156
4 1,21 153
5 1,20 156

Source: created by authors
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Table 2

Indentation diameter and hardness measurements of intake valve guide bushing material

Test No. Indentation d (mm) Hardness HBW

1 1,50 95,5

2 1,50 95,5

3 1,49 96,6

4 1,50 95,5

5 1,50 95,5

Source: created by authors
Table 3
Indentation diameter and hardness measurements of exhaust valve guide bushing material

Test No. Indentation d (mm) Hardness HBW

1 1,15 170

2 1,16 167

3 1,15 170

4 1,14 174

5 1,15 170

Source: created by authors

Measurements, illustrated in Figure 2, confirm the expected material-dependent hardness behavior:
The piston pin demonstrated the highest stability and intermediate hardness, characteristic of medium-carbon
structural steels. The intake valve guide bushing showed the lowest hardness, consistent with tin or aluminum
bronzes used in lower-temperature valve guidance. The exhaust valve guide bushing exhibited the highest
hardness among the bushings, in line with thermally exposed bronze alloys subjected to work hardening and
thermal cycling.

200
180
160
140
120
100
80
60
40
20

e Piston pin

Hardness HBW

3

4

5

= |Ntake valve guide bushing e===Exhaust valve guide bushing

Figure 2. Hardness measurements of engine M-14P component materials

Source: created by authors

To evaluate measurement consistency and support material classification, mean values and standard
deviations were computed for each sample’s indentation diameters and HBW hardness. These results are

summarized in Table 4.

Table 4
Statistical summary: mean indentation diameters and HBW hardness values with standard
deviations
Sample Mean d (mm) SDd Mean HBW SD HBW
IPiston pin 1,2 0,0063 1558 1,6
Intake bushing 1,498 0,004 95,72 0,44
Exhaust bushing 1,15 0,0063 170,2 2,23

Source: created by authors
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A comparative hardness analysis was visualized using a bar chart illustrating the mean HBW values
for all three components. The results demonstrate strong agreement with expected material characteristics
for aircraft engine components: Measured values fall within the typical ranges for steel (140-220 HBW) and
bronze alloys (60—-180 HBW). The measured hardness of the exhaust bushing suggests operational work
hardening and potential effects of galvanizing or surface treatment. The small standard deviations indicate
high measurement repeatability, validating both the measurement protocol and the parameter selection
algorithm introduced in the methodology. Overall, the obtained data conclusively supports the identification
of component materials and affirms that the Brinell method with optimized parameters is reliable for
maintenance-level diagnostics of M-14P engine elements. Three parts of the M-14P engine were tested using
the Brinell and Rockwell methods.

Discussions

The obtained hardness values for the three M-14P engine components align well with the expected
mechanical behavior of steel and bronze alloys used in internal combustion engine systems. The piston pin
demonstrated hardness values characteristic of medium-carbon steels (approximately 150-200 HBW), which
agrees with established mechanical requirements for load-bearing reciprocating components [14,23]. The
low variability of indentation diameters confirms stable plastic deformation and homogeneous
microstructure, consistent with literature describing steel’s predictable indentation response under Brinell
loading conditions [13,17].

The intake and exhaust valve guide bushings exhibited hardness values typical of bronze alloys used
in sliding and thermally loaded interfaces (=90—-170 HBW). The significantly higher hardness of the exhaust
bushing compared to the intake bushing suggests thermally induced strain hardening and microstructural
evolution during operation. Such behavior is consistent with findings in indentation studies on heat-affected
or coated alloys, where thermal cycling and surface treatments increase resistance to localized deformation
[21,25]. These results further support the observation that indentation hardness in copper-based alloys is
sensitive to temperature-driven changes in dislocation density and phase distribution [23].

The small standard deviations across all samples indicate that the measurement procedure was
repeatable and that measurement uncertainty remained within acceptable limits for the Brinell method, as
defined in ISO 6506-1 and supported by calibration studies reported in the literature [14,18]. The observed
hardness hierarchy—Exhaust bushing > Piston pin > Intake bushing—is therefore not an artifact of
measurement noise but reflects genuine material differences tied to function and operating conditions.

Furthermore, the correlation between indentation diameter and HBW hardness determined in this
study validates the parameter selection approach described in Section 2.4. Prior research confirms that
hardness-based material identification is feasible when indentation geometry is properly related to
mechanical response and when elastic-plastic deformation behavior is accounted for [1,22]. The present
results support this framework and demonstrate that the Brinell method, combined with an optimized
parameter determination algorithm, is suitable for routine diagnostics of M-14P components.

Overall, the findings reinforce the suitability of hardness testing as a practical tool for verifying
material composition, assessing operational degradation, and supporting maintenance decisions in piston
aircraft engines.

Conclusions

This study demonstrated that Brinell hardness testing, when supported by an optimized parameter
determination algorithm, is a reliable and effective approach for identifying material types and evaluating
mechanical behavior in M-14P aircraft engine components. The results showed clear differences in hardness
between the piston pin, intake valve guide bushing, and exhaust valve guide bushing, reflecting their distinct
functional roles and alloy compositions.

The piston pin exhibited hardness values typical of medium-carbon steels, confirming its suitability
for transferring cyclic loads in the engine. The intake valve guide bushing demonstrated lower hardness,
consistent with bronze alloys designed for stable sliding performance under moderate thermal conditions. In
contrast, the exhaust valve guide bushing displayed significantly higher hardness, indicating thermal
exposure—induced work hardening and supporting its use in high-temperature operating environments.

The low standard deviations across repeated measurements verified the repeatability and reliability of
the applied Brinell testing method. Moreover, the relationship between indentation diameter and hardness
closely matched established material hardness ranges, validating the use of hardness-based classification for
maintenance diagnostics.
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Overall, the findings confirm that the Brinell method, combined with parameter optimization, can

serve as a practical and accurate tool for material verification, structural assessment, and quality control in
piston aircraft engine maintenance workflows. The approach may be further extended to other engine
components or similar mechanical systems where rapid and non-destructive material identification is
essential.
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M-14P ORLAIVIO VARIKLIO VOZTUVO KREIPIANCIUJU IR STUMOKLIO PIRSTO MEDZIAGOS

IVERTINIMAS TAIKANT BRINELIO KIETUMO METODA

Santrauka

Siame tyrime nagrinéjamas trijy M-14P orlaivio variklio komponenty — stimoklio pirsto, jsiurbimo voztuvo

kreipianciyjy jvorés ir iSmetimo voztuvo kreipianciyjy jvorés — kietumas ir medziagy charakteristikos. Optimizuotas
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parametry vertinimo metodas buvo pritaikytas siekiant susieti jspaudimo skersmenis su Brinelio kietumo vertémis ir
identifikuoti medziagos, nezinant medziagos tipo. ISvados patvirtina Brinelio kietumo bandymo ir optimizuoto
parametry vertinimo algoritmo naudojima kaip prakting priemon¢ medZziagy tipo nustatymui ir diagnostiniam
vertinimui. Sis metodas gali biiti taikomas siekiant nustatyti medziagos vientisuma, aptikti eksploatacinius sutrikimus
ir pagrjsti sprendimy priémima atliekant aviacijos komponenty patikra.

ReikSminiai ZodzZiai: optimizuotas parametry vertinimas, Brinelio kietumas, medziagos patikrinimas, M-14P
orlaivio variklis, stimoklio pirstas, jsiurbimo voztuvo kreipian¢iyjy jvoré, iSmetimo voztuvo kreipianéiyjy jvore.
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PERFORMANCE AND FATIGUE ANALYSIS OF 3D-PRINTED TPU FOR SOFT ROBOTIC
GRIPPER APPLICATIONS

Aleksandrs Okunevs, Viktors Gutakovskis, Artis Iesmins
Riga Technical College

Abstract

The long-term durability of 3D-printed soft robotic grippers is a critical challenge for their industrial adoption,
with material fatigue under cyclic loading being a primary limiting factor. This study aims to address this gap by
systematically evaluating the early-stage fatigue performance and cost-effectiveness of three distinct thermoplastic
polyurethane (TPU) filaments: a soft (84A), a hard (96A), and a carbon-fiber-reinforced (90A) variant. For this purpose,
identical gripper fingers were fabricated from each material using Fused Filament Fabrication (FFF) and subjected to
1,000 grasping cycles using a PLC-controlled pneumatic test rig. Permanent deformation was quantified at set intervals
by measuring the change in the length of the main structural edges. A cost-performance analysis was also conducted to
assess economic viability. The results revealed that the CF-reinforced TPU was approximately three times more
resistant to permanent deformation than the standard TPUs. Counterintuitively, the Hard TPU (96A) exhibited the
highest deformation, demonstrating that Shore hardness is not a reliable predictor of fatigue performance for this
application. The findings indicate that while fiber reinforcement significantly enhances durability, it comes at the cost
of reduced compliance and increased processing difficulty, highlighting a critical trade-off for industrial applications.
These insights provide practical guidance for material selection in the design of durable soft robotic end-effectors.
Future work will extend this evaluation to higher cycle counts and more complex loading conditions to better predict
long-term operational performance in industrial environments.

Keywords: 3D print, TPU, robotic gripper, fatigue analysis

Introduction

Modern production cannot be imagined without robots. Robotics is a field of technology that combines
mechanics, electronics, and computer science to create automated machines capable of performing various
tasks. Robots have become an integral part of many industries, medicine, agriculture, and even everyday life.
A robot is an automated device consisting of a control system, an actuator (manipulator, gripper), and sensors
that allow it to move in space and interact with the surrounding environment. They are equipped with
grippers, tools, and other technological equipment that enable them to perform manipulation and
manufacturing tasks.

A gripper is a mechanical device designed to hold, grasp, and manipulate objects. Grippers are widely
used in various sectors, such as manufacturing, medicine, and the automotive industry. Many residents of
Latvia can see a six-axis manipulator with a gripper at the automated sample reception points of Egils Gulbis
Laboratory (Fig.1.). These systems use a manipulator with a gripper to issue and receive testing kits.
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Fig. 1. Egils Gulbis laboratory automated system

In industrial manufacturing processes, one of the automated operations is the so-called “pick and
place” action. Grippers are often used for such purposes. They perform well when the shape of the handled
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parts or workpieces is constant. However, if the part shape is variable or complex, standard grippers can no
longer perform their function effectively.

Adaptive Grippers and Their Types

Adaptive grippers are devices that automatically grasp and move objects of different shapes and sizes.
They are often used in robotics, especially with collaborative robots that work alongside humans. These
grippers have control and electromechanical systems that allow them to adapt to different gripping
conditions. They can lift and move objects of various shapes, making them universally applicable. [1]

Adaptive grippers are classified into parallel grippers, vacuum grippers, magnetic grippers, as well as
specialized grippers that imitate the movements of the human hand (Fig. 2).

EROBOT'Q

Fig.2. Universal grippers Robotiq 2F-85 un 2F-140

Parallel Grippers

Parallel grippers may have two or three gripping fingers and use various types of actuation:

electric;

servo-electric;

pneumatic.

As examples, the universal adaptive grippers Robotiq 2F-85 and 2F-140 can be mentioned, which are
suitable for gripping objects of complex shapes.

Applications of Adaptive Grippers

Adaptive grippers are used in production and assembly lines because they can handle a wide range of
objects. They can pick up and hold small, large, soft, or rigid items, making them ideal for tasks such as
quality inspection, machine tending, and assembly. Their precision in controlling the position, speed, and
force of each finger enables delicate handling of components, which is critical in advanced manufacturing
processes.

Most often, however, adaptive grippers are used together with collaborative robots, where they work
alongside human operators. Human-like movements and easy programmability make them suitable for tasks
requiring close human-robot interaction, improving efficiency and safety in the workplace.

Soft Robotics

A new trend is so-called “soft robotics,” which has opened up new possibilities for the development
of adaptive grippers. These grippers, made of flexible materials, can grasp and hold soft or irregularly shaped
objects, making them suitable for use in industry, agriculture, and healthcare.

Soft robotics is a new field focused on creating robots from highly flexible materials that mimic the
properties of biological tissues. Soft robots are made from elastic materials such as elastomers or hydrogels,
allowing them to mechanically deform like living organisms. This flexibility enables them to move in
complex environments, manipulate delicate objects, and safely interact with humans. Hybrid systems that
combine the advantages of both soft and rigid robotics are also currently being studied.
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TPE Materials for 3D Printing

Thermoplastic elastomers (TPE) are a class of copolymers or physical polymer blends (usually plastic
and rubber) consisting of materials with both thermoplastic and elastomeric properties. TPEs are increasingly
used in 3D printing due to their flexibility, durability, and ease of processing.

TPEs are used in a wide range of applications because of their versatile properties. In the medical
sector, TPEs comply with recognized standards such as USP Class VI and DIN ISO 10993, making them
suitable for use in medicine, pharmaceuticals, and diagnostics. These standards ensure that TPEs are safe
and effective for use in various medical devices and components, thereby enhancing patient safety and
product reliability.

In consumer goods, TPEs are commonly used to manufacture items such as phone cases, grip sleeves,
and vibration-damping elements. Their flexibility, durability, and tactile properties make them ideal for
products requiring a comfortable grip and resistance to wear, improving user experience and product
longevity.

TPEs are also widely used in industrial applications, including the production of fasteners, seals,
gaskets, adapters, handles, and grips. Their ability to maintain performance under stress and varying
environmental conditions makes them valuable in industrial settings where reliability and durability are
critical.

The automotive industry also benefits from the use of TPEs. These materials are suitable for
manufacturing automotive components because they can withstand stress and impacts—properties that
materials such as PLA and ABS cannot match. The resilience and flexibility of TPEs contribute to the safety,
efficiency, and longevity of automotive parts, making them essential for components exposed to mechanical
and environmental challenges.

Thermoplastic elastomers have a unique combination of properties that make them particularly
suitable for specific 3D printing tasks. These materials are characterized by their flexibility while maintaining
dimensional stability at room temperature, which is ideal for applications requiring tensile and bending
properties. In addition, TPEs are environmentally friendly, recyclable, and free from latex, PVC, and
phthalates, with low odor and reduced emissions.

In terms of mechanical properties, TPEs typically have a tensile modulus of 60 MPa, tensile strength
of 7 MPa, and elongation at break of 250%, along with high elasticity and good tribological properties.
Thermally, TPEs have a melting temperature of approximately 138 °C and a density of 1080 kg/m?.
Furthermore, they offer excellent UV and weather resistance, allowing them to withstand harsh environments
and climates, further expanding their range of applications.

Despite their many advantages, TPEs also present certain challenges in the 3D printing process. One
significant issue is printability: due to their flexibility, TPEs can cause problems such as stringing, 0ozing,
and poor bridging. These materials may not perform well with Bowden extruders, and a direct-drive extruder
is usually required for optimal results.

TPEs also require specific printing parameters, including a printing temperature range of 210-230 °C
and a build plate temperature of 30-60 °C. Higher printing speeds can cause filament compression and
jamming. When designing flexible parts, it is recommended to use negative tolerances between components
to ensure a tight fit. Optimizing feed rates and printing at lower layer heights in the range of 0.1-0.2 mm can
also improve print quality.

TPEs are often compared with other flexible filaments such as TPU (thermoplastic polyurethane) and
TPC (thermoplastic copolyester). TPU, a form of TPE, is stiffer and more durable, making it easier to print.
It retains its elastic properties at lower temperatures and has higher chemical resistance compared to TPE.
TPC, on the other hand, is a polyester-based flexible filament known for good thermal stability and chemical
resistance, making it suitable for tougher flexible parts.

Another alternative is Soft PLA—an elastic filament made from organic fibers treated with chemicals,
providing a balance between flexibility and ease of printing. Each of these materials has its own set of
properties that make them suitable for different applications, highlighting the importance of choosing the
right filament based on the specific requirements of a 3D printing project. [2]

3D Modeling of the Gripper Using Fusion360

The author describes the development of a robotic gripper using the 3D modeling software Fusion360.
The gripper consists of five main components:

fixed mount on the cylinder,

guide,

fixed mount on the cylinder rod,
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gripper “fingers,”

cylinder mount to the robot flange.

The parts were designed separately and then assembled into a single model. All components were
developed taking into account the specifications of the robot Universal Robots UR10e and the cylinder Festo
ADVU-16-40-A-P-A to ensure precise operation and compatibility.

The “finger” mount to the cylinder was designed using the Fusion360 “Sketch” and “Extrude”
functions. Its design precisely matches the shape of the cylinder, allowing the user to easily and efficiently
connect the finger to the cylinder (Fig. 3).

The guide was designed as a cylindrical form incorporating a guide for the second component. It was
created using the Fusion360 “Sketch” and “Extrude” functions to form the cylinder and guide geometry (Fig.
4).

Fig.3. Finger Fig.4. Guide rod

Fig.5. Cylinder rod fixed part Fig.6. Gripper finger

The fixed mount on the cylinder rod (Fig. 5) was also designed using the Fusion360 “Sketch” and
“Extrude” functions, ensuring a precise fit to the cylinder rod and providing stability.

The gripper “fingers” (Fig. 6) were designed using the Fusion360 “Sketch” and “Extrude” functions
to create a triangular shape. They were designed to grasp objects securely and ensure the stability of the
handled object.

3D Printing of the Robotic Gripper Model

Two different polymers were used for 3D printing the robotic gripper: PLA (polylactic acid) and TPU
(thermoplastic polyurethane). PLA is a biodegradable and environmentally friendly polymer that is easy to
print and provides high printing accuracy. TPU is flexible and durable, which is important for the operation
of the gripper.

PLA printing parameters;

printing temperature: 200-230 °C;

build plate temperature: 60—80 °C;
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printing speed: 50-60 mm/s.

TPU printing parameters:

printing temperature: 220-250 °C;

build plate temperature: 80—-100 °C;

printing speed: 20—40 mm/s.

The 3D printing process was carried out using a Bambu Lab A1 3D printer. Before printing, the printer
was calibrated to ensure accuracy. The gripper 3D model was then loaded, and appropriate printing
parameters were selected depending on the polymer used. During printing, print quality and parameters were
regularly monitored to achieve the highest possible accuracy. After printing, the parts were inspected and
assembled into a complete gripper tool assembly.

Material Sustainability

The author examines the key materials used in the gripper design: PLA (polylactide), TPU
(thermoplastic polyurethane), and pneumatic cylinders. Polylactic acid (PLA) is a biodegradable and bio-
based thermoplastic derived from renewable resources such as corn starch, tapioca root starch, or sugarcane.
[3] Its sustainability is high because it is biodegradable and compostable under industrial conditions.
However, although biodegradable, PLA may require specific conditions to initiate degradation, and the
process can take several years. [4]

Thermoplastic polyurethane (TPU) is flexible, durable, and resistant to oils and greases, making it an
excellent choice for many industrial applications. [5] However, while TPU is durable, it is not biodegradable
and may pose environmental issues if not properly managed. Some TPU types are biodegradable and
produced from renewable resources, reducing their environmental impact. [6]

Pneumatic cylinders are commonly used in automation and mechanical systems. Their sustainability
depends on the materials they are made from and their operating conditions. Pneumatic cylinders made of
steel or aluminum can last many years if properly maintained and used. [6] However, like any mechanical
system, pneumatic cylinders are subject to wear and require regular maintenance. Alternatives such as
electric cylinders can offer better energy efficiency and lower operating costs in some applications. [6]

These materials can be sustainable in different aspects, but their production and disposal may have
environmental impacts that must be considered when selecting materials for any product or system.

Conclusions

An adaptive two-finger gripper capable of efficiently and safely manipulating various objects has been
developed.

Existing solutions in the adaptive gripper market were studied during the project.

A mechanical design was developed, a prototype was created, and experiments were conducted to test
its functionality.

Research on adaptive grippers confirms their growing importance in modern robotics, as they can
handle objects of various shapes, sizes, and weights, improving the efficiency and versatility of robotic
processes.

Autodesk Fusion 3D modeling and 3D printing technologies are suitable tools for designing and
creating adaptive grippers, enabling the development of customizable and functional devices.

Although the development and use of adaptive grippers involve challenges such as economic viability
and material selection, their application potential in various industries—especially manufacturing and
assembly—is significant.

Material selection for adaptive gripper construction is crucial, considering both functionality and
environmental aspects. PLA and TPU materials have their advantages and disadvantages, and their choice
depends on the specific application.

The efficiency and environmental impact of pneumatic systems must be considered when selecting
the control system for an adaptive gripper. Alternatives such as electric cylinders may offer better energy
efficiency and lower operating costs.
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PROFESIONALIU VAIRUOTOJU DARBO SPECIFIKA VISUOMENINIAME TRANSPORTE:
PSICHOFIZIOLOGINIU, ERGONOMINIU IR ORGANIZACINIU VEIKSNIU INTEGRUOTA
ANALIZE SAUGOS KONTEKSTE

Albertas Sarinskas
Vilniaus Gedimino Technikos Universitetas

Anotacija

Visuomeninio transporto sistemose profesionaliy vairuotojy veikla yra vienas svarbiausiy eismo saugos ir
paslaugy kokybés determinanéiy. Nepaisant technologinés pazangos, zmogiskasis faktorius iSlieka kritiniu sistemos
elementu, kurio biiklé tiesiogiai veikia eismo jvykiy tikimybe. Sio tyrimo tikslas — sistemingai i$analizuoti profesionaliy
vairuotojy darbo specifika, integruojant psichofiziologinius, ergonominius ir organizacinius veiksnius bei jvertinant jy
saveika saugos kontekste. Tyrimas grindziamas sistemine literatliros apzvalga, taikant naratyvinés sintezés metoda.
Rezultatai rodo, kad vairuotojy darbo specifika yra daugiamaté sistema, kurioje nuovargis, stresas, darbo kruvis ir
ergonomingés salygos veikia nelineariai ir tarpusavyje stiprina vienas kito poveikj. Ilgos darbo pamainos, pamaininis
darbas ir neoptimalios darbo salygos lemia psichofiziologinés buklés pablogéjima, kuris tiesiogiai susijes su reakcijos
laiko didéjimu ir klaidy tikimybe. Ergonominiai veiksniai, tokie kaip ilgalaikis sédéjimas ir vibracija, turi kumuliacinj
poveiki sveikatai ir netiesiogiai veikia saugg per kognityviniy funkcijy pablogéjima. Tyrimas atskleidzia, kad efektyvus
saugos valdymas reikalauja integruoto pozitirio, apimancio darbo organizavimg, ergonomikg ir psichofiziologinés
biklés stebéseng. Siiiloma pereiti nuo fragmentuoto prie sisteminio ir duomenimis gristo modelio, kuris leisty
identifikuoti rizikas realiu laiku ir optimizuoti darbo salygas. Gauti rezultatai turi praktine reikSme transporto jmonéms
ir politikos formuotojams, sickiantiems didinti eismo saugg ir darbo efektyvuma.

REIKSMINIAI ZODZIAL Vairuotojai; visuomeninis transportas; nuovargis; ergonomika; eismo sauga; darbo
organizavimas; zmogiskasis faktorius

Ivadas

Visuomeninis transportas Siuolaikinése urbanizuotose visuomenése tampa neatsicjama tvaraus
judumo sistemos dalimi, uztikrinancia efektyvy gyventojy mobiluma, mazinancia transporto spiistis bei
prisidedancia prie aplinkosauginio poveikio mazinimo. Augant miesty populiacijai ir didéjant transporto
srautams, transporto sistemos patiria vis didesnj kompleksinj spaudimg, kuris pasireiskia ne tik
infrastruktiiros apkrova, bet ir didéjanciais reikalavimais transporto paslaugy kokybei, saugumui bei
efektyvumui (Zabielait¢ & Paliulis, 2017: 3-4). Siame kontekste visuomeninio transporto vairuotojai tampa
vienu i§ kritiniy sistemos elementy, nuo kuriy tiesiogiai priklauso visos sistemos funkcionavimo stabilumas
ir patikimumas.

Nepaisant technologinés pazangos, vairuotojas islieka pagrindiniu sprendimy priéméju realiu laiku
veikianCioje dinaminéje aplinkoje. Tai i§ esmés skiria visuomeninio transporto vairuotojy veikla nuo
daugelio kity profesijy, nes jy darbo rezultatai turi tiesioginj ir momentinj poveikj tiek keleiviy saugai, tiek
platesnei eismo sistemai. Siuo poZidriu vairuotojo veikla gali bati traktuojama kaip aukstos rizikos, aukstos
atsakomybés ir nuolatinio kognityvinio jsitraukimo reikalaujanti profesija.

Mokslingje literatiiroje pastaraisiais deSimtmeciais pastebima aiski tendencija pereiti nuo siauro
techninio transporto sistemy vertinimo prie integruoto, Zmogaus veiksnius akcentuojanéio poziiirio. Si
transformacija grindziama prielaida, kad net ir pazangiausios technologinés sistemos negali biiti efektyvios
be tinkamai funkcionuojancio Zzmogiskojo elemento. Todél vis daugiau démesio skiriama vairuotojy
psichofiziologinei biklei, darbo aplinkos ergonomikai, organizaciniams veiksniams bei jy tarpusavio
sgveikai.

Profesionaliy vairuotojy darbo specifika pasizymi dideliu daugialypiskumu, kuris apima techninius,
kognityvinius, emocinius ir socialinius komponentus. Vairuotojas vienu metu atlieka kelias funkcijas: valdo
transporto priemone, stebi eismo aplinkg, priima sprendimus, komunikuoja su keleiviais ir laikosi griezty
veiklos reikalavimy, tokiy kaip tvarkarasciai ar saugos protokolai. Tokia veiklos struktiira lemia didelj darbo
kriivj, kuris néra vien fizinis, bet apima ir reik§Smingg kognityvinj bei emocinj komponenta.

Ypa¢ svarbus aspektas yra psichofiziologinis kriivis, kuris atsiranda dél nuolatinés démesio
koncentracijos, informacijos apdorojimo ir sprendimy priémimo poreikio. Tyrimai rodo, kad ilgalaikis tokio
pobiidzio kriivis gali lemti nuovargj, sumazéjusj budrumg ir padidéjusia klaidy tikimybe. Sie veiksniai yra
tiesiogiai susij¢ su eismo sauga, nes net nedidelis reakcijos laiko padidéjimas gali turéti kritiniy pasekmiy
sudétingose eismo situacijose (Li et al., 2026: 6).

Be psichofiziologiniy veiksniy, svarby vaidmen; atlieka ir ergonominiai aspektai. [lgalaikis seédéjimas,
vibracijos poveikis, ribotas judéjimas ir ne visada optimaliai suprojektuota darbo vieta gali sukelti jvairius
raumeny ir skeleto sistemos sutrikimus. Epidemiologiniai tyrimai rodo, kad profesionaliis vairuotojai
patenka j padidintos rizikos grupe, kalbant apie létinius nugaros skausmus, kaklo jtampg ir kitus su darbo
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pobtidziu susijusius sveikatos sutrikimus. Tai ne tik maZina gyvenimo kokybe, bet ir gali turéti jtakos darbo
efektyvumui bei saugai.

Dar vienas svarbus aspektas yra darbo organizavimas. Pamaininis darbas, ilgos darbo valandos,
nereguliarts grafikai ir laiko spaudimas sudaro papildoma stresinj fong, kuris gali sustiprinti
psichofiziologinius neigiamus efektus. Siuolaikiniai tyrimai vis dazniau pabrézia, kad darbo organizavimas
turi bti laikomas ne tik administraciniu, bet ir strateginiu saugos valdymo elementu. Technologijy plétra i$
esmés keicia vairuotojy darbo pobiidj. Pazangios vairuotojo pagalbos sistemos (ADAS), telematika, daliné
automatizacija ir skaitmeninés valdymo sistemos suteikia naujy galimybiy didinti sauga ir efektyvuma.
Taciau tuo paciu jos kelia ir naujy i$Stukiy, susijusiy su zmogaus ir technologijos sgveika. Vienas i$
aktualiausiy klausimy yra vadinamasis ,,automatizacijos paradoksas, kai didéjant automatizacijos lygiui
mazéja vairuotojo jsitraukimas, o tai gali lemti prastesnj situacinj suvokimg kritinése situacijose.

Aplinkosauginis aspektas taip pat tampa vis svarbesnis. Transporto sektorius yra vienas i§ pagrindiniy
Siltnamio efekta sukelian¢iy dujy Saltiniy, todél visuomeninio transporto efektyvumo didinimas yra svarbus
klimato kaitos mazinimo kontekste. Vairuotojy elgsena, ypa¢ vairavimo stilius, turi tiesioging jtaka kuro
sanaudoms ir emisijoms. Ekologisko vairavimo principai gali reikSmingai sumazinti energijos vartojima,
taciau jy taikymas priklauso nuo vairuotojy kompetencijos, motyvacijos ir darbo salygy (Dainauskas &
Brazukiené, 2013: 58).

Svarbu pazyméti, kad visi Sie veiksniai néra izoliuoti — jie sgveikauja tarpusavyje ir formuoja
kompleksine sistema. Pavyzdziui, netinkamas darbo grafikas gali sukelti nuovargj, kuris lemia prastesnj
vairavimo stiliy, didesnes emisijas ir didesn¢ eismo jvykiy tikimybe. Todél butinas integruotas poziiiris,
apimantis visus Siuos aspektus.

Atsizvelgiant j iSvardytas problemas ir tendencijas, Sio straipsnio tikslas yra sistemingai iSanalizuoti
visuomeninio transporto vairuotojy darbo specifika, identifikuojant pagrindinius veiksnius, lemiancius darbo
kriivi, sauga, sveikatg ir aplinkosauginj efektyvuma. Straipsnyje sickiama ne tik apibendrinti esamus tyrimus,
bet ir pateikti kritine jy analizg bei integruoti skirtingy discipliny jzvalgas.

Straipsnyje keliami Sie pagrindiniai tyrimo klausimai:

e kokie veiksniai apibrézia profesionaliy vairuotojy darbo specifika,

e kaip Sie veiksniai veikia saugg ir sveikata,

e koks technologijy ir darbo organizavimo vaidmuo mazinant neigiama poveiki,
e kaip vairuotojy elgsena susijusi su aplinkosauginiu efektyvumu.

Ateities tyrimy kontekste galima iSskirti kelias svarbias kryptis. Pirma, vis didesne¢ reikSme jgauna
dirbtinio intelekto taikymas vairuotojy biiklés stebésenai ir prognozavimui. Antra, didziyjy duomeny analizé
leidzia pereiti nuo fragmentuoto prie sisteminio supratimo apie realias darbo salygas. Trecia, butina plétoti
individualizuotus darbo modelius, kurie atsizvelgty i vairuotojy fiziologinius ir psichologinius skirtumus.
Galiausiai, vis svarbesnis tampa integruotas poziiiris, jungiantis saugos, efektyvumo ir aplinkosaugos tikslus.

Apibendrinant galima teigti, kad profesionaliy vairuotojy darbo specifika yra kompleksinis,
daugiamatis ir dinamiskas reidkinys, kurio analiz¢ reikalauja tarpdisciplininio pozitrio. Sio straipsnio
struktira grindziama sistemine literatiiros analize, leidZzian¢ia nuosekliai atskleisti pagrindinius $ios
problematikos aspektus ir pateikti integruota jy vertinima.

Metodologija

Siame straipsnyje taikoma metodologiné prieiga grindziama sisteminés literatiiros apZvalgos
principais, siekiant uztikrinti analizuojamos informacijos patikimuma, nuosekluma ir mokslinj pagrjstuma.
Atsizvelgiant | nagrinéjamos temos tarpdiscipliniSkumg, metodologija integruoja transporto inzinerijos,
ergonomikos, profesinés sveikatos, psichologijos, aplinkosaugos ir taikomosios statistikos tyrimus. Toks
kompleksinis metodinis pagrindas leidzia ne tik apibendrinti esamus tyrimus, bet ir atlikti jy kriting analizg,
identifikuojant pagrindines tendencijas bei spragas (Kardelis, 2005: 112-114).

Sis straipsnis remiasi sisteminés apzvalgos principais su naratyvinés sintezés elementais. Toks
metodologinis pasirinkimas yra pagristas tuo, kad nagrinéjama tema apima jvairias mokslo disciplinas ir
skirtingus tyrimo metodus, todél vien tik kiekybiné metaanalizé nebiity pakankama. Naratyviné sinteze
leidZia integruoti heterogeniskus duomenis ir pateikti konceptualiai nuosekly analizés rezultata.

ApZvalgos tipas ir metodinis pagrindas

Straipsnyje taikoma sisteminé literatliros apzvalga (angl. systematic review), kuri yra laikoma vienu
patikimiausiy metody apibendrinant mokslines Zinias. Sis metodas leidzia struktiiruotai identifikuoti, atrinkti
ir analizuoti mokslinius Saltinius, sumazinant subjektyvumo ir atrankos SaliSkumo rizika.
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Metodologinis pagrindas i§ dalies remiasi PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) gairémis, kurios placiai taikomos sisteminése apzvalgose. PRISMA metodika
uztikrina:

o skaidry publikacijy atrankos procesa,

o aiskiai apibréztus jtraukimo ir atmetimo kriterijus,

¢ nuosekly duomeny analizés procesa.

Taciau, atsizvelgiant j temos specifikg, PRISMA schema Siame tyrime taikoma adaptuotai, nes
analizuojami tyrimai pasizymi metodologiniu nevienalytiSkumu (pvz., eksperimentiniai, stebéjimo,
modeliavimo tyrimai).

Duomeny analizés metodai
Atrinkti tyrimai buvo sisteminami ir analizuojami taikant kelis metodus:
1. Teminé analizé (thematic analysis):
Leido suskirstyti tyrimus pagal pagrindines temas:
psichofiziologiniai veiksniai
ergonomika
sauga
darbo organizavimas
technologijos
aplinkosauga
2. Kryzminé¢ analizé (cross-analysis):
Leido palyginti skirtingy tyrimy rezultatus ir nustatyti bendras tendencijas bei prieStaravimus.
3. Kritiné analizé:
Vertintas tyrimy metodologinis pagristumas, identifikuojant galimus SaliSkumus ir ribotumus.
Siy metody derinimas suteiké galimybe ne tik apibendrinti duomenis, bet ir sukurti konceptualy
modelj.

Metodologijos ribotumai

Nepaisant sisteminio pozitirio, tyrimas turi keleta ribotumy, kurie buvo identifikuoti ir ankstesniame
tekste .

Pagrindiniai ribotumai:
Tyrimy heterogeniskumas:
Skirtingos metodikos, imtys ir vertinimo kriterijai apsunkina tiesioginj rezultaty palyginima.
Ribotas longitudiniy tyrimy skaicius:
Dauguma tyrimy yra trumpalaikiai, todél sunku jvertinti ilgalaikj poveikj.
Geografiniai skirtumai:

e  Skirtingos darbo salygos, infrastruktiira ir reglamentavimas apsunkina rezultaty apibendrinimg
globaliu mastu.

e  Duomeny trukumas realiomis salygomis:
e Dalis tyrimy atliekami laboratorinémis salygomis, kurios ne visada atspindi realig darbo aplinka.

Metodologinés tendencijos ir ateities kryptys

Analizé rodo, kad metodologiniai poziiiriai Sioje srityje spariai evoliucionuoja. Pagrindinés
tendencijos:

e peréjimas nuo laboratoriniy tyrimy prie realaus laiko duomeny analizés,

e didziyjy duomeny (big data) ir telematikos naudojimas,

o dirbtinio intelekto taikymas elgsenos ir nuovargio prognozavimui,

e integruoty modeliy kiirimas, apimanciy kelis veiksnius vienu metu.

Ateityje tikétina, kad metodologija taps dar labiau orientuota :

e individualizuotus modelius,
e adaptacines sistemas,
e kompleksiniy sistemy analizg.

Taikyta metodologija leidzia nuosekliai ir kritiSkai jvertinti profesionaliy vairuotojy darbo specifika,
integruojant skirtingy mokslo sri¢iy jzvalgas. Sisteminé literatliros apzvalga kartu su naratyvine sinteze
suteikia galimybeg ne tik apibendrinti esamas zinias, bet ir identifikuoti pagrindines tyrimy spragas bei ateities
kryptis. Metodologinis poziliris, grindziamas tarpdisciplinine integracija, yra butinas siekiant suprasti
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kompleksing vairuotojy darbo specifikg ir kurti efektyvias saugos, darbo organizavimo bei aplinkosaugos
strategijas.

Vairuotoju darbo specifikos teoriniai pagrindai

Profesionaliy vairuotojy darbo specifikos analizé visuomeniniame transporte reikalauja sisteminio
teorinio pagrindo, leidzianCio integruoti skirtingy mokslo sri¢iy — transporto inZinerijos, ergonomikos,
kognityvinés psichologijos ir kompleksiniy sistemy teorijos — jzvalgas. Vairuotojo veikla negali buti
interpretuojama kaip izoliuotas procesas, nes ji vyksta dinamingje, daugiamatéje sistemoje, kurioje nuolat
sgveikauja zmogus, techniné sistema ir aplinkos veiksniai. Tokia saveika lemia ne tik veiklos efektyvuma,
bet ir saugos lygi, todél teorinis Sios veiklos modeliavimas tampa esminiu zingsniu siekiant suprasti rizikos
formavimosi mechanizmus.

Siuolaikinéje mokslingje literatiiroje vairuotojo veikla vis dazniau traktuojama kaip daugiamaté
funkcijy sistema, kurioje vienu metu vyksta keli paraleliniai procesai. Transporto priemonés valdymas, kuris
istoriSkai buvo laikomas pagrindine vairuotojo funkcija, i§ tikryjy yra tik viena i§ sudétingos veiklos
dimensijy. Salia techniniy veiksmy, tokiy kaip grei¢io reguliavimas, trajektorijos palaikymas ar stabdymas,
vairuotojas nuolat vykdo sudétingus kognityvinius procesus, susijusius su informacijos apdorojimu,
situacijos vertinimu ir sprendimy priémimu. Sie procesai vyksta realiu laiku ir daZnai esant aukstam
neapibréztumo lygiui, todél jy efektyvumas tiesiogiai priklauso nuo zmogaus psichofiziologinés biiklés
(Sadauskas, 2019: 27).

Be kognityvinés ir techninés dimensijos, visuomeninio transporto vairuotojy veikloje svarbig vieta
uzima socialiné sgveika. Skirtingai nei daugelyje kity transporto sektoriaus sri¢iy, ¢ia vairuotojas nuolat
kontaktuoja su keleiviais, sprendzia konfliktines situacijas ir atlieka paslaugos teikéjo funkcija. Si aplinkybé
jveda papildomg emocinj kriiv, kuris gali veikti tiek sprendimy priémimg, tiek bendra darbo efektyvuma.
Kartu egzistuoja ir organizaciné veiklos dimensija, susijusi su tvarkara$§¢iy laikymusi, marsruty
koordinavimu ir reakcija j veiklos sutrikimus, kurie daznai yra nenumatyti ir reikalauja greito adaptacinio
atsako.

Siy funkcijy integracija leidzia teigti, kad vairuotojo darbas yra kompleksiné veikla, kurios analizé
negali apsiriboti vien tik techniniais ar fiziologiniais aspektais. Siame kontekste vienas i§ svarbiausiy teoriniy
modeliy yra Zmogaus—transporto priemonés—aplinkos sistema, leidZianti suvokti vairavima kaip integruota
procesa. Si sistema apima tris pagrindinius komponentus: zmogy, kuris pasizymi tam tikrais fiziologiniais,
kognityviniais ir elgsenos parametrais; transporto priemone, kuri apibrézia technines ir ergonomines salygas;
bei aplinka, kuri yra dinamiska, neapibrézta ir daznai sunkiai prognozuojama. Svarbiausia $io modelio
savybé yra tai, kad sauga ir efektyvumas priklauso ne nuo atskiry komponenty, o nuo jy tarpusavio saveikos
kokybés. Net ir esant optimalioms techninéms sglygoms, zmogaus nuovargis ar nepalankios aplinkos saglygos
gali lemti sistemos destabilizacija.

Darbo kriivio teorija yra dar vienas esminis konceptas, leidziantis analizuoti vairuotojy veikla. Darbo
kriivis Siame kontekste apibréziamas kaip santykis tarp uzduoties reikalavimy ir zmogaus gebéjimy juos
jvykdyti. Sis santykis néra pastovus — jis kinta priklausomai nuo aplinkos sudétingumo, darbo trukmés,
psichofiziologinés buklés ir kity veiksniy. Ypac svarbus yra kognityvinis darbo kriivis, kuris susijgs su
informacijos apdorojimo intensyvumu ir sprendimy priémimo sudétingumu. Empiriniai tyrimai rodo, kad
egzistuoja optimalus darbo kruivio lygis, kuriame veiklos efektyvumas yra maksimalus. Nukrypimai nuo §io
lygio, tiek j maZesne, tiek j didesne puse, gali lemti veiklos pablogéjima. Sis principas aiskiai atsispindi
Yerkes—Dodson désnyje, kuris apibiidina nelinearinj rysj tarp aktyvumo (arba streso) ir veiklos efektyvumo.

Zmogiskojo faktoriaus teorija suteikia papildoma pagrinda suprasti klaidy atsiradimo mechanizmus.
Vairuotojy klaidos néra atsitiktinés — jos dazniausiai kyla deél sisteminiy veiksniy, tokiy kaip nuovargis,
stresas ar netinkamas darbo organizavimas (Augénas, 2015: 41). Klasikiné klaidy klasifikacija iSskiria
jgudziy, taisykliy taikymo ir sprendimy klaidas, kurios atitinka skirtingus kognityvinio apdorojimo lygius.
Si klasifikacija leidZia identifikuoti, kokie veiksniai lemia konkregiy klaidy atsiradima ir kokios intervencijos
galéty buti efektyviausios. Pavyzdziui, démesio sutrikimai dazniau siejami su nuovargiu, o sprendimy
klaidos — su nepakankama informacija ar netinkamu situacijos vertinimu.

Kompleksiniy sistemy teorija dar labiau praplecia §j supratimg, pabrézdama, kad transporto sistema
pasizymi nelinearinémis sgveikomis ir emergentinémis savybémis. Tai reiskia, kad nedideli pokyciai
viename sistemos elemente gali sukelti disproporcingai didelj poveikj visai sistemai. Pavyzdziui, nedidelis
reakcijos laiko padidéjimas dél nuovargio gali kritinéje situacijoje lemti eismo jvykj. Tokios sistemos
pasizymi dideliu jautrumu pradiniy salygy poky¢iams, todél jy analizé reikalauja tikimybinio ir dinaminio
modeliavimo metody (Ahmad et al., 2026: 9).
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Svarbus aspektas yra tai, kad rizika Siose sistemose néra statiné — ji nuolat kinta priklausomai nuo
vairuotojo buklés, aplinkos salygy ir technologiniy veiksniy. Todél tradiciniai deterministiniai modeliai vis
dazniau keiCiami tikimybiniais ir daugiakriteriniais metodais, leidzianciais geriau atspindéti realaus pasaulio
variabilumg. Tokie modeliai leidZia ne tik vertinti esama situacija, bet ir prognozuoti galimus scenarijus, kas
yra ypac svarbu saugos valdymo kontekste.

Apibendrinant galima teigti, kad profesionaliy vairuotojy darbo specifika yra daugiamaté ir dinamiska
sistema, kurios analizé reikalauja integruoto teorinio poZiiirio. Zmogaus—transporto priemonés—aplinkos
modelis, darbo kriivio teorija, zmogiSkojo faktoriaus analiz¢ ir kompleksiniy sistemy teorija sudaro pagrinda,
leidZiantj suprasti ios veiklos mechanizmus. Siy teoriniy modeliy integracija leidzia ne tik paaiskinti esamus
reiSkinius, bet ir identifikuoti pagrindines rizikos formavimosi priezastis bei kurti efektyvias intervencijas.

Ateities tyrimy kontekste vis didesne reik§m¢ jgauna integruoty modeliy kiirimas, kurie apimty tiek
zmogaus buklés, tiek technologiniy sistemy, tiek aplinkos veiksniy saveika. Taip pat pastebima tendencija
pereiti prie duomenimis gristy modeliy, naudojanciy realaus laiko informacijg ir dirbtinio intelekto metodus.
Tokie modeliai leidzia dinamiskai vertinti rizikg ir adaptuoti sprendimus, atsizvelgiant j besikeiCiancias
salygas. Todél teoriniy pagrindy plétra tampa ne tik akademiniu, bet ir praktiniu i$§ikiu, siekiant kurti
saugesnes, efektyvesnes ir tvaresnes transporto sistemas.

Psichofiziologiniai veiksniai

Psichofiziologiniai veiksniai yra vienas svarbiausiy profesionaliy vairuotojy darbo specifikos
komponenty, kuris lemia tiek eismo sauga, tiek darbo efektyvuma ir ilgalaike darbuotojy sveikatg. Vairuotojo
veikla pasizymi nuolatine saveika tarp fiziologiniy procesy ir kognityviniy funkcijy, todél Siy veiksniy
analizé turi biiti grindZiama integruotu poziiiriu, apimanciu neuroergonomika, darbo fiziologija ir
kognityving psichologija. Skirtingai nei fizinis kriivis, kuris yra gana lengvai iSmatuojamas,
psichofiziologinis kriivis pasizymi dideliu kintamumu ir priklausomybe nuo individualiy savybiy, darbo
salygy bei aplinkos veiksniy.

Vienas i$ pagrindiniy psichofiziologiniy veiksniy yra nuovargis, kuris laikomas vienu reikSmingiausiy
saugos rizikos determinanty transporto sektoriuje. Nuovargis yra kompleksinis rei§kinys, apimantis tiek
fiziologinius, tiek kognityvinius aspektus. Fiziologinis nuovargis dazniausiai siejamas su ilgalaikiu statiniu
kriiviu, kuris buidingas vairuotojy darbui dél ilgo sédéjimo ir riboto judéjimo. Tuo tarpu kognityvinis
nuovargis atsiranda dél nuolatinio démesio koncentravimo, informacijos apdorojimo ir sprendimy priémimo
poreikio. Ypac svarbus yra miego trukumo sukeltas nuovargis, kuris gali turéti eksponentinj poveikj reakcijos
laikui ir sprendimy kokybei (Darma et al., 2026: 5).

Empiriniai tyrimai rodo, kad nuovargis tiesiogiai veikia pagrindinius vairavimo parametrus, tokius
kaip reakcijos laikas, démesio stabilumas ir situacinis suvokimas. Net ir nedidelis reakcijos laiko padidéjimas
gali tureti kritiniy pasekmiy, ypa¢ esant sudétingoms eismo situacijoms (GabriSitinas, 2017: 32). Be to,
nuovargis gali sukelti mikro-miego epizodus, kurie yra ypac pavojingi, nes jy metu vairuotojas trumpam
praranda samoninga kontrolg. Sie epizodai daZnai pasireiskia monotonigkose situacijose, pavyzdziui,
vaziuojant ilgais marSrutais ar esant mazam eismo intensyvumui (Wang et al., 2026: 11).

Kitas svarbus psichofiziologinis veiksnys yra stresas, kuris visuomeninio transporto kontekste daznai
yra nuolatinis ir daugialypis. Vairuotojai susiduria su jvairiais streso Saltiniais, jskaitant intensyvy eisma,
laiko spaudimag, socialing sgveika su keleiviais ir nenumatytas situacijas. Stresas gali turéti tiek trumpalaikj,
tiek ilgalaikj poveikj. Trumpuoju laikotarpiu jis gali padidinti budruma ir reakcijos greitj, taciau ilgalaikis
stresas lemia kognityviniy funkcijy pablogéjima, emocinj iSsekima ir padidéjusia klaidy tikimybe.

Kognityviné apkrova yra glaudziai susijusi su stresu ir nuovargiu, taciau turi savarankiskg reikSme. Ji
apibréziama kaip informacijos kiekis, kurj vairuotojas turi apdoroti per tam tikra laikg, ir yra tiesiogiai
susijusi su darbo aplinkos sudétingumu. Didel¢ kognityviné apkrova gali lemti informacijos filtravimo
sutrikimus, sprendimy priémimo klaidas ir situacinio suvokimo praradimg. Taciau svarbu pazyméti, kad ir
per maza apkrova gali blti pavojinga, nes ji sukelia monotonijg ir mazina démesio koncentracijg. Todél
optimalus kognityvinés apkrovos lygis yra kritinis veiksnys uztikrinant saugy vairavima.

Reakcijos laikas yra vienas svarbiausiy rodikliy, atspindinéiy psichofiziologing bukle. Jis priklauso
nuo daugelio veiksniy, jskaitant nuovargj, stresg ir informacijos apdorojimo greitj. Tipinémis salygomis
reakcijos laikas svyruoja nuo 0,7 iki 1,5 sekundés, ta¢iau esant nuovargiui gali reik§mingai padideti. Sis
padidéjimas turi disproporcingai didelj poveikj saugai, nes kritinése situacijose net nedidelis vélavimas gali
lemti nesugebéjimg iSvengti susidiirimo. Reakcijos laiko variacija taip pat rodo, kad vairuotojo biiklé néra
pastovi ir gali keistis net per vieng darbo pamaing.

Démesio mechanizmai yra dar vienas svarbus psichofiziologinis aspektas. Vairavimas reikalauja keliy
démesio tipy sgveikos, jskaitant selektyvy, padalintg ir nuolatinj démesj. Selektyvus démesys leidzia filtruoti
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nereik§mingg informacija, padalintas démesys — vienu metu apdoroti kelis informacijos $altinius, o nuolatinis
démesys — i§laikyti koncentracija ilga laika. Siy mechanizmy disbalansas gali lemti klaidy atsiradima, ypa¢
esant dideliam darbo kriiviui ar nuovargiui.

Cirkadiniai ritmai ir pamaininis darbas taip pat turi reikSmingg poveikj vairuotojy psichofiziologinei
biiklei. Zmogaus organizmas yra pritaikytas veikti pagal natiiraly paros ritma, todél darbas nakties metu ar
ankstyvomis ryto valandomis gali sukelti budrumo sumazg¢jima ir miego kokybés pablogéjima. Ypac kritinis
laikotarpis yra tarp 2 ir 6 valandos ryto, kai organizmo fiziologiniai rodikliai pasiekia Zemiausia lygj.
Pamaininis darbas trikdo $iuos ritmus ir gali sukelti ilgalaikius sveikatos sutrikimus, jskaitant metabolinius
ir Sirdies bei kraujagysliy sistemos sutrikimus.

Psichofiziologiniy bukliy vertinimas yra sudétingas procesas, reikalaujantis jvairiy metody
integracijos. Fiziologiniai rodikliai, tokie kaip Sirdies ritmo variabilumas, elektroencefalografija ar akiy
judesiy analizé, leidzia objektyviai jvertinti vairuotojo bikle. Taciau Sie metodai daznai yra sudétingi ir
reikalauja specializuotos jrangos. Todél praktikoje daznai naudojami subjektyviis metodai, tokie kaip
klausimynai ar savijautos vertinimai, nors jie gali biiti maziau tikslts. Elgsenos rodikliai, pavyzdziui,
vairavimo trajektorijos svyravimai ar reakcijos laiko matavimai, suteikia papildomos informacijos apie realig
vairuotojo bukle (Hao et al., 2026: 14).

Svarbus aspektas yra psichofiziologiniy veiksniy saveika su kitais darbo specifikos elementais.
Nuovargis ir stresas gali ne tik tiesiogiai didinti eismo jvykiy tikimybe, bet ir netiesiogiai veikti vairavimo
stiliy, didindami kuro sgnaudas ir emisijas (Useche et al., 2018: 7-8). Taip pat jie gali paveikti keleiviy
aptarnavimo kokybe ir bendrg transporto sistemos efektyvuma. Tai rodo, kad psichofiziologiniai veiksniai
turi buti vertinami ne izoliuotai, o kaip integruotos sistemos dalis.

Pastaraisiais metais stebima aiski tendencija pereiti nuo reaktyvaus prie proaktyvaus
psichofiziologiniy veiksniy valdymo. Tradiciskai vairuotojy buklé buvo vertinama retrospektyviai,
analizuojant jvykusius incidentus, ta¢iau naujos technologijos leidzia realiu laiku stebéti vairuotojo bukle ir
prognozuoti galimas rizikas. Dirbtinio intelekto ir didZiyjy duomeny analizés metodai suteikia galimybe
kurti adaptacines sistemas, kurios gali automatiskai identifikuoti nuovargio ar streso poZymius ir inicijuoti
prevencines priemones (Chen et al., 2026: 6-7).

Ateities tyrimy kontekste svarbu plétoti individualizuotus modelius, kurie atsizvelgty j vairuotojy
fiziologinius ir psichologinius skirtumus. Skirtingi Zmonés skirtingai reaguoja i darbo kriivj, todél vienodi
sprendimai gali buti neefektyviis. Taip pat bitina integruoti psichofiziologinius duomenis su Kkitais
parametrais, tokiais kaip darbo organizavimas, technologijos ir aplinkos veiksniai, siekiant sukurti holistinj
rizikos vertinimo modelj.

Apibendrinant galima teigti, kad psichofiziologiniai veiksniai yra esminé profesionaliy vairuotojy
darbo specifikos dalis, lemianti veiklos ribas ir saugos lygi. Jy poveikis yra daugialypis, dinamiskas ir daznai
nelinearinis, todél efektyvus jy valdymas reikalauja integruoto, duomenimis gristo ir individualizuoto
poziiirio. Siy veiksniy analizé sudaro pagrinda tolesniems tyrimams, orientuotiems j ergonomikos, darbo
organizavimo ir technologiniy sprendimy optimizavima.

Ergonominiai ir biomechaniniai aspektai

Ergonominiai ir biomechaniniai veiksniai sudaro vieng i§ esminiy profesionaliy vairuotojy darbo
specifikos komponenty, kuris tiesiogiai veikia tiek darbuotojy sveikaty, tiek jy darbo efektyvumg ir
netiesiogiai — eismo saugg. Visuomeninio transporto vairuotojy darbo pobiidis pasizymi ilgalaikiu statiniu
kriiviu, ribotu judrumu ir nuolatiniu mechaniniy veiksniy, tokiy kaip vibracija, poveikiu. Siy veiksniy
kompleksiné sgveika lemia kumuliacinj poveikj Zmogaus organizmui, kuris daznai pasireiskia tik po ilgesnio
laiko, taciau turi ilgalaikes pasekmes.
darbo dalis. Skirtingai nei dinaminés veiklos, kuriose raumeny grupés nuolat kinta, statinis sédéjimas sukelia
pastovy tam tikry raumeny grupiy jtempima ir riboja kraujotaka. Biomechaniskai tai reiskia, kad stuburo
juosmens dalis, ypa¢ L4-L5 segmentai, patiria padidinta apkrova, kuri ilgainiui gali lemti degeneracinius
pokyc¢ius. Be to, dél riboto judéjimo sumazéja raumeny aktyvumas, o tai dar labiau apsunkina kraujo
cirkuliacijg ir skatina nuovargio kaupimasi.

Svarbus aspektas yra tai, kad vairuotojy laikysena daznai néra ideali. Vairo, pedaly ir valdymo
elementy iSdéstymas lemia tam tikrg asimetrijg kiino padétyje, kuri ilgainiui gali sukelti disbalansg tarp
raumeny grupiy. Tokia asimetrija gali biiti subtili, taciau ilgalaikéje perspektyvoje ji tampa reikSmingu
veiksniu, prisidedanciu prie létiniy nugaros, kaklo ir peciy skausmy atsiradimo. Epidemiologiniai tyrimai
patvirtina, kad profesionallis vairuotojai dazniau nei kity profesijy atstovai patiria raumeny ir skeleto
sistemos sutrikimus, kurie tiesiogiai susij¢ su darbo pobiidziu.
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Ne maziau svarbus biomechaninis veiksnys yra viso kiino vibracija, kuri yra nuolatiné vairuotojy
darbo aplinkos dalis. Vibracija atsiranda dél kelio dangos nelygumy, transporto priemonés konstrukciniy
savybiy ir vaziavimo rezimo. Jos poveikis priklauso nuo daznio, amplitudés ir trukmés, o ilgesnis poveikis
gali turéti reikSmingy pasekmiy. Ypac pavojingi yra rezonansiniai dazniai, kurie sutampa su zmogaus kiino
natiiraliais svyravimais, nes tokiu atveju vibracijos poveikis sustipréja. Tokios salygos gali skatinti stuburo
disky degeneracijg, didinti raumeny nuovargj ir mazinti bendra fizinj komforta.

Svarbu pabreézti, kad vibracija veikia ne tik raumeny ir skeleto sistema, bet ir centring nervy sistema.
Tyrimai rodo, kad ilgalaikis vibracijos poveikis gali turéti jtakos kognityvinéms funkcijoms, mazinti démesio
koncentracija ir didinti nuovargj. Tai reiSkia, kad biomechaniniai veiksniai gali turéti tiesioginj poveikj
psichofiziologinei biiklei, o per jg — ir eismo saugai.

Darbo vietos ergonomika yra dar vienas kritinis aspektas, lemiantis vairuotojy darbo kokybe.
Vairuotojo kabinos dizainas turi uztikrinti optimalias darbo salygas, atsizvelgiant | zmogaus
antropometrinius parametrus ir biomechaninius principus. Sédynés reguliavimo galimybés, vairo padétis,
pedaly iSdéstymas ir valdymo elementy pasiekiamumas turi biiti pritaikyti taip, kad sumazinty fizinj kriivj ir
leisty iSlaikyti neutralia kiino padétj. Taciau praktikoje daznai pasitaiko situacijy, kai darbo vieta néra
tinkamai pritaikyta individualiems poreikiams, o tai lemia padidinta raumeny jtampg ir greitesnj nuovargio
atsiradima.

Ergonomikos problemos daznai yra susijusios su projektavimo sprendimais, kurie ne visada
atsizvelgia | realias darbo salygas. Pavyzdziui, valdymo elementy iSdéstymas gali biti optimizuotas
techniniu poziiiriu, taciau nepakankamai jvertinti zmogaus judesiy ribotumai ar pasikartojanciy veiksmy
poveikis. Tai ypaC¢ aktualu moderniose transporto priemonése, kuriose integruojama vis daugiau
technologiniy sprendimy, didinanc¢iy informacijos kiekj ir saveikos sudétinguma.

Raumeny ir skeleto sistemos sutrikimai yra viena dazniausiy profesionaliy vairuotojy sveikatos
problemy. Sie sutrikimai atsiranda d¢l ilgalaikio statinio kriivio, vibracijos ir pasikartojan¢iy mikrojudesiy
kombinacijos. Dazniausiai pasireiSkia apatinés nugaros dalies skausmas, kaklo ir peciy jtampa bei ranky ir
rie$y perkrovos sindromai. Siy sutrikimy vystymasis yra laipsniskas ir daZnai nepastebimas ankstyvose
stadijose, taciau ilgainiui jie gali reikSmingai sumazinti darbo nasumg ir net lemti profesinj nedarbinguma.

Svarbus aspektas yra ergonominiy ir psichofiziologiniy veiksniy tarpusavio saveika. Fizinis
diskomfortas gali didinti stresg ir mazinti démesio koncentracija, o tai tiesiogiai veikia sprendimy priémimo
kokybe. Tuo paciu metu psichofiziologinis nuovargis gali keisti laikyseng ir judesiy koordinacija,
didindamas biomechaninj kriivj. Si abipusé saveika rodo, kad ergonomika ir psichofiziologija turi biiti
vertinamos kaip integruota sistema, o ne kaip atskiros sritys (D. D. Nguyen et al., 2026: 5-6).

Pastaraisiais metais ergonomikos srityje pastebima tendencija pereiti nuo standartizuoty sprendimy
prie individualizuoto darbo vietos pritaikymo. Naujos technologijos leidzia kurti reguliuojamas sédynes,
adaptyvias valdymo sistemas ir vibracijos slopinimo sprendimus, kurie gali bati pritaikyti konkretaus
vairuotojo poreikiams. Taip pat vis placiau taikomi skaitmeniniai modeliai ir biomechaninés simuliacijos,
leidziancios jvertinti darbo vietos ergonomika dar projektavimo stadijoje (Kim & Kim, 2026: 7-8).

Ateities tyrimy kontekste svarbu plétoti integruotus ergonominius modelius, kurie apimty ne tik
fizinius, bet ir kognityvinius bei organizacinius veiksnius. Pavyzdziui, darbo vietos dizainas turéty biiti
vertinamas ne tik pagal fizinj komfortg, bet ir pagal jo poveikj démesio koncentracijai, reakcijos laikui ir
sprendimy priémimui. Taip pat butina integruoti realaus laiko duomenis apie vairuotojy biikle, siekiant
dinamiskai pritaikyti darbo salygas.

Apibendrinant galima teigti, kad ergonominiai ir biomechaniniai veiksniai yra kritiniai profesionaliy
vairuotojy darbo specifikos elementai, turintys ilgalaikj ir kumuliacinj poveikj sveikatai ir darbo
efektyvumui. Jy analizé rodo, kad net ir nedideli ergonominiai trikumai ilgainiui gali sukelti reikSmingy
problemy, todél btina sisteminé ir integruota $iy veiksniy analizé. Efektyvus ergonomikos valdymas ne tik
mazina traumy ir ligy rizika, bet ir prisideda prie saugesnés, efektyvesnés ir tvaresnés transporto sistemos
kiirimo.

Sauga ir rizikos veiksniai

Eismo sauga visuomeniniame transporte yra kompleksinis reiskinys, kurj lemia daugelio tarpusavyje
susijusiy veiksniy sgveika. Profesionaliy vairuotojy veikla Sioje sistemoje uzima centring vieta, nes butent
ju sprendimai ir reakcijos realiu laiku daro tiesioging jtaka eismo jvykiy tikimybei ir jy pasekmiy sunkumui.
Skirtingai nei techniniai ar infrastruktiiriniai veiksniai, zmogiskasis faktorius pasizymi dideliu variabilumu
ir jautrumu vidinéms bei iSorinéms salygoms, todél jo analizé yra ypac svarbi siekiant suprasti saugos
mechanizmus.
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Moksliniai tyrimai nuosekliai rodo, kad eismo jvykiai retai yra vieno veiksnio rezultatas — dazniausiai
jie atsiranda dél keliy veiksniy kombinacijos. Sie veiksniai tradiciskai skirstomi j tris pagrindines grupes:
zmogiskuosius, techninius ir aplinkos. Nors techniniai gedimai ar nepalankios oro salygos gali prisidéti prie
avarijy, dauguma tyrimy patvirtina, kad Zmogiskasis faktorius tiesiogiai arba netiesiogiai dalyvauja
didziojoje dalyje eismo jvykiy. Tai reiskia, kad vairuotojo bukle, elgsena ir sprendimy priémimo kokybé yra
kritiniai saugos elementai.

Zmogiskojo faktoriaus analizé rodo, kad klaidos vairavimo procese néra atsitiktinés, bet daznai yra
sisteminiy salygy pasekmé. Kognityvinés psichologijos pozitriu vairuotojy klaidos gali biiti suskirstytos |
kelias kategorijas, atspindincias skirtingus informacijos apdorojimo lygius. Igidziy klaidos dazniausiai
susijusios su démesio trikumu ar automatiniy veiksmy sutrikimu, taisykliy taikymo klaidos atsiranda
netinkamai interpretuojant situacija, o sprendimy klaidos siejamos su neteisingu situacijos vertinimu ar
informacijos trikumu. Si klasifikacija leidZia suprasti, kad skirtingos klaidos kyla dél skirtingy priezaséiuy,
todél jy prevencija reikalauja diferencijuoty priemoniy (Liu et al., 2026: 5-6).

Vienas i§ svarbiausiy rizikos veiksniy yra nuovargis, kuris tiesiogiai veikia vairuotojo gebéjima
adekvaciai reaguoti j eismo situacijas. Nuovargis mazina budruma, létina reakcijos laikg ir didina sprendimy
klaidy tikimybe. Empiriniai tyrimai rodo, kad rizika didéja ne linijiniu, o eksponentiniu biidu, ypac ilgéjant
darbo laikui ir mazéjant poilsio intervalams. Kritinés ribos dazniausiai siejamos su ilgesnémis nei 8—10
valandy darbo pamainomis ir nepakankamu poilsiu tarp jy. Si nelineariné priklausomybé rodo, kad net
nedideli darbo organizavimo poky¢iai gali turéti disproporcingai didelj poveikj saugai.

Stresas yra dar vienas svarbus rizikos veiksnys, kuris daznai veikia kartu su nuovargiu. Intensyvus
eismas, laiko spaudimas ir socialiné sgveika su keleiviais sukuria nuolatinj stresinj fona, kuris gali pabloginti
kognityvines funkcijas. Nors trumpalaikis stresas gali padidinti budruma, ilgalaikis jo poveikis dazniausiai
yra neigiamas, nes jis mazina sprendimy kokybe ir didina klaidy tikimybe. Be to, stresas gali skatinti
rizikingg elgsena, pavyzdziui, staigy greité¢jima ar neadekvacius manevrus, kurie didina eismo jvykiy
tikimybe.

Rizikos analizéje svarbi vieta tenka matematiniams ir statistiniams modeliams, kurie leidzia
kiekybiskai jvertinti skirtingy veiksniy poveikj. Tikimybiniai modeliai leidzia nustatyti eismo jvykiy
tikimybe, atsizvelgiant j jvairius parametrus, tokius kaip nuovargis, darbo kriivis ar streso lygis. Regresiniai
modeliai suteikia galimybe jvertinti kiekvieno veiksnio santyking jtaka, o sisteminés analizés metodai, tokie
kaip ,,Swiss cheese™ modelis, leidzia suprasti, kaip keliy nepriklausomy klaidy kombinacija gali lemti
avarija. Sie modeliai rodo, kad sauga yra ne vieno veiksnio funkcija, o kompleksings sistemos rezultatas.

Darbo organizavimas yra vienas i svarbiausiy veiksniy, lemianciy rizikos lygj. Ilgos darbo valandos,
nereguliartis grafikai ir didelis darbo intensyvumas sukuria sglygas, kurios didina nuovargj ir kognityvine
apkrova. Be to, laiko spaudimas gali skatinti vairuotojus priimti rizikingus sprendimus, siekiant kompensuoti
vélavimus. Socialiniai veiksniai, tokie kaip konfliktai su keleiviais, taip pat gali turéti jtakos démesio
koncentracijai ir sprendimy priémimui, todél jie turi biiti vertinami kaip svarbus saugos elementas.
Pazangios vairuotojo pagalbos sistemos gali sumazinti klaidy tikimybe ir padéti i§vengti kritiniy situacijy,
taCiau jos taip pat gali mazinti vairuotojo budruma dél automatizacijos efekto. Per didelis pasitikéjimas
technologijomis gali lemti situacinio suvokimo praradima, o tai ypa¢ pavojinga situacijose, kai reikia greitai
perimti kontrolg. Todél technologijy integracija turi buti grindziama zmogaus veiksniy principais, siekiant
i8laikyti optimaly Zmogaus ir sistemos sgveikos balansa.

Svarbus aspektas yra rizikos nelineariSkumas ir dinamisSkumas. Skirtingi veiksniai saveikauja
tarpusavyje ir gali stiprinti vienas kito poveikij. Pavyzdziui, nuovargis gali padidinti streso poveikj, o stresas
— skatinti rizikingg elgseng. Tokia sgveika lemia, kad rizika negali biti vertinama kaip statinis dydis — ji
nuolat kinta priklausomai nuo vairuotojo biiklés, darbo salygy ir aplinkos veiksniy. Todé¢l efektyvus saugos
valdymas reikalauja dinaminio ir adaptacinio pozidirio.

Integruotas rizikos modelis leidzia apibendrinti §iuos procesus ir suprasti, kad sauga yra kompleksinés
sistemos funkcija, kurioje dalyvauja psichofiziologiniai, ergonominiai, organizaciniai ir technologiniai
veiksniai. Sis modelis pabréZia, kad vieno veiksnio optimizavimas néra pakankamas, jei ignoruojami kiti
sistemos komponentai. Pavyzdziui, technologijy diegimas gali buti neefektyvus, jei nebus sprendZiamos
darbo organizavimo ar ergonomikos problemos.

Pastaraisiais metais saugos tyrimuose vis didesnis démesys skiriamas proaktyviam rizikos valdymui.
Tradiciniai metodai, orientuoti j jvykusiy avarijy analize, palaipsniui keic¢iami metodais, kurie leidzia
identifikuoti rizika dar prie§ jai realizuojantis. Realiojo laiko duomeny analizé, telematika ir dirbtinio
intelekto sprendimai suteikia galimybe nuolat stebéti vairuotojo bukle ir elgsena, identifikuoti rizikingus
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modelius ir taikyti prevencines priemones. Tokie metodai leidZia pereiti nuo reaktyvaus prie adaptacinio
saugos valdymo.

Ateities tyrimy kryptys rodo, kad saugos analizé vis labiau integruojama su kitomis sritimis, tokiomis
kaip aplinkosauga ir efektyvumas. Vairuotojy elgsena turi jtakos ne tik saugai, bet ir kuro sgnaudoms bei
emisijoms, todél biitina kurti modelius, kurie vienu metu vertinty kelis kriterijus. Taip pat svarbu plétoti
individualizuotus rizikos modelius, kurie atsizvelgty i vairuotojy fiziologinius ir psichologinius skirtumus.

Apibendrinant galima teigti, kad eismo sauga visuomeniniame transporte yra kompleksinis ir
dinamisSkas reiskinys, kurio pagrindinis elementas yra zmogiSkasis faktorius. Nuovargis, stresas, darbo
organizavimas ir technologijos sudaro tarpusavyje susijusiy veiksniy sistema, kuri lemia bendra rizikos lygj.
Efektyvus saugos valdymas reikalauja integruoto pozitirio, kuris apimty visus Siuos veiksnius ir leisty kurti
adaptacines, duomenimis grjstas sprendimy sistemas.

Darbo organizavimas ir socialiniai aspektai

Darbo organizavimas ir socialiniai aspektai yra vieni svarbiausiy, taciau daznai nepakankamai
jvertinamy profesionaliy vairuotojy darbo specifikos komponenty, turiniy tiesioging jtaka
psichofiziologinei biklei, darbo efektyvumui ir eismo saugai. Skirtingai nei techniniai ar ergonominiai
veiksniai, kurie dazniausiai yra lengviau identifikuojami ir kvantifikuojami, organizaciniai ir socialiniai
aspektai pasizymi didesniu kompleksiniu pobiidziu, nes integruoto poziiirio, apimancio darbo psichologija,
organizacijy valdyma ir transporto sistemy analize. jie susij¢ su zmogaus elgsena, motyvacija, darbo kulttira
ir instituciniu reguliavimu (Tautkeviciené, 2023: 34-35).

Vienas i$ pagrindiniy darbo organizavimo elementy yra darbo grafikai, kurie visuomeninio transporto
sektoriuje dazniausiai grindziami pamaininiu darbo principu. Tokia darbo struktiira yra bitina siekiant
psichofiziologinei biiklei. Nereguliariis grafikai, ankstyvos rytinés ar naktinés pamainos trikdo natiiralius
cirkadinius ritmus, o tai lemia sumazéjusj budruma, miego kokybés pablogéjima ir bendra organizmo
adaptacijos sutrikima. Sie veiksniai tiesiogiai susije su padidéjusia klaidy tikimybe ir eismo saugos rizika.

Darbo trukmé ir poilsio rezimas yra glaudziai susij¢ su nuovargio kaupimu. Ilgos darbo pamainos,
ypac virsijan¢ios 8—10 valandy, lemia eksponentinj nuovargio didéjima, kuris neigiamai veikia reakcijos
laika, démesio koncentracija ir sprendimy priémimo kokybe. Tuo tarpu nepakankamas poilsio laikas tarp
pamainy neleidzia organizmui pilnai atsistatyti, todél nuovargis tampa kumuliaciniu reiskiniu. Tyrimai rodo,
kad optimalus darbo ir poilsio balansas yra vienas svarbiausiy veiksniy, lemianciy saugy ir efektyvy
vairavima. Be to, vis dazniau pabréziama individualizuoty darbo grafiky svarba, atsizvelgiant j darbuotojy
chronotipg ir fiziologinius ypatumus.

Darbo intensyvumas yra dar vienas svarbus organizacinis veiksnys, kuris tiesiogiai veikia vairuotojy
kognityving apkrova ir emocing bukle. Visuomeninio transporto vairuotojai daznai dirba laikydamiesi
griezty tvarkarasciy, kurie ne visada atitinka realias eismo saglygas. Dél to atsiranda nuolatinis laiko
spaudimas, kuris skatina vairuotojus priimti greitus ir kartais rizikingus sprendimus, siekiant i§vengti
vélavimy. Toks spaudimas gali lemti agresyvesnj vairavimo stiliy, padidinti streso lygj ir sumazinti
sprendimy racionalumg. Be to, didelis darbo intensyvumas riboja galimybes daryti pertraukas, kurios yra
biitinos nuovargio mazinimui.

Socialiniai aspektai yra neatsiejama vairuotojy darbo dalis, ypa¢ visuomeniniame transporte, kur
vairuotojai nuolat bendrauja su keleiviais. Si saveika gali biiti tiek teigiama, tick neigiama, ta¢iau konfliktinés
situacijos ir agresyvus keleiviy elgesys yra daznas streso Saltinis. Tokios situacijos reikalauja ne tik
profesiniy jgiidziy, bet ir emocinés savireguliacijos, kuri ilgainiui gali sukelti emocinj i$sekimg
(Kuzmarskiené, 2024). Socialinis stresas gali nukreipti démesj nuo pagrindinés uzduoties — saugaus
vairavimo, o tai tiesiogiai didina eismo jvykiy rizika.

Profesinis perdegimas yra ilgalaikio streso ir nepalankiy darbo salygy pasekmé, kuri vis dazniau
identifikuojama transporto sektoriuje. Perdegimas pasireiSkia emociniu iSsekimu, sumazéjusiu darbo
motyvacijos lygiu ir depersonalizacija, kai darbuotojas tampa abejingas savo darbui ir aplinkai. Sis reiskinys
turi tiesioginj poveikj darbo kokybei ir saugai, nes mazéja démesio koncentracija, didéja klaidy tikimybé ir
mazéja atsakomybés jausmas. Be to, perdegimas yra susijes su didesniu darbuotojy kaitos lygiu, kuris

Organizaciné kulttra ir valdymo praktikos taip pat daro reikSmingg jtakg vairuotojy darbo salygoms.
Saugos kultira organizacijoje apibrézia, kaip darbuotojai suvokia saugg ir kaip jie elgiasi kritinése
situacijose. Organizacijos, kurios skiria démesj darbuotojy gerovei, mokymams ir grjiZztamajam rysiui,
dazniausiai pasiZymi aukStesniu saugos lygiu. PrieSingai, organizacijos, kuriose dominuoja tik ekonominiai
tikslai ir ignoruojami zmogaus veiksniai, dazniau susiduria su saugos problemomis.
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Svarbus aspektas yra organizaciniy ir psichofiziologiniy veiksniy tarpusavio sgveika. Netinkamai
suorganizuotas darbas gali sukelti nuovargj ir stresa, kurie savo ruoztu veikia kognityvines funkcijas ir didina
klaidy tikimybe. Si saveika yra nelineariné, nes keli veiksniai gali stiprinti vienas kito poveikj. Pavyzdziui,
ilgos darbo valandos kartu su dideliu darbo intensyvumu gali sukelti disproporcingai didelj nuovargio lygj,
palyginti su kiekvieno veiksnio poveikiu atskirai.

Pastaraisiais metais darbo organizavimo tyrimuose vis didesnis démesys skiriamas sisteminiam
pozitiriui, kuris leidzia vertinti ne tik individualius veiksnius, bet ir jy saveikg. Tokie modeliai leidZia
identifikuoti kritinius taSkus sistemoje, kuriuose intervencijos gali turéti didziausig poveikj. Pavyzdziui,
darbo grafiky optimizavimas gali biiti efektyvesné priemoné nei technologijy diegimas, jei pagrindiné
problema yra nuovargis.

Technologijy integracija taip pat keicia darbo organizavimo pobiidj. Telematikos sistemos leidzia
stebéti vairuotojy veikla realiu laiku, analizuoti jy elgseng ir teikti griztamajj rysj. Tai suteikia galimybe ne
tik identifikuoti problemas, bet ir taikyti prevencines priemones. TaCiau svarbu uztikrinti, kad Sios
technologijos biity naudojamos ne kaip kontrolés, o kaip pagalbos priemoné, nes prieSingu atveju jos gali
didinti stresg ir mazinti darbuotojy pasitenkinimg darbu.

Ateities tyrimy kontekste svarbu plétoti individualizuotus darbo organizavimo modelius, kurie
atsizvelgty 1 vairuotojy fiziologinius ir psichologinius skirtumus. Taip pat biitina integruoti darbo
organizavimo aspektus su kitais veiksniais, tokiais kaip ergonomika ir technologijos, siekiant sukurti
holistinj darbo aplinkos modelj. Dirbtinio intelekto ir didziyjy duomeny analizés metodai gali suteikti naujy
galimybiy optimizuoti darbo grafikus, prognozuoti nuovargj ir adaptuoti darbo salygas realiu laiku.

Apibendrinant galima teigti, kad darbo organizavimas ir socialiniai aspektai yra kritiniai veiksniai,
formuojantys profesionaliy vairuotojy darbo aplinkg ir saugos lygi. Jy poveikis yra kompleksinis ir daznai
netiesioginis, taciau labai reikSmingas. Efektyvus Siy veiksniy valdymas reikalauja sisteminio poziiirio, kuris
apimty ne tik organizacinius sprendimus, bet ir Zmogaus veiksniy integracijg j visg transporto sistema.

Diskusija

Atlikta analizé leidzia teigti, kad profesionaliy vairuotojy darbo specifika visuomeniniame transporte
yra kompleksing, daugiamaté ir dinamiska sistema, kurios veikimg lemia glaudi psichofiziologiniy,
ergonominiy ir organizaciniy veiksniy saveika. Skirtingi aspektai, nagrinéti ankstesniuose skyriuose, negali
biiti interpretuojami kaip izoliuoti komponentai, nes jy poveikis pasireiskia tik per sistemine saveika, kuri
lemia galutinj saugos rezultata. Todél diskusija orientuojama j integruota $iy veiksniy vertinima, iSrySkinant
pagrindinius mechanizmus, lemiancius rizikos formavimasi.

Vienas esminiy Sio tyrimo aspekty yra tai, kad vairuotojy darbo specifika negali buti adekvaciai
vertinama redukcionistiniu pozitiriu, kai atskiri veiksniai analizuojami nepriklausomai vienas nuo Kkito.
Psichofiziologiniai procesai, tokie kaip nuovargis ir stresas, yra tiesiogiai susije su darbo organizavimu ir
ergonominémis saglygomis. Pavyzdziui, ilgos darbo pamainos ir nereguliariis grafikai lemia nuovargio
kaupimasi, kuris mazina reakcijos greitj ir situacinj suvokimg. Tuo paciu metu neoptimalios ergonominés
salygos gali sukelti fizinj diskomfortg, kuris didina stresg ir mazina démesio koncentracijg. Tokia abipusé
saveika rodo, kad sauga yra ne pavieniy veiksniy, o kompleksinés sistemos rezultatas.

Zmogiskasis faktorius i§licka dominuojantis saugos determinanty elementas, nepaisant technologinés
pazangos. Nors techninés sistemos gali sumazinti tam tikry klaidy tikimybe, jos negali kompensuoti Zmogaus
psichofiziologinés biiklés svyravimy. Analizé rodo, kad klaidos dazniausiai kyla ne dél individualiy
vairuotojy trilkumy, o dél sisteminiy darbo salygy, kurios skatina nuovargj, stresa ir kognityvine perkrova.
Tai leidzia daryti iSvada, kad saugos valdymas turi biiti orientuotas ne tik j vairuotojo elgsena, bet ir j darbo
aplinkos bei organizaciniy procesy optimizavima.

Darbo organizavimas Siame kontekste iSryskéja kaip vienas svarbiausiy sisteminiy veiksniy, turin¢iy
tiesioginj poveikj saugai. Pamaininis darbas, ilgos darbo valandos ir laiko spaudimas sukuria sglygas, kurios
didina nuovargj ir mazina kognityviniy funkcijy efektyvumg. Ypa¢ svarbu pazyméti, kad Siy veiksniy
poveikis yra nelinearinis — nedideli darbo organizavimo poky¢iai gali turéti disproporcingai didelj poveikj
saugos lygiui. Tai rodo, kad efektyvus saugos valdymas turi biiti grindziamas sisteminiu darbo organizavimo
optimizavimu, o ne tik pavieniy problemy sprendimu.

Ergonominiy veiksniy analizé taip pat patvirtina jy svarba bendrame saugos kontekste. Nors
ergonomika daznai vertinama kaip darbuotojy sveikatos aspektas, Siame tyrime nustatyta, kad ji turi
tiesioginj ry$j su kognityvinémis funkcijomis ir sprendimy priémimo kokybe. Ilgalaikis fizinis diskomfortas
gali mazinti démesio koncentracijg, didinti nuovargj ir skatinti klaidy atsiradima. Be to, ergonominiai
veiksniai pasizymi kumuliaciniu poveikiu, todé¢l jy jtaka ilgainiui gali tapti reikSminga net ir esant
nedideliems pradiniams nukrypimams nuo optimaliy salygy.
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Svarbus diskusijos aspektas yra psichofiziologiniy veiksniy nelineari dinamika. Nuovargis, stresas ir
kognityviné apkrova ne tik veikia atskirai, bet ir stiprina vienas kito poveikj. Pavyzdziui, nuovargis gali
sumazinti gebéjima susidoroti su stresu, o stresas gali padidinti kognityving apkrova, kas dar labiau
apsunkina sprendimy priémimg. Tokia sgveika lemia, kad rizika didéja ne linijiniu, o eksponentiniu budu,
ypac esant keliy neigiamy veiksniy kombinacijai. Sis aspektas yra kritiskai svarbus kuriant rizikos vertinimo
ir valdymo modelius (Zhou et al., 2026: 6-7).

Metodologiniu pozitriu analizé atskleidé reikSmingus tyrimy ribotumus, kurie turi bati jvertinti
interpretuojant rezultatus. Vienas pagrindiniy i$§ukiy yra tyrimy heterogeniSkumas, kuris apsunkina
rezultaty palyginimg ir apibendrinima. Skirtingos metodikos, skirtingi vertinimo rodikliai ir nevienodi im¢iy
dydziai lemia, kad kai kurie rezultatai gali biiti sunkiai interpretuojami bendrame kontekste. Be to, dauguma
tyrimy yra atlickami kontroliuojamomis salygomis, kurios ne visada atspindi realig darbo aplinka,
pasizymincig dideliu kintamumu ir neapibréztumu.

Dar viena svarbi problema yra ilgalaikiy tyrimy trikumas, kuris riboja galimybeg jvertinti kumuliacinj
darbo salygy poveikj vairuotojy sveikatai ir saugai. Dauguma esamy tyrimy yra trumpalaikiai ir orientuoti |
momentinius efektus, todél nepakankamai atspindi ilgalaikes tendencijas. Tai rodo, kad ateities tyrimai
turéty buti orientuoti j longitudinalinius duomenis ir realaus laiko stebésena, leidziancia geriau suprasti
dinamiskus procesus.

Praktiniu pozitriu atlikta analizé leidzia iSskirti keleta pagrindiniy kryp¢iy, kurios gali prisidéti prie
saugesnés transporto sistemos kiirimo. Pirma, biitina optimizuoti darbo organizavima, atsizvelgiant |
zmogaus fiziologinius poreikius ir darbo krivio dinamika. Antra, svarbu gerinti ergonomines salygas,
siekiant sumazinti fizinj diskomforta ir jo netiesioginj poveikj kognityvinéms funkcijoms. Trecia, biitina
integruoti psichofiziologinés biiklés stebésenos metodus, kurie leisty identifikuoti rizikines biisenas dar pries
joms pasireiskiant kritinése situacijose.

Ateities tyrimy kontekste svarbu plétoti integruotus modelius, kurie apimty visus pagrindinius
veiksnius ir jy saveika. Tokie modeliai turéty buti grindziami realaus laiko duomenimis ir gebéti adaptuotis
prie besikeicianciy salygy. Taip pat biitina didesnj démesj skirti individualizacijai, nes vairuotojy reakcijos
1 darbo kruvj ir stresg gali reikSmingai skirtis. Individualizuoti sprendimai galéty padidinti tiek sauga, tick
darbo efektyvuma.

Apibendrinant galima teigti, kad profesionaliy vairuotojy darbo specifika yra kompleksiné sistema,
kurioje sauga formuojasi dél daugelio veiksniy saveikos. Zmogiskasis faktorius i§lieka centrinis elementas,
o darbo organizavimas ir ergonomika yra pagrindiniai veiksniai, lemiantys jo bukle. Efektyvus saugos
valdymas reikalauja integruoto, sisteminio ir duomenimis gristo poziiirio, kuris leisty ne tik identifikuoti
rizikas, bet ir aktyviai jas valdyti.

ISvados

1. Atlikta sisteminé analizé leidzia daryti iSvada, kad profesionaliy vairuotojy darbo specifika
visuomeniniame transporte yra kompleksinis, daugiamatis ir dinamiskas reiskinys, kurio esm¢ sudaro
psichofiziologiniy, ergonominiy ir organizaciniy veiksniy tarpusavio saveika. Sie veiksniai veikia ne
izoliuotai, o formuoja integruota sistema, kurioje kiekvieno elemento poveikis priklauso nuo bendros darbo
aplinkos ir vairuotojo biiklés. Todél eismo sauga Siame kontekste turi biiti vertinama kaip sisteminis
rezultatas, o ne pavieniy veiksniy suma.

2. Vienas svarbiausiy tyrimo rezultaty yra tai, kad psichofiziologiniai veiksniai, ypa¢ nuovargis ir
stresas, iSlieka pagrindiniais rizikos determinantais, lemianciais vairuotojy veiklos efektyvuma ir klaidy
tikimybe. Nustatyta, kad Siy veiksniy poveikis yra nelinearinis ir kumuliacinis — ilgéjant darbo laikui ir
mazéjant poilsio intervalams, rizika didéja disproporcingai. Nuovargis tiesiogiai veikia reakcijos laika,
démesio koncentracijg ir situacinj suvokimg, o stresas mazina sprendimy racionalumg ir gali skatinti
rizikingg elgsena. Siy veiksniy saveika lemia, kad vairuotojy biiklé tampa kritiniu saugos elementu.

3. Ergonominiai ir biomechaniniai aspektai taip pat turi esming¢ reikSme, nors jy poveikis daznai
pasireiskia netiesiogiai. Ilgalaikis statinis kriivis, vibracijos poveikis ir neoptimalios darbo vietos salygos
sukelia fizinj diskomforta, kuris mazina démesio koncentracija ir didina nuovargj. Sie veiksniai pasizymi
kumuliaciniu poveikiu, todél ilgainiui gali reik§mingai paveikti tiek sveikatg, tiek darbo efektyvuma.
Nustatyta, kad ergonomikos gerinimas yra ne tik sveikatos, bet ir saugos klausimas, nes fiziné buklé
tiesiogiai susijusi su kognityvinémis funkcijomis.

4. Darbo organizavimas iSrySkéja kaip vienas svarbiausiy sisteminiy veiksniy, lemianciy
psichofiziologing biikle ir saugos lygi. Pamaininis darbas, nereguliarts grafikai, ilgos darbo valandos ir laiko
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spaudimas sudaro sglygas nuovargio ir streso kaupimuisi, kurie tiesiogiai veikia vairavimo kokybe.
Nustatyta, kad net ir nedideli darbo organizavimo poky¢iai gali turéti reikSmingg poveikj saugai, todél Sis
aspektas turi biiti vertinamas kaip strateginis transporto sistemos valdymo elementas.

5. Svarbi iSvada yra ta, kad vairuotojy darbo specifika turi buti analizuojama kaip kompleksiné
sistema, kurioje psichofiziologiniai, ergonominiai ir organizaciniai veiksniai sgveikauja tarpusavyje ir
stiprina vienas kito poveikj. Redukcionistinis poziiiris, orientuotas j atskirus veiksnius, yra nepakankamas,
nes jis neleidzia jvertinti realios rizikos struktiiros. Todél biitina taikyti integruotus modelius, kurie apimty
visg darbo aplinkos kontekstg.

6. Tyrimas taip pat parodé, kad efektyvus saugos valdymas negali biti grindziamas vien
technologiniais sprendimais, jei néra sprendziamos zmogaus veiksniy ir darbo organizavimo problemos.
Nors technologijos gali sumazinti tam tikry klaidy tikimybe, jos negali kompensuoti nuovargio, streso ar
nepalankiy darbo salygy poveikio. Todél biitina kurti holistines strategijas, kurios apimty tiek techninius,
tiek organizacinius ir Zzmogaus veiksniy aspektus.

7. Praktiniu pozitiriu tyrimo rezultatai leidzia suformuluoti kelias pagrindines kryptis, kurios gali
prisidéti prie saugesnés ir efektyvesnés transporto sistemos kiirimo. Pirma, bitina optimizuoti darbo
grafikus, atsizvelgiant | Zmogaus biologinius ritmus ir nuovargio kaupimosi désningumus. Antra, svarbu
gerinti ergonomines darbo salygas, siekiant sumazinti fizinj krtivj ir jo netiesioginj poveikj kognityvinéms
funkcijoms. Trecia, biitina diegti psichofiziologinés biiklés stebésenos sistemas, leidzianc¢ias realiu laiku
identifikuoti rizikines buisenas. Ketvirta, svarbu stiprinti vairuotojy mokyma ir kompetencijas, ypac
akcentuojant saugaus elgesio ir streso valdymo aspektus.

8. Ateities tyrimy kontekste biitina plétoti ilgalaikius ir realiomis saglygomis pagrjstus tyrimus, kurie
leisty geriau suprasti kumuliacinj darbo salygy poveiki. Taip pat svarbu kurti individualizuotus modelius,
kurie atsizvelgty j vairuotojy fiziologinius ir psichologinius skirtumus, bei integruoti realaus laiko duomeny
analize j sprendimy priémimo procesus. Tokie modeliai galéty tapti pagrindu adaptyvioms sistemoms, kurios
dinamiskai reaguoty j besikei¢iancias salygas.

Apibendrinant galima teigti, kad profesionaliy vairuotojy darbo specifika yra esminis veiksnys,
lemiantis visuomeninio transporto sauga. Sios srities tyrimai turi biiti grindZiami tarpdisciplininiu poZitiriu,
integruojanciu zmogaus veiksnius, ergonomikg ir darbo organizavimg. Tik toks pozitris leidzia sukurti
efektyvias priemones, kurios ne tik mazinty eismo jvykiy rizika, bet ir gerinty darbo sglygas bei bendra
transporto sistemos veikima.
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WORK CHARACTERISTICS OF PROFESSIONAL DRIVERS IN PUBLIC TRANSPORT: AN
INTEGRATED ANALYSIS OF PSYCHOPHYSIOLOGICAL, ERGONOMIC, AND ORGANIZATIONAL
FACTORS IN THE CONTEXT OF SAFETY

Summary

In public transport systems, the activities of professional drivers are one of the key determinants of traffic safety
and service quality. Despite technological progress, the human factor remains a critical element of the system, whose
condition directly affects the probability of traffic accidents. The aim of this study is to systematically analyze the work
characteristics of professional drivers by integrating psychophysiological, ergonomic, and organizational factors and
evaluating their interaction in the context of safety. The study is based on a systematic literature review using the
method of narrative synthesis. The results indicate that the work characteristics of drivers constitute a multidimensional
system in which fatigue, stress, workload, and ergonomic conditions interact nonlinearly and mutually reinforce each
other's effects. Long working hours, shift work, and suboptimal working conditions lead to the deterioration of
psychophysiological condition, which is directly associated with increased reaction time and a higher probability of
errors. Ergonomic factors, such as prolonged sitting and vibration, have a cumulative impact on health and indirectly
affect safety through the deterioration of cognitive functions. The study reveals that effective safety management
requires an integrated approach encompassing work organization, ergonomics, and monitoring of psychophysiological
condition. A transition from a fragmented to a systemic and data-driven model is proposed, enabling real-time
identification of risks and optimization of working conditions. The findings have practical implications for transport
companies and policymakers seeking to improve traffic safety and work efficiency.
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ANALYSIS AND DESIGN OF MICROPROCESSOR WORKBENCH ARCHITECTURE FOR
EDUCATIONAL PURPOSES

Saulius Pauksté
Vilnius Gediminas Technical University

Abstract

This article analyses various microprocessor workbench architectures that are made for self-learning or learning
purposes and proposes a different design suitable for learning computer architecture. Altogether, 4 different computer
architecture designs are covered based on their simplicity, instruction set, addressable memory size, data bus size, and
other relevant features. A proposed solution for a simple yet capable microprocessor workbench architecture schematic
is presented, which encompasses design philosophies deemed to be suitable for educational purposes.

Key words: Microprocessor, workbench, computer, architecture, schematic.

Introduction

The Vilnius Gediminas Technical University Computer Engineering study program contains the
subjects related to the development of a computer system (Computer Engineering, n.d.). While some
workbenches based on conventional microprocessors exist in the institution, there has been no known attempt
of developing a custom 8-bit microprocessor. Prasad et al., 2016, although discussing a software-based
approach to understanding computer organization and computer architecture, conclude that due to
complexity of the subject it includes not only lecture-based learning, but practical learning as well. Jamieson
et al., 2022 also make the claim that with the rise of complexity of computer hardware, education of students
of this subject is becoming ever so challenging. Examining a wider selection of such and similar systems is
fundamental to properly understanding them. Thus, an analysis and example solution is offered for an
architecture of how a workbench built for laboratory works could look like. This article first covers relevant
already developed devices based on their simplicity, instruction set, addressable memory size, data bus size,
and other relevant features. Then, a functional block diagram and schematic of a proposed system are
introduced and discussed.

Analogous device overview

YouTuber 3D Sage showcases a custom-designed computer, consisting of a clock, program counter,
and RAM (I Made My Own Computer | Let’s See How It Works - YouTube, n.d.). The clock uses a 555 timer
IC along with a configurable RC circuit to have a controllable 1-20 Hz clock output. A switch attached to
the timer allows the clock signal to be halted when it is not toggled. The program counter is a 74HC161 4-
bit binary counter which loops from 0x0 to OxF according to a clock pulse. A CDP1824 32-word 8-bit RAM
module is used (although only 16 words are accessible) which can be addressed by the program counter. The
4 MSB are used for operands and the 4 LSB are used for opcodes of which there are 5 (Table 1).

Table 1
Instruction set of 3D Sage computer
Operation code Instruction explanation
0111 Halt clock
1011 Reset program counter
1101 Jump to operand address
1110 Controller input
1111 Do nothing

Source: I Made My Own Computer | Let’s See How It Works - YouTube, n.d.

This RAM module can be programmed using 8 switches that can be seen at the bottom of the device
along with the clock enable and write inputs (Fig. 1). The red PCB contains the clock circuit, the green PCB
— the program counter circuit, while the blue PCB contains the RAM circuit. The architecture only allows
for immediate addressing.
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Fig. 1. 3D Sage computer
Source: I Made My Own Computer | Let'’s See How It Works - YouTube, n.d.

Additionally, 3D Sage presents 3 external modules — a 3x5 LED matrix array double 8-way switch for
external input to control the LED matrix and a speaker module to output 4-bit sound according to operand
contents (Fig. 2). While this system is simple to understand, the limited instruction set and 4-bit operands
limit the use case outside of rudimentary instruction of computer architecture.

Fig. 2. 3x5 LED matrix and control input (left) and speaker (right) modules
Source: I Made My Own Computer | Let'’s See How It Works - YouTube, n.d.

Ben Eater presents a SAP-1 (Malvino, & Brown., 1977/1999, p. 140) architecture (8-Bit Computer
Update - YouTube, n.d.) microprocessor with the addition of conditional jump instructions (Ben Eater, 2018).
The designed system is made up of various 74HC and 74LS series ICs, consisting primarily of the latter IC
family. The computer has a programmable instruction set of up to 15 instructions. A high-level overview of
the system schematic can be seen in Fig. 3. RAM is programmable via a quad switch inside the MAR and

an octa switch to set the memory contents itself.
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Fig. 3. Ben Eater‘s computer high-level schematic
Source: Build an 8-Bit Computer | Ben Eater, n.d.

Due to using a 4-bit 74LS161 4-bit binary counter and 4 MSB for the opcode while using 4 LSB for
the operands, 16 memory locations can be addressed. The data bus is 8-bit wide. Additionally, it features 2
general purpose registers one of which is only used for arithmetic operation operands, an output, memory
addressing, instruction, and flag registers. The operation codes can be configured by programming 2
EEPROMS using an Arduino Nano EEPROM programmer (Fig. 4) that are implemented as decoders to form
a control word according to set flags and current instruction register contents.

In such a system, the operation codes can be custom-made due to them only impacting addressing of

the EEPROM, thus making the system quite configurable. Additionally, both direct and immediate
addressing exist.
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Fig. 4. Arduino-based EEPROM programmer schematic
Source: Eater, 2017/2026

While this architecture offers an improvement compared to the 3D Sage computer, the implementation
itself is questionable due to the design being done on breadboards, limiting proper power distribution in
addition to pitfalls that can introduce critical errors, such as not accounting for EEPROM output pin noise
when switching addresses that can produce wrong control words, leaving floating inputs on IC chips which
can produce voltage drops and noise, and not connecting LEDs in series with current limiting resistors,
leading to further potential noise.

Ajdari & Tabandeh, 2016 demonstrate the design and decision challenges of developing both hardware
and software for a computer system used for teaching computer architecture. They use the Abu-Reihan
Processor (ARC) architecture to develop a computer capable of immediate, direct, indexed, and indirect
addressing. In addition to having multiple various purpose registers, it also features an LCD display to view
register and flag contents via a constantly running monitor and 3 keypads for controlling the microprocessor
itself. The complete system and monitor can be seen in Fig. 5.

\
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Fig. 5. ARC computer (left), where a — control unit, b — register connections, c — ALU, d — instruction
decoder, e — external memory IO ports, and monitor with keypad control (right)
Source: Ajdari & Tabandeh, 2016
While the microprocessor does feature an increased instruction address bus of 16 bits as well as
introducing such features as a subroutine calls and hardware monitor, due to exactly the rich feature set it
can be deemed too complex for introductory understanding of computer architecture. Moreover, the lack of
output variability reduces the variety of tasks that could be given using this system.
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GitHub user TomNisbet presents an improved SAP-like computer architecture named SAP-Plus
(TomNisbet, 2026a). This design features a modular PCB backplane and bus connectors for the flexible
arrangement of functional blocks as well as variable instruction microstep count from 3 to 16 while still
using 74LS series and 74HC series ICs, similar to Ben Eater. Additionally, a stack and stack pointer is
introduced with all registers being expanded to at least 8 bits. The unassembled PCB templates and working
microprocessor workbench can be seen in Fig. 6.

Fig. 6. Component-less PCB (left) and working, assembled computer (right)
Source: TomNisbet, 2026a

The system features 6-bit memory addressing. This in turn with the aforementioned features allows
for 64 different instructions. Additionally, EEPROM outputs are used again for forming the control words
for the system, however, here various register input and output controls are multiplexed TomNisbet, 2026b,
allowing for increased controllable register size while still using 2 8-bit word 28C256 EEPROM ICs.
Moreover, the instruction register along with flag register contents are buffered to be output to the control
logic during the rising edge of the inverted clock signal. While this system allows for quick and simple
connection between different logical blocks and simple custom block development, such a wide feature set
again can be considered non-crucial due to the stack pointer and implemented Arduino RAM programmer
being unnecessary, to name a few.

The comparison of key features of overviewed system can be seen in Table 2.

Table 2
Comparison of reviewed devices

Device Maximum instruction count | Data bus Inputs Outputs
3D Sage’s computer 4 4-bit RAM  write, clock | 3x5 LED matrix, 4-bit
control, external | speaker, LEDs for IC
switches values
Ben Eater’s computer 16 8-bit RAM write, clock | 4 7-segment displays,
control, external | LEDs for IC values
switches
ARC microprocessor 256 8-bit RAM write, debug | LCD display for
keypads system monitor, LEDs
for IC values
SAP-Plus computer 64 8-bit RAM write, clock | 4 7-segment displays,
control, external | LEDs for IC values,
switches OLED  screen for
loading and debugging

Source: made by author
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Proposed device

After analysing the presented devices, a suggested functional block diagram of a microprocessor
workbench can be presented (Fig. 7). The clock should switch between manual and pulsed input to provide
the ability to inspect the system’s operation in depth. The system itself features an 8-bit program counter to
keep the value of the address of the next instruction which can be incremented using a clock pulse or set to
a specific value using a jump instruction. The memory addressing register is used for storing the current
command memory address while the RAM itself uses 12-bit wide words with the 4 MSB used for storing
the opcode and the 8 LSB used for storing the operands. This architecture allows for 256-bit addressing and
8-bit direct or immediate addressing while still remaining relatively simple.

The instruction register stores the currently executed instruction, and the control logic sets the control
word according to said instruction and a non-variable 5-step counter. The ALU can perform addition and
subtraction operations. These operations along with conditional jump instructions allow for more complex
arithmetic operations, such as multiplication Register A is an 8-bit accumulator, while the 8-bit register B is
used for calculation operands, and the output register stores the data produced on requested output. In this
case, the output is a quad 7-segment LED display. No monitor is present due to each functional block
incorporating LEDs that display the current value of all register contents being sufficient.

4
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Fig. 7. Proposed functional block diagram for developed system
Source: made by author

Schematics for the above present function blocks can be seen below (8, 9, 10, 11, 12, 13, 14 pav.). ICs
are separated by their function inside dashed boxes for clarity. Global labels are used to indicate signals that
are shared between different sheets. Moreover, it is also worth noting that due to encompassing a design
similar to the SAP-Plus computer, present on each sheet are connections to a global bus and module
interconnects where necessary.

Fig. 8 shows a pulsed and manual clock switching circuit and an 8-bit program counter. The clock
circuit generates both a regular and inverted clock signal which is used for the control logic and instruction
register functional blocks. The manual clock signal comes from a push button that is debounced using a pull-
up resistor and a bypass capacitor with the output going into a 74HC14 Schmitt inverter to eliminate noise.
The program counter is an 8-bit binary counter which is able to either send its output to the 8-bit bus or take
in values from the bus in case of a jump operation being completed.
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Fig. 8. Clock and program counter schematic
Source: made by author

The control logic schematic can be seen in Fig. 9. An EEPROM decoder here takes the input of a
binary counter that counts up to 5 for the 3 LSB, followed by 4 instruction register bits and the 7th address
bit either being set to high or low to allow for writing a singular Arduino program of Ben Eater (Eater,
2017/2026). On the rising edge of the inverted clock signal, this address is taken in and according to it a
control word for the rest of the system is formed. A reset circuit is also implemented to set all register and
counter values to 0.
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The instruction register in Fig. 10. Takes in 4 opcode bits and 8 operand bits from the RAM on the
rising edge of the clock signal. Opcode bits are then buffered with additional flag register bits and sent out
to the control logic while the operand can be sent to the 8-bit data bus for instructions that require it. This
design aims to avoid sporadic EEPROM output on address switching, which can make the system non-
deterministic.
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10 pav. Instruction register schematic
Source: made by author

Fig. 11 presents the MAR and RAM module. 256 12-bit words can either be written to or read from
depending on the selection through a switch on the module. 74LS157 quad 2-1 multiplexers are used to
appropriately route selected mode signals. Since the opcode bits should never be rewritten during execution,
the input of the execute mode is routed to the output for the 4 MSB of the 12-bit word. As RAM write
operations are performed while no program is running, no debounce circuits for the button and switch are
required.
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Registers A and B are shown in Fig. 12. These are 2 8-bit registers of which register A is used as the
accumulator and therefore has both input and output signals while register B is only used for storing operands
used for arithmetic operations; therefore, it only has an input signal. The unclocked output of both of these
registers is sent to the accumulator. Similar to most other registers of the system, a 74L.S245 bus transceiver

Fig. 11 pav. MAR and RAM schematic

Source: made by author

is present to set output to high impedance in case of no output from the registers required.
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Fig. 12. Registers A and B schematic
Source: made by author

The ALU shown in Fig. 13. performs either addition or subtraction operations. The latter are
performed using 2’s complement which is achieved through the use of 74LS86 quad XOR gates and a
subtract signal which also acts as the carry in signal for the lower order nibble. Additionally, a 2-bit flags
register is present which contains the values of a zero and 8-bit carry flag that can be used for conditional
jump instructions.
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Source: made by author
In Fig. 14 the output register can be seen. Instead of 8 LEDs for displaying the contents of the
register, a quad 7-segment common anode display is used. In a similar logic that can be seen in pav 9., an
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EEPROM decoder decodes a specific output signal to this display using the contents of an 8-bit register as
the address for the 8 lower bits. The 2 upper bits of the address are taken from a separate digit select driving
circuit which controls the refresh of the display via a counter and 74LS139 2-4 demultiplexer circuit.
Moreover, the MSB of the EEPROM is set by a switch which can be used to set the display mode to 2s’
complement when required if the decoder is programmed correctly.
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Fig. 14. Output register schematic
Source: made by author

Conclusions

1. 4 different microprocessor architecture implementations were analysed in terms of their
complexity and feature set.

2. Using the analysed material, a new microprocessor architecture is proposed, incorporating
modular design from (TomNisbet, 2026a) while also keeping the relative simplicity of Ben Eater (Build an
8-Bit Computer | Ben Eater, n.d.) improved upon SAP-1 (Malvino, & Brown., 1977/1999) computer
architecture.

3.  While existing solutions already offer an approach for learning computer architecture, the
complexity (or lack thereof) produces undesirable results, such as limited feature set or an number of features
not sufficiently explored in a reasonable time frame for a computer architecture subject.
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MIKROPROCESORIU DARBASTALO ARCHITEKTUROS ANALIZE IR PROJEKTAVIMAS SVIETIMO
TIKSLAIS

Santrauka

Sis straipsnis apZvelgia jvairias mikroprocesoriy darbastaliy architektiiras, naudotas ar naudojamas siekiant mokyti,
kaip turéty atrodyti kompiuterio architektiira. 3D Sage pateikia be galo ribotg, ta¢iau moduliary 3 funkciniy bloky
(laikrodis, programos skaiciuoklis ir RAM) architektiira, prie kurios gali biiti prijungiami jvairius jéjimo ir i§¢jimo
prievadai. Ben Eater pateikia kiek sudétingesng, SAP-1 architektiira grista sistema, kurios instrukcijy sarasas gali biiti
iSpléstas iki 16 skirtingy operacijy, taciau jgyvending sistema tik ant prototipavimo ploksciy, galutinj sistemos variantg
pateikdamas su ne viena galimybe staigiems jtampoms kritimams ir nestabiliam sistemos veikimui. TomNisbet
iSsprendzia Sias problemas ir praplecia sistemos funkcionaluma tiek skirtingy instrukcijy kiekio prasme, tiek
pridedamas tokj funkcionaluma, kaip kriivos rodykle. Sio autoriaus dizainas taip pat yra moduliarus ir leidZia nesunkiai
iSplésti ar modifikuoti sistema. Ajdari ir Tabandeh pateikia ARC architektiirg grista mikroprocesoriy, kuris, nors ir neturi
specialiy isvady, leidzia vartotojams stebéti registry vertes sistemos monitoriaus pagalba. Sio straipsnio pasiiilytos
sistemos variantas iSlicka moduliarus remiantis TomNisbet spausdintiniy ploks¢iy dizainy, taciau iSlieka paprastas,
iSplésdamas Ben Eater kompiuterio architektiira su 256 atminties adresavimu bei iStaisydamas kritines ¢ia aptinkamas
klaidas. Pasiilyta sistema gali biit nesunkiai ple¢iama ir modifikuojama, kas kaip ir naudojimasis ja gali biti skiriama
kaip uzduotis studentams, besimokantiems kompiuteriy architektiiros ir mikroprocesoriy funkcionalumo.

Reik$miniai ZodZiai: Mikroprocesorius, darbastalis, kompiuteris, architektiira, schema.
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GOOGLE PASLAUGU DUOMENU OPTIMIZAVIMO PROGRAMA

Jurij Tekutov! >34 Julija Smirnova’
'Klaipédos valstybiné kolegija, *Klaipédos universitetas, *SMK Aukstoji mokykla, *Lietuvos verslo kolegija

Anotacija

Programos samprata atskleidé, kad vartotojams triiksta vieningos sistemos Google Analytics ir PageSpeed
duomeny stebé&jimui bei optimizavimui. Sudarytas dalykinés srities raiSkusis paveikslélis ir egzistuojanciy alternatyvy
analizé parodé poreikj integruoti anotacijas, PageSpeed duomenis ir naudotojy valdyma. Programos projektavimas
parodé, kad programai buvo pasirinkta trijy sluoksniy architektiira, leidzianti lengvai plésti programos funkcionaluma
ateityje. Nustatyti funkciniai ir nefunkciniai reikalavimai uztikrina, kad programa atitiks vartotojy likes¢ius. Sukurti
duomeny bazés modeliai remiasi aiskiais rySiais tarp esybiy. Dinaminés vartotojo kelio ir algoritmy diagramos parodé
pagrindines vidines programos veiklas ir jy eigg. Programos realizacijos metu jgyvendinti visi pagrindiniai realizacijos
etapai. Technologijos leido uztikrinti konteinerizuota aplinka ir palengvinti kodo struktiirizavimg. Duomeny gavimas
i8 Analytics ir PageSpeed API buvo jgyvendintas per Google Cloud paslauga, naudojant autentifikacija per paslaugy
paskyra. Duomeny optimizavimas buvo jgyvendintas per paieskos, filtravimo, eksportavimo, metaduomeny pridéjimo
ir PageSpeed rezultaty nuskaitymo funkcijas. Atlikus rankinj programos testavima, buvo patvirtinta, kad pagrindinés
funkcijos, tokios kaip duomeny gavimas ir filtravimas, veikia teisingai ir atitinka vartotojo poreikius. AP/ testavimas
su Postman irankiu parodé, kad visos uzklausos i programg yra apdorojamos korektiskai, o duomenys grazinami
tinkamu formatu. Programos jvertinimas lyginant su analizuotais jrankiais parodé, kad sukurta programa iSsiskiria
pritaikomumu, metaduomeny valdymu, PageSpeed integracija ir vartotojy vaidmeny administravimu. Taip pat pagal
funkcinius ir nefunkcinius reikalavimus buvo jvertinta, kad programa atitinka visus reikalavimus.

ReiksSminiai ZodZiai: Google, Google paslaugos, Google Analytics, Google PageSpeed, duomeny optimizacija,
programos sgsaja.

Ivadas

Google paslaugy duomeny optimizavima verta nagrinéti, nes Siandien dauguma organizacijy
naudojasi keliomis Google platformomis, tokiomis kaip Google Analytics, PageSpeed Insights ir Search
Console, kad stebéty ir tobulinty savo skaitmeninj buvima. Taciau Sios paslaugos veikia atskirai, todél
vartotojams sunku perzitiréti, interpretuoti duomenis ir su jais reaguoti.

Nors Google Analytics ir Google PageSpeed yra plaiai naudojami svetainiy analitikos ir naSumo
vertinimo jrankiai, tarp jy néra idiegtos tiesioginés, automatinés duomeny integracijos mechanizmo. Taip pat
S§iuo metu rinkoje neegzistuoja analogiski integraciniai sprendimai. Google Analytics orientuotas j vartotojy
elgsenos analize, tuo tarpu PageSpeed pateikia techninius na§umo rodiklius (LCP, FID, CLS ir kt.), paremtus
laboratoriniais ir realiy naudotojy duomenimis. Sios sistemos veikia kaip savarankiski analizés moduliai, o
ju duomeny sintezé reikalauja papildomy techniniy sprendimy (A4P/ naudojimo, duomeny sandéliy ar BI
platformy) (Alaskar, 2025; Vysotska ir kt., 2024). Google Analytics ir Google PageSpeed paslaugos néra
integruotos tarpusavyje, todél vartotojai turi pereiti i§ vienos sistemos j kita, o tai i§skaido darbo eiga, ir
optimizavimo galimybés néra suteiktos, todél vartotojai sugaiSto daug laiko ieskodami reikiamos
informacijos. Todél reikia sukurti programa, kuri galéty atvaizduoti duomenis viename vaizde ir pateikti
jvairiy galimybiy juos optimizuoti.

Mokslingje ir praktingje literatiiroje placiai nagring¢jamas tiek vartotojy elgsenos modeliavimas, tiek
svetainiy naSumo optimizavimas, taciau truksta integruoty modeliy, kurie sistemingai jungty Siuos duomeny
tipus vieningoje analitinéje sistemoje ir leisty kiekybiskai jvertinti jy tarpusavio sgveika (Egbert ir Ulbricht,
2024; Khaled ir kt., 2025; Morales-Arevalo ir Rodriguez, 2025).

Tyrimo klausimas: ar integruota sistema, apjungianti svetainés naSumo (PageSpeed) ir vartotojy
elgsenos (Analytics) duomenis, leidzia tiksliau identifikuoti veiksnius ir efektyviau optimizuoti svetainés
veikima nei atskiry jrankiy naudojimas?

Tyrimo objektas — Google paslaugy duomeny optimizavimo programos kiirimas.

Tyrimo tikslas — jgyvendinant Google paslaugy duomeny optimizavimo programg, jvertinti
integruotos sistemos, apjungiamos ,,Google Analytics* ir ,,PageSpeed duomenis, efektyvuma.

Tyrimo metodika: informacijos Saltiniy paieSka, mokslinés literatiros analizé, duomeny
sisteminimas, projektavimas, realizacija, testavimas ir vertinimas.

Google paslaugy duomeny optimizavimo programos analizé ir egzistuojantys alternatyviis
sprendimai

Google paslaugy duomeny optimizavimo programa — tai programa, skirta gauti Google paslaugy
duomenis, juos atvaizduoti vartotojams ir suteikti jvairius duomeny optimizavimo jrankius. Google
sistemoje, jskaitant programy sasaja, yra daugiau nei 200 Google paslaugy. Sios paslaugos apima klienty
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aptarnavima, dirbtinj intelektg ir ma$ininj mokymasi, verslui skirtus sprendimus bei kiiréjy jrankius. Taciau,
kadangi kiekviena paslauga yra unikali ir turi savo paskirt], ji saugo skirtingus duomenis. Siuos duomenis
galite pasiekti per jy paslauga, taCiau daznai jie néra lengvai matomi ar patogiai optimizuojami.

Google Analytics yra viena i§ Google sistemos paslaugy, kuri pasizymi tam tikrais duomeny pateikimo
ir optimizavimo apribojimais, ypa¢ valdant kelias nuosavybes ar paskyras. Vartotojai negali perziiiréti ar
analizuoti visy nuosavybiy duomenis vienoje ataskaity srityje. Filtravimas ir segmentavimas vartotojo
sgsajoje yra funkcionaliis, taciau jie tampa nepatogiis didelio masto duomeny palyginimams.

Sios programos paskirtis yra pateikti visus Google paslaugy duomenis pagrindiniame puslapyje, kad
vartotojas galéty juos perziliréti vienu metu, ir turéti jvairy duomeny optimizavimo bidus. Optimizavimo
metodai gali apimti duomeny filtravima, duomeny faily eksportavima arba net papildomy duomeny
pridéjima.

Apibendrinant, Google paslaugy duomeny optimizavimo programa siekia supaprastinti duomeny gavima is
skirtingy Google paslaugy, uztikrinant aisky jy atvaizdavimg ir jvairias optimizavimo galimybes vartotojo
patogumui.

Dalykinés srities raiskusis paveikslélis pateikiamas 1 paveiksle.

nle
‘-. Kaip pridéti Kaip valdyti
" l Lo metaduomenis? vartotojus?
Google Google
PageSpeed Analytics AP o O
API O O

Google Administratorius
pasldugos
Kaip matyti Kaip
duomenis vienu optimizuoti
metu? duomenis?
‘-

Vartotojas

Zyméjimai

informaciniai srautai C)Q - probleminé sritis x - konfliktiné sritis

o

1 pav. Dalykinés srities raiSkusis paveikslélis
Saltinis: sudaryta autoriy

VirSuje pateiktas raiskusis paveikslélis vaizduoja esama situacija ir isStukius, su kuriais susiduria
vartotojai dirbdami su Google jrankiais, tai yra Google paslaugomis, skirtais svetainiy analitikai ir naSumo
vertinimui. Diagrama padeda suprasti, kaip vyksta informacijos srautai, kokie yra apribojimai ir kokias
problemas patiria tiek jprasti vartotojai, tiek administratoriai.

Numatomi dalyviai: vartotojas, administratorius.

Vartotojas kei¢iasi informacija su Google paslaugomis, j kurias jeina tokios sistemos kaip Google
Analytics ir Google PageSpeed Insights. Informacijos srautas yra dvikryptis — vartotojas uzklausia duomeny
apie svetainés veikla ar naSuma ir gauna ataskaitas arba metrikas. Taciau vartotojas apsiriboja tik perzitira —
duomenis negali matyti vienu metu ir optimizavimo galimybés néra suteiktos.

Administratorius taip pat sgveikauja su Google paslaugomis. Visgi, $iuo metu Google paslaugos neturi
integruotos funkcijos pridéti papildomos informacijos (pvz., Zzymy ar pastaby) prie analitikos nuosavybiy ir
néra galima valdyti vartotojy prieigas.

Pacdios Google paslaugos yra suskaidytos j dvi atskiras sistemas: Google Analytics (naudojimo
statistikai) ir PageSpeed Insights (naSumo vertinimui). Sios paslaugos néra integruotos tarpusavyje —
vartotojai turi pereiti i§ vienos sistemos j kitg, o tai iSskaido darbo eiga. Néra galimybés vienoje vietoje
perzitiréti tiek lankomumo, tick naSumo duomeny, ir néra priemoniy pridéti kontekstinés informacijos ar
dalintis ja tarp komandy.

Apibendrinant, raiSkusis paveikslélis iSryskina informacijos srauty iSskaidyma ir poreikj labiau
integruotai aplinkai, kurioje bty galima efektyviau optimizuoti duomenis, bendradarbiauti ir valdyti
vartotojus.
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Egzistuojanciy alternatyvy analizé. Egzistuojanéiy alternatyvy analizei buvo pasirinktos Sios
alternatyvos: ,,Looker Studio®, ,,SEMrush‘ ir ,,.Supermetrics*. Jos buvo pasirinktos analizuoti, nes atspindi
pagrindines sritis, kurios dirba su Google paslaugy duomenimis: vizualizacija (,,Looker Studio*), SEQO ir
optimizavimas (,,SEMrush*) bei duomeny automatizavimas (,,Supermetrics*). Kiekviena i8 jy sprendzia tam
tikras problemas, ta¢iau né viena nepasiiilo vieningos, bendradarbiavimui pritaikytos platformos su galimybe
redaguoti metaduomenis, Zyméti objektus ar valdyti vartotojus — tai funkcijos, kurias apima kuriama
programa.

»Looker Studio* — tai nemokamas duomeny vizualizavimo jrankis, leidziantis kurti interaktyvias
ataskaitas 1§ Google Analytics, Ads, Search Console ir kity Saltiniy. Nors jis puikiai tinka duomenims rodyti,
jis nepalaiko nasumo rodikliy, tokiy kaip Google PageSpeed, ir nesuteikia galimybés valdyti vartotojy teisiy
ar pridéti metaduomeny (Google Cloud, 2025).

WEMrush® — tai mokama SEO platforma, siilanti raktazodziy stebéjima, nuorody analizg ir svetainés
auditus. Ji integruojama su Google Analytics ir Search Console, tac¢iau nepalaiko metaduomeny pridéjimo,
vartotojy valdymo ar vieningo Google paslaugy duomeny optimizavimo (Semrush, 2026).

wupermetrics® — tai duomeny perdavimo jrankis, skirtas automatiskai traukti informacija i§ Google
paslaugy | Google Sheets, Excel ar BigQuery. Jis padeda kurti ataskaitas ir taupo laika, taciau neturi
vizualinés sasajos, zyméjimo funkcijy ar vartotojo optimizacijos galimybiy (Google Workspace
Marketplace, 2025).

»Looker Studio®, ,,SEMrush®, ir ,,Supermetrics* palyginimas pateiktas 1 lenteléje.

1 lentelé
Egzistuojan¢iy alternatyvy palyginimas
Funkcija / Alternatyvas Looker Studio SEMrush Supermetrics
Integracija su Google Taip Taip Taip
Analytics
Integracija su Search Taip Taip Taip
Console
Integracija su Google Ne Ne Ne
PageSpeed
Metaduomenys Neéra Neéra Néra
Vartotojy teisiy valdymas Ribotas Taip (komandy valdymas) Ribotas
Vizualizacijos galimybés Labai placios Ribotos Ne (tik duomeny
perdavimas)
Eksportavimo galimybés PDF, CSV, kt. PDF, CSV, kt. CSV, Excel, Sheets
Naudotojo s3sajos Intuityvi, pritaikyta Sudétingesné, labiau Paprasta, bet techniné
paprastumas visiems paZengusiems naudotojams
Pagrindinis tikslas Ataskaity ir duomeny SEO ir rinkodaros analizé Duomeny surinkimo ir
vizualizacija perkélimo
automatizavimas
Kaina Nemokama Mokama, planai nuo ~130 | Mokama, planai nuo ~29
€/mén. €/mén.

Saltinis: sudaryta autoriy

»Looker Studio®, ,,SEMrush® ir ,,Supermetrics* yra skirtingi jrankiai, skirti dirbti su Google paslaugy
duomenimis, taciau kiekvienas jy orientuotas j skirtingas sritis:
o, Looker Studio* i$siskiria duomeny vizualizavimu — jis leidzia kurti interaktyvias ataskaitas i$
tokiy Saltiniy kaip Google Analytics ir Search Console. Vis délto jis nepalaiko PageSpeed, metaduomeny ar

vartotojy valdymo;

o L SEMrush® yra i8samus SEQ jrankis, sitllantis raktazodziy analize, svetainés auditus ir ribota
PageSpeed integracija. Nors jis integruojasi su Google paslaugomis, jis nesuteikia galimybés Zyméti

duomeny ar valdyti vartotojy;

o Supermetrics® yra orientuotas ] duomeny automatizavima, perduodant informacija i$ ,,Google*
paslaugy | Google Sheets, BigQuery ar Excel. Tai efektyvus sprendimas ataskaity kiirimui, bet neturi sgsajos
ar duomeny interpretacijos galimybiy.

Apibendrinant, ,,Looker Studio“, ,,SEMrush* ir ,Supermetrics“ jrankiai sprendzia skirtingus
uzdavinius — vizualizacijg, SEO analiz¢ ar duomeny perdavimg, tac¢iau né vienas nepasiiilo visapusisko
optimizavimo, Zymé&jimo ir vartotojy valdymo sprendimo.

Mokslinés literatiiros analizé. Siame poskyryje yra analizuojama mokslinés literatiiros, kurios yra ir
bus naudojamos programos jgyvendinimui.
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Straipsniai ir jy analizé:

1. Straipsnis: ,,The ‘Rich Pictures’ Method: Its Use and Value, and the Implications for HRD
Research and Practice®. Siame straipsnyje yra analizuojamas raiskaus paveikslélio metodas, jo naudojimas
ir verté, kad paskatintu HRD tyréjus pripaZinti jo potencialg tiriant Zmogaus vystymasi. Sis straipsnis buvo
pritaikytas kuriant raiskyji paveikslélj, atspindintj jmonés probleming situacija (Gisby ir kt., 2023).

2. Straipsnis: ,,Use Case Modeling in a Research Setting of Developing an Innovative Pilgrimage
Support System*. Siame straipsnyje yra analizuojamas vartotojy atvejy modeliavimas. Sis straipsnis bus
naudojamas programos panaudojimo atvejy supratimui, modeliavimui ir sura§ymui (Vrani¢ ir kt., 2023).

3. Straipsnis: ,,An Engineering Approach to Integrate Non-Functional Requirements (NFR) to
Achieve High Quality Software Process”. Siame straipsnyje yra analizuojami programinés jrangos
reikalavimai, labiau nefunkciniai reikalavimai. Sis straipsnis bus naudojamas funkciniy ir nefunkciniy
reikalavimy supratimui ir integravimui (Gondal ir kt., 2020).

4. Straipsnis: ,,4 Three-Tier Architecture Visual-Programming Platform for Building-Lifecycle Data
Management*. Siame straipsnyje yra analizuojama trijy sluoksniy architektiira ir jos komponentai. Sis
straipsnis bus naudojamas planuojamos programos architekttiros supratimui ir kiirimui (Abdelrahman ir kt.,
2020).

5. Straipsnis: ,,Modeling Difficulties in Creating Conceptual Data Models*“. Siame straipsnyje yra
analizuojamas konceptualus modeliavimas ir jy sunkumy tipai. Sis straipsnis bus naudojamas konceptualaus
modelio kiirimui duomeny bazés modeliavimui (Rosenthal ir kt., 2022).

6. Straipsnis: ,,Analyzing Database Optimization Strategies in Laravel for an Enhanced Learning
Management*. Siame straipsnyje yra analizuojamas duomeny bazés sistemos veikimo nasumas Laravel
aplinkoje. Sis straipsnis bus naudojamas Laravel naudojimui kartu su duomeny baze (Sasmoko ir kt., 2024).

7. Straipsnis: ,,Integration With Docker Container Technologies for Distributed and Microservices
Applications: A State-of-the-Art Review*. Siame straipsnyje yra analizuojama Docker konteinerizacija ir yra
aptariami naujos kylan&ios problemos, susijusios su Docker pagrindu vykdomu diegimu. Sis straipsnis bus
naudojamas Docker aplinkos naudojimui su vaizdais, tai yra faily bibliotekomis, kurios bus jdiegiamos ir
naudojamos programos paleidimui (Kithulwatta, 2022).

Google paslaugy duomeny optimizavimo programos projektavimas

Panaudojimo atvejai. Panaudojimo atvejy diagramos yra naudingos norint parodyti, kaip
panaudojimo atvejai yra susije¢ aiSkiais rysiais ir kaip jie grupuojami pagal tema. Be to, panaudojimo atvejai
raSomi nattiralia kalba, kad biity lengvai suprantami visiems suinteresuotiesiems asmenims. Sumodeliuota
UML panaudojimo atvejy diagrama leidzia iSskirti pagrindinius kuriamo produkto funkcinius reikalavimus.
Taip pat patogiau suprasti nekompiuterizuojamy darby aktoriy atlickas funkcijas. Panaudojimo atvejy
diagrama leidZia vaizdziai pateikti projekto rezultata ir tuomet lengviau nustatyti jam pasiekti biitinus darbus.

Google paslaugy duomeny optimizavimo programos panaudojimo atvejai yra parodyti UML
diagramoje (2 pav.).

Google paslaugy duomeny optimizavimo programa

leSkoti
nuosavybes Valdyti
naudotojus
Filtruoti
duomenis Prideti
metaduomenis
Eksportuoti
failus - Administratorius
Daryti

PageSpeed

analizs
Duomeny <
atnaujinimas

2 pav. Panaudojimo atvejy UML diagrama
Saltinis: sudaryta autoriy

Vartotojas

Panaudojimo atvejy diagrama pavaizduoja, kaip programg naudoja vartotojas ir administratorius.
Vartotojas gali ieSkoti nuosavybiy pagal pavadinimg, filtruoti duomenis pagal pasirinktus kriterijus,
eksportuoti failus (pvz., CSV ar PDF) tolesnei analizei ir atnaujinti duomenis tiesiai i§ Google API.
Administratorius — vartotojas su administratoriaus vaidmeniu, turi platesnes teises — jis gali valdyti vartotojy
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paskyras, pridéti metaduomenis (Zymas, blisenas ir pastabas) prie Google Analytics nuosavybiy ir vykdyti
PageSpeed analize, kad jvertinty svetainés nasuma.

Apibendrinant, Google paslaugy duomeny optimizavimo programos panaudojimo atvejy diagrama
aiskiai atskiria kiekvieno vaidmens atsakomybes ir parodo programos orientacija j tieck duomeny
prieinamuma, tiek administracinj valdyma.

Funkciniai ir nefunkciniai reikalavimai. Programinés jrangos sistemos yra pagristos funkciniy ir
nefunkciniy reikalavimy visuma. Yra keletas reikalavimy iskélimo metody, kuriuos galima taikyti siekiant
apibrézti visus kuriamos sistemos reikalavimus. Pradedant nuo funkciniy reikalavimy specifikavimo ir su
jais susijusiy veikéjy identifikavimo pagal naudojimo atvejy metoda. Tam tikri nefunkciniai reikalavimai ir
kokybés atributai gali biti jtraukti jau Siame etape, atsizvelgiant j kiiréjo patirtj ir kuriamos sistemos pobudj.

Funkciniai reikalavimai — tai tokie reikalavimai, kurie nusako, kokias funkcijas programa privalo
turéti, kad vartotojas galétu atlikti savo uzduotis.

Google paslaugy duomeny optimizavimo programos funkciniai reikalavimai:

Vartotojas gali filtruoti nuosavybes.

Vartotojas gali ieSkoti nuosavybe pagal pavadinima.

Vartotojas gali eksportuoti failus su duomenimis.

Vartotojas gali atnaujinti duomenis per mygtuka.

Administratorius gali pridéti metaduomenis prie nuosavybiy (Zyma, biiseng ir pastaba).
Administratorius gali daryti svetainés Pagespeed analizg.

Administratorius gali valdyti paskyras (pridéti naujas paskyras, iStrinti senas paskyras, keisti
paskyros vaidmenj tarp Zitirovo, tai yra jprasto vartotojo, ir administratoriaus).

Nefunkciniai reikalavimai — tai tokie reikalavimai, kurie néra susieti su programos veikimu, bet
apibrézia, kaip programa turéty veikti, uztikrina programos patoguma, patikimuma ir efektyvuma.

Google paslaugy duomeny optimizavimo programos nefunkciniai reikalavimai:

1. Programa turi naudoti Laravel karkasa.

2. Programa turi saugoti duomenis MySQOL duomeny bazéje.

3. Programoje turi buiti integruota su Google Analytics API.

4. Programoje turi biiti integruota su Google PageSpeed Insights API.

Apibendrinant, prie§ Google paslaugy duomeny optimizavimo programos realizacija buvo gauti ir
suraSyti programos funkciniai ir nefunkciniai reikalavimai, j kuriuos bus atsizvelgta programos kiirimo
procese, ir tikrinama, ar programa yra galutinai paruosta.

Numatomas architektiiros sprendimas. Planuojamos programos architektiira remiasi sluoksniuotu
klientas-serveris modeliu — trijy sluoksniy architektira.

Trisluoksné architektiira yra klientas-serveris tipo programinés jrangos architekttiros modelis, kuris
turi daug pritaikymo galimybiy paskirstytose programose. Pagrindinis $ios architekttiros bruozas yra tai, kad
ji leidzia pakartotinai naudoti programy sudedamasias dalis (dar vadinamas komponentais), pavyzdziui,
bendrinti programinius komponentus vykdymo metu, dubliuoti tg patj komponentg, kontroliuojamai
adaptuoti koda arba nepriklausomai adaptuoti komponentus. Sis modelis susideda i3 trijy funkcionaliai
atskirty sluoksniy:

1. Pateikties sluoksnis (kliento pusé).

2. Programy (verslo logikos) sluoksnis (dar vadinamas valdikliy ir procesy valdymo sluoksniu).

3. Duomeny sluoksnis (dar vadinamas duomeny saugykla).

Pateikties sluoksnis yra naudotojo sasajos dalis. Visi zmogaus ir kompiuterio sgveikos veiksmai vyksta
Siame sluoksnyje. Tuo tarpu verslo logikos sluoksnj sudaro pagrindinis variklis, kuriame veikia komponenty
funkcijos — jos apdoroja uzklausas, gaunamas i§ pateikties sluoksnio, paima atitinkamus duomenis i§
duomeny sluoksnio, apdoroja juos ir grazina atsakymg atgal j pateikties sluoksnj. Galiausiai, duomeny
sluoksnis apima duomeny uzklausas (gavima i§ duomeny $altinio), saugojima (pvz., reliacinéje duomeny
bazéje vietiniame serveryje) ir prieiga (duomeny perdavimg naudotojui).

Toks trijy sluoksniy architektiros tipas leidzia aiskiai atskirti vartotojo sgsaja, verslo logika ir
duomeny tvarkymg.

Programos architektira pritaikyta tick paprastiems vartotojams, tiek administratoriams. Vartotojai
naudojasi analitiniais duomenimis bei naSumo rezultatais, o administratoriai turi papildomy galimybiy — jie
gali tvarkyti metaduomenis ir valdyti vartotojy paskyras. Sis skirtumas jtakoja programos funkciniy daliy
paskirstyma ir sgveikas.

Programos esmé — tai vartotojo sgsajos sluoksnis, loginis apdorojimo sluoksnis bei duomeny valdymo
sluoksnis, kuris taip pat jungiasi su iSorinémis paslaugomis. Be to, programa palaiko prieigos kontrolg ir
duomeny eksportavimo galimybes.

NoUnALD -
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Programos numatoma architektiiros sprendimas atvaizduotas 3 paveiksle.

Pateikimo sluoksnis
Vartotojo sgsaja (frontend)

Aplikacijos - logikos sluoksnis
Serveris (backend)

e

Duomeny sluoksnis

> Google API
U Saugykla 1

U (cache)

— cle  Cle
MySQL Analytics  PageSpeed

3 pav. Numatoma programos architektiiros sprendimo diagrama
Saltinis: sudaryta autoriy

Programos architekttiros sluoksniy analizés:

1. Pateikimo sluoksnis (vartotojo sasaja). Tai sluoksnis, su kuriuo tiesiogiai sgveikauja vartotojas.
Jis atsakingas uz duomeny pateikima, vartotojo jvestj ir uzklausy perdavima verslo logikos sluoksniui.
Projektavimo etape Sis sluoksnis gali biiti jgyvendintas kaip internetiné sasaja arba darbalaukio programa.
Pagrindinés funkcijos: prisijungimas, duomeny perzitra, filtravimas, eksportavimas bei administracinés
funkcijos. Galimi technologiniai sprendimai: darbalaukio grafiné vartotojo sasaja, interneto sasaja su
interaktyviais komponentais.

2. Aplikacijos — logikos sluoksnis (serveris). Sis sluoksnis atsako uz programos loginj
funkcionavima. Jis gauna uzklausas i$ sgsajos sluoksnio, atlicka validacijas, taiko verslo taisykles (pvz.,
vaidmeny tikrinimus), apdoroja metaduomenis ir organizuoja duomeny gavima i§ iSoriniy Saltiniy arba
duomeny bazés. Taip pat Cia jgyvendinama vartotojy teisiy kontrolé. Pagrindinés atsakomybés:
autentifikacija ir vaidmeny patikra, filtry pritaikymas ir metaduomeny tvarkymas, vartotojy valdymas,
saveika su duomeny bei iSoriniy paslaugy sluoksniu.

3. Duomeny sluoksnis. Sis sluoksnis saugo informacijg ir bendrauja su iSorinémis paslaugomis.
Vidinéje dalyje saugomi vartotojy duomenys, metaduomenys, puslapiy nasumo rezultatai ir kita svarbi
informacija saugyklose ir MySQL DB. ISorin¢je dalyje $i programa jungiasi su Google Analytics ir
PageSpeed API. Galimi duomeny tipai: vartotojy informacija ir vaidmenys, Analytics paskyry ir nuosavybiy
informacija, svetainiy nasumo rezultatai, metaduomenys (Zymos, biisena ir pastabos).

Kai vartotojas inicijuoja veiksma (pvz., filtruoja duomenis ar iSsaugo pastabg), uzklausa keliauja i§
vartotojo sasajos i serverio sluoksnj. Aplikacijos sluoksnis susisiekia su duomeny saugykla ar iSorine AP/ ir
grazina apdorotus rezultatus, kurie véliau rodomi vartotojo sasajoje.

Apibendrinant, programa bus remiama sluoksniuota klientas-serveris architekttra, susidedancia i$
vartotojo sgsajos sluoksnio, verslo logikos sluoksnio ir duomeny bei integracijos sluoksnio. Toks sprendimas
uztikrina aiSky atsakomybiy paskirstymg, supaprastina palaikyma ir leidzia lengvai plésti programa ateityje.

Duomeny bazés loginis duomeny modelis, nusakantis lenteles ir rySius tarp jy, pateiktas 4 paveiksle.

Visos esybés turi identifikatoriy. Vartotojas turi varda, elektroninj pasta, slaptazodj ir vaidmenj.
Metaduomenys turi Zyma, biiseng ir pastaba. PageSpeed rezultatai turi URL, metrikas ir naSumo balg.
Analytics nuosavybé turi Analytics nuosavybés ID, pavadinimg, valiutos tipa, laiko juosta, pramone ir
paslaugos lygj. Galiausiai, Analytics paskyra turi paskyros ID i§ Analytics ir varda.

Vienas vartotojas, su administratoriaus vaidmeniu, gali pateikti nulj arba daugiau metaduomeny ir
PageSpeed rezultaty. Viena Analytics nuosavybé gauna nuli arba vieng metaduomenis ir PageSpeed
rezultatus. Viena Analytics paskyra gali turéti nulj arba daug nuosavybiy, o Analytics nuosavybés egzistuoja,
jei yra Analytics paskyra.
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4 pav. Loginis duomeny modelis
Saltinis: sudaryta autoriy

Loginiame duomeny modelyje galima matyti detalesne informacijg apie duomenis. Visuose esybése
pirminiai raktai yra jy identifikatoriai, ir jie visi privalo biiti uzpildyti.

Vartotojo sasajos dizainas. Vartotojo sasajos (UIl) dizainas yra procesas, kurio metu kuriama
vizualing iSvaizda ir interaktyvis elementai skaitmeningje sistemoje — svetainéje, mobilioje programéléje ar
programingje jrangoje.

Ul dizainui reikia sukurti vartotojo kelia, kuris parodyty, kokij procesa vartotojas pereina, norédamas
atlikti tam tikra uzduotj. Vartotojo kelias padeda komandoms analizuoti sgveikas tarp kiekvieno ekrano ir
tai, kaip vartotojas juda per visg savo keliong (Kreimer, 2021). Dinaminés UML diagramos apraso sistemy
elgseng. Dinaminé diagrama parodo veiksmus, operacijas ir pokyc¢ius, kurie vyksta sistemoje laikui bégant.
Tuo tarpu statiné diagrama apraso sistemos ar jos dalies savybes (Reselman, 2021).

Programos vartotojo kelias nuo prisijungimo puslapio rodymo iki duomeny optimizavimo yra pateiktas

dinamingje diagramoje (5 pav.).
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5 pav. Programos dinaminé vartotojo veiklos diagrama
Saltinis: sudaryta autoriy
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Dinaminis vartotojo veiklos diagrama vaizduoja veiksmy seka, kurig vartotojas atlicka sgveikaudamas
su programine sistema. Skirtingai nei statiski ekrano maketai, $is grafas koncentruojasi j loginj peréjima tarp
skirtingy biiseny ar vaizdy, atsizvelgiant j vartotojo pasirinkimus, programos atsakymus ir duomeny
prieinamuma. Sio grafo tikslas yra parodyti, kaip vartotojas pereina per funkcijas, kaip programa reaguoja
ivest] ir kokios vidinés salygos (pvz., prisijungimo biisena ar talpyklos duomenys) turi jtakos bendrai eigai.
Sis grafas padeda vizualizuoti vartotojo kelia, i§vengti nenumatyty situacijy ir anksti aptikti nereikalingus
zingsnius projektavimo metu.

Apibendrinant, vartotojo kelias atlieka itin svarby vaidmen;j kuriant efektyvig ir vaidmenimis grista
vartotojo patirtj. Dinamingje diagramoje, modeliuojant vartotojo veiksmus ir sglyginius programos atsakus,
galima uztikrinti tiek intuityvig navigacija, tiek vidinés logikos atitikimg. Tokia eiga garantuoja, kad
vartotojai, nepriklausomai nuo jy techninio pasirengimo, biity nuosekliai vedami per autentifikacija,
duomeny prieiga, optimizavima ir ataskaity generavima be painiavos ar loginiy spragy.

Pagrindiniai algoritmai. Algoritmas yra instrukcijy rinkinys, leidZiantis kompiuteriui atlikti
konkrecias uzduotis, skirtas problemai nustatyti, sprendimui sukurti ir pritaikyti §ig alternatyva problemai
jveikti. Kiekvienas algoritmas atspindi logine veiksmy seka, vykdoma automatiskai arba inicijuojamag
vartotojo. Siy srauty supratimas yra biitinas norint suvokti, kaip duomenys juda programoje ir kaip vartotojy
veiksmai aktyvuoja pagrindines funkcijas.

Pagrindiniai Sios programos algoritmai apima vartotojy autentifikacija, duomeny gavima i§ Google
Analytics, metaduomeny tvarkyma, puslapio grei¢io analize per PageSpeed API, duomeny filtravima ir
ieskojima. Sie procesai yra esminiai, nes kiekvienas i§ jy atlieka specifing funkcija, be kurios programos
optimizavimo galimybés biity ribotos.

Google Analytics duomeny sinchronizavimo algoritmas. Sis algoritmas kontroliuoja, ar duomenys turi
buti gaunami i§ vietinés duomeny bazés ar 1§ Google Analytics API, taip uztikrindamas efektyvy veikimg ir
sumazindamas bereikalingas APl uzklausas. Google Analytics duomeny sinchronizavimo algoritmas yra
pateiktas dinamingje diagramoje (6 pav.).
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6 pav. Google Analytics duomeny sinchronizavimo algoritmo diagrama
Saltinis: sudaryta autoriy

PageSpeed analizé ir saugojimo algoritmas. Sis algoritmas leidZia administratoriams vertinti svetainiy

veikimg naudojant Google PageSpeed Insights, i§saugant rezultatus. PageSpeed nuskaitymo ir saugojimo
algoritmas yra pateiktas dinaminéje diagramoje (7 pav.).
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7 pav. PageSpeed nuskaitymo ir saugojimo algoritmo diagrama
Saltinis: sudaryta autoriy

Apibendrinant, pagrindiniai Google paslaugy duomeny optimizavimo programos algoritmai yra
susieti su Google API: paslaugos paskyry, nuosavybiy ir kitokiy duomeny gavimu, rodymu ir optimizavimu,
kokios yra veiklos ir jy srautai.

Google paslaugy duomeny optimizavimo programos realizavimas ir testavimas

Google paslaugy duomeny optimizavimo programos realizacijos eiga:

1. Technologijy pasirinkimas ir naudojimas programos realizacijai, kurios uztikrinty lankstuma ir
plétra.

Google Analytics ir PageSpeed API paslaugy integravimas duomeny gavimui.

Duomeny optimizavimo funkcijy programavimas.

Duomeny bazés realizavimas duomeny saugojimui.

Grafinés vartotojo sgsajos sukiirimas — tiek vartotojams, tick administratoriams.

nk N

Technologiju naudojimas

Sioje dalyje apzvelgiamos technologijos, kurios buvo pasitelktos kuriant programa. Jy parinkimas
buvo svarbus siekiant uztikrinti programos patikimuma, lankstuma, sauguma ir patogy naudojima. Si analizé
leidzia suprasti, kaip technologiniai sprendimai buvo integruoti j realy programos kiirimo procesa.
Programos realizacijoje buvo naudojamos Sios technologijos:

e Laravel,;

e Docker;

*  Visual Studio Code.

Laravel — PHP kalbos karkasas su modelio-vaizdo-valdiklio (angl. Model-View—Controller, MVC)
architektiiros modeliu. Sis modelis atskiria verslo logika, prie§ pateikimo ir duomeny sluoksnius, taip
palengvindamas Svaraus ir strukttruoto kodo valdyma. Karkasas naudoja Blade variklj, kad sukurty vaizda,
kuris naudoja Blade sintaksg, pana$ia | PHP. Laravel karkasas taip pat suteikia Eloquent ORM funkcijas,
kurios padeda kurti objektus Laravel aplinkoje ir padaro duomeny uzklausas patogesnes. Sios ir kitos
Laravel savybés buvo naudojamos programos realizacijai.

Laravel naudojimas. Laravel atlieka pagrindinj vaidmenj programoje — tai sistema, kuri valdo beveik
viska, kas vyksta, nuo marsruto parinkimo ir autentifikavimo iki aplikacijy AP/ integravimo ir duomeny
valdymo. Programos realizacijai buvo naudojami Sie Laravel jrankiai ir funkcijos:

*  svetainiy adresy (URL) mar$ruty valdymo funkcija, kuri yra naudojama vaizdy rodymui;

»  programos logikos apdorojimo funkcija, kuri yra naudojama kurti valdiklius. Programoje yra
kuriami Laravel valdikliai su funkcijomis, tokiomis kaip duomeny gavimas ir i§saugojimas, Google paslaugy
nuskaitymy apdorojimas, filtravimo ir rGiSiavimo atlikimas, faily eksportavimas ir t. t.;
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*  duomeny bazés darbo funkcija, kuri yra naudojama administratoriaus metaduomeny saugojimui,
Google PageSpeed rezultaty saugojimui ir vartotojy valdymui. Laravel suteikia jrankius, leidzianc¢ius
migracijos. Programoje, migracijos sukuria visas DB lenteles, nuo vartotojy iki Google PageSpeed rezultaty;

+  prieigos valdymo funkcija, kuri jdiegia autentifikacijos sistema su prisijungimu, registracija ir
atsijungimu. Si funkcija apriboja vartotojy prieiga prie puslapiy per marsrutus, valdo prisijungimo ir
registracijos srautus, ir uztikrina, kad tik administratoriai gali redaguoti metaduomenis ir daryti PageSpeed
analize. Prieigos kontrolés valdymui, prie kai kuriy marsSruty yra pridéta autentifikacija middleware, kad prie
ju gali prieiti tam tikri vartotojai: /register marSrute — tik neprisijunge vartotojai, /services ir /update-
property-meta marsrutuose — tik prisijunge vartotojai;

*  Blade jrankis, kuris yra naudojamas kurti Sablonus prisijungimo ir registracijos formoms, rodyti
Google Analytics paskyras, nuosavybes ir kitus duomenis, rodyti turinj priklausomai nuo vartotojo vaidmens,
ir naudoti bendrus $ablonus antrastéms ir porastéms, kad biity iSvengta pasikartojimo;

e Vite jrankis, kuris yra naudojimas CSS ir JS faily tvarkymui, tiesioginiu perkrovimui, Blade
integravimui ir gamybos konstrukcijai.

Docker — tai yra atvirojo kodo platforma, leidzianti kiiréjams kurti, diegti, paleisti, atnaujinti ir valdyti
talpyklas. Docker talpyklos (angl. containers) — tai standartizuoti vykdomieji komponentai, sujungiantys
programos Saltinio kodg su operacinés sistemos bibliotekomis ir priklausomybémis, reikalingomis tam kodui
paleisti bet kurioje aplinkoje. Docker vaizdas (angl. image) — tai atskiras vykdomasis failas, kuriame yra tam
tikros bibliotekos, priklausomybés ir failai, kuriuos konteineris turi paleisti. Docker vaizdas yra viena i$
pagrindiniy objekty Docker architektiiroje. Norint sukurti arba paleisti Docker konteinerj, reikalingi
pagrindiniai Docker vaizdai.

Docker naudojimas. Docker yra naudojamas kaip priemoné konteinerizuoti ir valdyti kiirimo aplinka.
Programa suskaidyta j kelias paslaugas, kurios kiekviena paleidziama atskirame konteineryje: PHP (Laravel
serverio pusei), MySQOL (duomeny bazei), NGINX (svetainés serveriui), Node (Vite ir frontend faily
kompiliavimui), Redis (talpykloms) ir phpMyAdmin (duomeny bazés valdymui).

Programoje naudojami Docker vaizdai — paslaugos atskiruose konteineriuose:

*  PHP — serverio pusés (angl. backend) programavimo kalba, skirta ziniatinklio kiirimui, ta¢iau ji
taip pat gali biiti naudojama kaip bendrosios paskirties programavimo kalba. Tai yra pagrindiné programos
programavimo kalba, paleidzianti Laravel karkasa ir sgveikauja su duomeny baze;

e Nginx — atvirojo kodo atvirkstinis tarpinis serveris, skirtas HTTP, HTTPS ir kitokiems
protokolams, taip pat apkrovos balansavimo priemoné, HTTP talpykla ir Zziniatinklio serveris. Nginx
uztikrina ziniatinkliy pateikima tarp vartotojy ir PHP;

*  MySQOL — populiariausia atvirojo kodo duomeny bazé pasaulyje, dél savo jrodyto nasumo,
patikimumo ir naudojimo paprastumo. Sioje duomeny bazéje yra saugojami visi nuolatiniai duomenys,
programos paskyry duomenys ir administratoriaus pridéti metaduomenys;

*  phpMyAdmin — nemokama programinés jrangos priemoné, parasSyta PHP, skirta valdyti MySQOL
ziniatinklyje. Si priemoné supaprastina duomeny bazés valdyma, leidZia lengvai stebéti ir rankiniu biidu
koreguoti duomenis;

*  Node.js — programinés jrangos platforma, skirta kei¢iamo dydzio serverio ir tinklo programoms.
Node.js programos yra skirtos maksimaliai padidinti pralaidumg ir efektyvuma. Node.js kompiliuoja ir
pateikia iSorinj programavima (angl. frontend), ir uztikrina dinamiska vartotojo sasaja saveikai su vidiniu
programavimu;

*  Redis — greiCiausia duomeny platforma pasaulyje. Tai teikia debesy ir vietinius sprendimus
talpykloje ir vektoriy paieskai. Redis gerina programos nasuma talpinant daznai pasiekiamus duomenis ir
valdant uzduociy eiles, kad darbas biity sklandesnis.

Docker Compose koordinuoja $iy konteineriy veikima ir leidzia jiems bendrauti per bendrg tinkla.
Tokia architektira uztikrina programos perkélimg, atkuriamumg ir lengva paleidimg bet kuriame
kompiuteryje, kuriame jdiegtas Docker.

Visual Studio Code (VS Code) — integruota kirimo aplinka (angl. Integrated Development
Environment, IDE), skirta operacinéms sistemoms ir ziniatinklio nar§ykléms. V'S Code yra nemokama, turi
didele ir aktyvig bendruomeng, siiilo stabilius atnaujinimus ir gali veikti kartu su GitHub — Ziniatinklio sgsaja,
leidzianti keliams zmonéms pasiekti tinklapio kodg ir padaryti pakeitimus.

Nesvarbu, ar raSoma JavaScript, Python, C++ ar kita programavimo kalba, VS Code suteikia
sklandZzig programavimo patirtj. Su jrankiais derinimui (angl. debugging), versijy valdymui naudojant Git ir
placiomis pritaikymo galimybémis, §i aplinka sukurta tam, kad programavimas biity efektyvus ir malonus.
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Pradedantiesiems tai puikus atspirties taSkas dél savo paprastumo, draugiskos bendruomenés ir gausybés
internetiniy iStekliy (Kramer, 2024).

VS Code naudojimas. VS Code buvo naudotas programos kodavimui ir Laravel Sablony
modifikavimui. VS Code veikia kaip pagrindiné kiirimo aplinka, suteikianti galimybe redaguoti koda,
naudoti Git ir terminalg vienoje vietoje.

Apibendrinant, programos realizacijai buvo naudojamos Siuolaikinés technologijos — Laravel, Docker
ir VS Code — uztikrinancios efektyvy kiirimo procesa. Siy technologijy derinys padeda pasiekti efektyvesnij
kiirimg ir lengvesnj programos palaikyma bei plétra.

Google paslaugy duomeny gavimas. Google paslaugy duomeny gavimas yra svarbiausia §ios
programos dalis. Kad §i programa galéty optimizuoti duomenis, reikia i§ tam tikry Google paslaugy gauti
duomenis optimizavimui.

Google paslaugy duomeny optimizavimo programoje yra naudojamos §ios Google paslaugos:

*  Google Cloud,

*  Google Analytics;

*  Google PageSpeed.

Google Cloud — tai debesy kompiuterijos paslaugos, kurias teikia Google. Tai leidZia Zzmonéms ir
imonéms naudotis Google technologijomis internete be savo fiziniy serveriy ar kompiuteriy. Si paslauga gali
saugoti failus, palaikyti svetaines ir programas serveriuose, analizuoti didelius duomeny kiekius, saugoti
duomenis, sujungti kitas Google paslaugas ir t. t.

Naudojant Google Cloud yra sukuriamas projektas ir bent viena paslaugos paskyra. Paslaugos paskyra
yrareikalinga, nes programa autentifikuojasi naudodama ta paslaugos paskyra, kad jgalintu Google Analytics
API ir Google PageSpeed API. Autentifikavimas yra daromas per paslaugos paskyros rakta, kurj negalima
viesai skelbti arba Google automatiskai jj i§jungs. Sukuriant raktg yra atsiunc¢iamas JSON kredencialy failas
i kompiuterj, kurj reikia jdéti j programa (8 pav.). Sio failo vietove reikia nusakyti programos .env faile per
GOOGLE _CREDENTIALS PATH ir SERVICE ACCOUNT FILE.

»APIProject ‘ | Search (/) for resources, docs, products and more |QSearch ‘ 4+ & @ ®@

nts / Service account: 103821467180 G IESIREEE T S J S ¢ -optimizer [WSL: Ubuntu]
& second_seo_account {} google_credentialsjson X

Details Permissions Keys]

Keys

A Service account keys could
Learn more about the best

"token_ur:
"auth_provider
"client _x5@9 cert url
"universe_domain™:

o Google automatically disalf
organisation policy. Learn

Add a new key pair or upload a public

Block service account key creation us
Learn more about setting organisatiol

Add key ~ X WSL Ubuntu | §° main* 30171 @0A0 W3 Ln 14, Col 1 Spaces:4 UTF-8 LF {} DevDbConfig &

8 pav. Google Cloud paslaugos paskyros raktas JSON pavidalu

Saltinis: sudaryta autoriy

Google Analytics (Analytics) — tai nemokamas Google jrankis, kuris stebi ir analizuoja svetainés ar
programélés lankytojus. Jis rodo, kas lankosi, ka jie daro, i§ kur ateina ir kiek laiko biina. Analytics Admin
yra Analytics nustatymy skiltis, kurioje valdoma paskyra, nuosavybés, vartotojai ir leidimai.

Analytics naudojimas. Su Analytics Admin API, programa gauna paskyry ir nuosavybiy duomenis:
paskyry vardus ir /D, nuosavybiy pavadinimus, pramoniy kategorijas, laiko juostas, valiutas ir aptarnavimo

lygius. Siy duomeny gavimui yra naudojamas valdiklio funkcija, su kodu:
Sclient = new Client () ;
$client->setAuthConfig(storage path('credentials/google credentials.json'));
$client->addScope ('https://www.googleapis.com/auth/analytics.readonly"');
SadminService = new GoogleAnalyticsAdmin ($client);
Si kodo dalis autentifikuojama sistemoje Google, naudodama JSON kredencialy faila, o tada inicijuoja

Analytics Admin API paslaugg, kad biity galima nuskaityti Analytics duomenis arba nustatymus.
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Google PageSpeed (PageSpeed) — tai Google jrankiy rinkinys, skirtas analizuoti svetainés greitj ir
naSumg. PageSpeed Insights gali matuoti, kiek greitai kraunasi puslapis, vertinti mobiliesiems ir
kompiuteriams i§ 100 baly, pateikti patarimus ir pasiiilyti optimizacijas.

PageSpeed naudojimas. Programoje, administratoriaus praSymu galima siusti nuosavybiy URL i
PageSpeed API, o tai grazina naSumo balg (nuo 0 iki 100) ir pagrindinius Ziniatinklio elementy matavimus.
PageSpeed programos veikimas yra patikrinamas per valdiklio koda:

Srequest->validate(['url' => 'required|url', 'property id' => 'required']);

Surl = Srequest->url;

Sresponse = Http::get ("https://www.googleapis.com/pagespeedonline/v5/runPagespeed"”, [
'url' => Surl, 'strategy' => 'mobile', 'key' => env('PAGESPEED API KEY')

1)

Si kodo dalis patvirtina gaunamos uzklausos duomenis, jraso patikrinta URL, i$siun¢ia GET uzklausa
1 PageSpeed API, kad biity analizuojamas pateiktas puslapis mobiliajame rezime, ir iSsaugo gauta atsakyma.
Jei tikrinimas nepraeina, Laravel automatiskai grazins klaida.

Apibendrinant, duomenys yra gaunami i $iy Google paslaugy: Google Cloud, kurioje yra kuriamos
paslaugy paskyros ir generuojami raktai kity paslaugy API jgalinimui, Analytics, kurioje yra gaunami
duomenys apie paskyras, nuosavybes ir jy atributai, ir PageSpeed, kurioje yra gaunami duomenys apie
svetainiy greitj ir naSuma.

Duomeny optimizacijy programavimas

Duomeny optimizavimo programavimas yra esminé programos dalis, skirta ne tik duomenims
atvaizduoti, bet ir efektyviai juos analizuoti, filtruoti, pazymeéti bei interpretuoti. Optimizavimo funkcijos
leidzia vartotojams valdyti didelj kiekj informacijos, atrinkti tik aktualius duomenis ir priimti pagristus
sprendimus remiantis sistemingai pateikta informacija. Siame poskyryje apZvelgiamos visos su duomeny
optimizavimu susijusios funkcijos, jy veikimo principai ir programinis jgyvendinimas.

Programos duomeny optimizavimo funkcijos:

Paieska pagal nuosavybés pavadinima.

Filtravimas pagal Zyma ir biiseng.

Duomeny eksportavimas | PDF faila.

Duomeny eksportavimas j CSV faila.

Duomeny sinchronizavimas.

Metaduomeny redagavimas.

PageSpeed analizé.

Paieska pagal nuosavybés pavadinimg. Paieskos funkcija leidzia vartotojui greitai surasti specifines
Analytics nuosavybes, jvedus pavadinimo fragmenta arba pilng pavadinima. Tai ypac naudinga, kai duomeny
kiekis didelis, o vartotojas nori greitai pasiekti aktualia informacijg. Paieska atlickama pagal lauka
display_name, kuris saugo kiekvienos savybés pavadinimg. Paieskos kodo dalis:

if ($search) {
$query->where ('display name', 'like', '$' . Ssearch . '%');
}

Si kodo dalis tikrina, ar paieskos uZklausa yra pateikta. Jei taip, Laravel uzklausa papildoma where
salyga filtruoja duomenis pagal savybés pavadinima. Naudojama SQL LIKFE funkcija su % simboliais prie§
ir po paieskos reikSmés leidzia atlikti daling atitiktj, t. y. bus grazinamos visos savybés, kuriy pavadinime
yra nurodytas fragmentas.

Filtravimas pagal Zymgq ir biiseng. Zymy filtravimo funkcija suteikia galimybe vartotojui susiaurinti
rodomus rezultatus pagal pasirinkta Zyma (angl. fag). Kiekvienai Analytics nuosavybei gali biiti priskirta
Zyma, kurig administratoriaus vaidmen;j turintys vartotojai gali nurodyti metaduomeny laukelyje. Tokia
funkcija leidzia suskirstyti savybes ] kategorijas ar projektus bei lengviau jas valdyti. Biisenos (angl. status)
filtravimas leidZia vartotojams atvaizduoti tik tas nuosavybes, kurios atitinka konkrety optimizacijos etapg.
Sis filtras padeda susikoncentruoti j prioritetines nuosavybes arba stebéti pazanga. Zymy ir biisenos

filtravimo kodo dalis:
if ($status || Stag) {
Squery->whereHas ('meta’', function (SmetaQuery) use ($status, $tag) {

if ($status) {
SmetaQuery->where ('status', S$status);

}

if (Stag) |
SmetaQuery->where ('tag', S$tag):;
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Sis kodas apdoroja filtravima pagal nuosavybés metaduomenis. Metodas whereHas('meta’, ...)
uztikrina, kad bty tikrinamos tik tos nuosavybés, kurios turi susijusj jrasg metaduomeny lenteléje
(property _metadata), o metaQuery apibrézia, kokios salygos taikomos — jeigu yra pateikta biisena,
atlickamas where('status’, ...), o jei nurodyta Zyma, taikomas where('tag’, ...). Abu filtrai gali buti naudojami
atskirai arba kartu — tokiu biidu galima detaliai i$filtruoti tik norimus duomenis.

Duomeny eksportavimas j PDF failg. Duomeny eksportavimas | PDF formata leidzia vartotojams
iSsaugoti, perzitiréti ar pasidalyti aktualia Analytics informacija neprisijungus prie programos. Eksportuojami
tik tie duomenys, kurie atitinka vartotojo pasirinktus filtrus. PDF eksportavimo funkcijos kodas:

public function exportPDF (Request S$request) {

Sproperties = $this->getFilteredProperties (Srequest);

$pdf = Pdf::loadView('exports.analytics pdf', compact ('properties'));
return $pdf->download('analytics export.pdf');

}

Si funkcija vykdo PDF failo kiirimo ir atsisiuntimo procesa. Pirmiausia gaunami filtravimo rezultatai
naudojant getFilteredProperties(3request) —tai grazina tik tuos duomentis, kurie atitinka vartotojo pasirinktus
filtrus. Tada naudojama Pdf::loadView(...) i§ Laravel DomPDF bibliotekos, kuri paima Blade Sablong ir
pavercia jj PDF dokumentu, perduodant jam nuosavybiy duomenis. Galiausiai download(...) metodas
nurodo, kad sugeneruotas failas turi bati automatiskai atsiystas vartotojui pavadinimu
wanalytics_export.pdf*.

Duomeny eksportavimas §j CSV failg. CSV formatas leidzia lengvai eksportuoti struktiirizuotus
duomenis | lentelinj vaizda, kuris gali biiti atidarytas jvairiomis programomis, tokiomis kaip Microsoft Excel,
Google Sheets ar duomeny analizés jrankiais. Programoje vartotojas gali isfiltruoti norimus Google Analytics
duomenis ir juos eksportuoti kaip CSV failg vienu mygtuko paspaudimu. Tai naudinga, kai norima atlikti
papildoma analiz¢ arba i$saugoti ataskaitos kopija. CSV failo kiirimo kodo dalis:

Scallback = function () use (Sproperties) {

Shandle = fopen ('php://output', 'w');

fputcsv ($handle, ['Property Name', 'Time Zone', 'Currency’', 'Industry’', 'Tag’',
'Status', 'Note', 'URL', 'PageSpeed Score', 'LCP', 'FID', 'CLS']);

foreach ($properties as S$prop) {
fputcsv ($handle, [Sprop['name'], Sprop['timeZone'], Sprop|['currency'],
Sprop['industry']l, Spropl'tag'l, Spropl'status'], Spropl['note'l,]):;
}
fclose (Shandle) ;

}i

Sis kodas naudoja php://output, kuris veikia kaip tiesioginis srautas j vartotojo narSykle, fopen()
atveria §j srauta, o fputcsv() funkcija naudoja jj raSyti CSV formato eilutes. Pirmoji eiluté apibrézia antraStes
(stulpeliy pavadinimus), o vélesnés foreach cikle apdorojamos eilutés yra faktiniai duomenys. Tokiu btuidu
sukuriamas CSV dokumentas, kuris nedelsiant perduodamas vartotojui per HTTP atsaka.

Duomeny sinchronizavimas. Duomeny sinchronizavimo funkcija uztikrina, kad programa galéty
atnaujinti Analytics paskyry ir nuosavybiy informacija tiesiogiai i§ Google API, kai to reikia. Kad nebiity
nereikalingai siunciamos uzklausos kiekvieng kartg atidarant puslapj, programa naudoja talpykla (angl.
cache) —tai reiskia, kad duomenys paimami i$ vietinés duomeny bazes, jeigu néra nurodyta kitaip. Vartotojas
turi galimybe inicijuoti duomeny atnaujinimg rankiniu biidu naudodamas Refresh mygtuka. Si funkcija
leidzia iSlaikyti programos efektyvumg ir kartu uZztikrinti duomeny aktualumg. Duomeny naudojimas i$
talpyklos arba API kodo dalis:

SuseCache = !S$request->has('refresh');
if (SuseCache && GoogleAccount::count () > 0) {
// Naudojama duomeny bazéje esanti informacija

} else {
SapiAccounts = S$this->fetchAccountsFromAPI () ;
Sthis->storeAccountsAndProperties ($apiAccounts) ;
// Naudojama naujai gauta informacija

}

Sis kodo dalis nusprendzia, ar naudoti esamus duomenis i§ duomeny bazés, ar sinchronizuoti juos i§
Google API. Jei uzklausoje refresh parametro néra ir duomeny bazéje jau yra paskyry, programa naudoja
vieting informacija. PrieSingu atveju, jei vartotojas spusteléjo atnaujinimo mygtuka arba duomeny bazéje
néra Analytics paskyry, duomenys paimami i§ Google per fetchAccountsFromAPI() funkcijg ir saugomi per
storeAccountsAndProperties() funkcija. Toks sprendimas leidZzia efektyviai valdyti resursus ir i§vengti
bereikalingy AP/ kvietimy.
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Metaduomeny redagavimas. Metaduomeny redagavimo funkcija leidZia administratoriams priskirti
papildoma informacija kiekvienai Analytics nuosavybei, jskaitant Zymas, bisenas ir pastabas. Sie
metaduomenys suteikia galimybe pazyméti, suskirstyti ar dokumentuoti konkrecias savybes, kas palengvina
ju analiz¢ ir optimizavimg. Be to, kiekvienam redagavimui yra priskiriamas vartotojo /D, taip uztikrinant,
kad galima bty atsekti, kuris administratorius atliko pakeitimus. Metaduomeny i§saugojimo kodas:

Supdated = PropertyMetadata::updateOrCreate (
['google property id' => $property->id],
[ 'tag' => S$request->tag,
'status' => S$request->status,
'note' => $request->note,
'user id' => Auth::id(),
]
)

Si kodo dalis atnaujina arba sukuria nauja metaduomeny jrasa duomeny bazéje, naudodamas
updateOrCreate() metoda. Pirmas argumentas — paieskos kriterijus: ¢ia tikrinama, ar jau egzistuoja jrasas su
tokiu paciu google property id. Antras argumentas — reikSmes, kurias reikia jraSyti ar atnaujinti: Zyma,
biisena, pastaba bei vartotojo /D, kuris paimamas su Auth. :id(). Tai uztikrina, kad kiekviena nuosavybé turés
tik vieng susijusj metaduomeny jrasa, o atnaujinimai nepakeis kity nuosavybiy duomeny.

PageSpeed analizé. PageSpeed analizés funkcija leidzia administratoriams jvertinti, kaip greitai
ikeliamas tam tikros svetainés puslapis, susijes su Analytics nuosavybe. Tai suteikia galimybg identifikuoti
naSumo problemas, tokias kaip létas jkélimas, vizualinis nestabilumas ar interaktyvumo vélavimas.
Naudojant PageSpeed Insights API, programa gauna tokius pagrindinius nasumo rodiklius kaip jkélimo
greit] (angl. Largest Contentful Paint, LCP), interaktyvuma (angl. First Input Delay, FID) ir vizualinj
stabilumg (angl. Cumulative Layout Shift, CLS). Tokia analizé padeda optimizuoti ne tik duomeny matavima,
bet ir realy vartotojy patyrima.

Uzklausa | PageSpeed API kodas:

Surl = Srequest->url;
Sresponse = Http::get ("https://www.googleapis.com/pagespeedonline/v5/runPagespeed", [
'url' => Surl,
'strategy' => 'mobile',
'key' => env ('PAGESPEED API KEY')
1)
Si kodo dalis vykdo HTTP GET uzklausa j PageSpeed Insights API. Naudojamas vartotojo jvestas
URL, kuris yra analizuojamas mobiliuoju rezimu. AP/ raktas paimamas i§ .env failo, naudojant, kas leidzia
saugiai laikyti slapCiausig informacijg. Rezultatas iSsaugomas j $response, kuriame yra visa reikalinga JSON
strukttira su puslapio naSumo duomenimis.
Nasumo rezultaty i§gavimo kodas:

$data = Sresponse->json();
$score = $data['lighthouseResult']['categories']['performance']['score'] * 100;
Smetrics = [
'LCP' => Sdata['lighthouseResult'] ['audits'] ['largest-contentful-
paint'] ['displayValue'] ?7? null,
'FID' => S$data['lighthouseResult']['audits']['max-potential-fid']['displayValue']
?2? null,
'CLS"' => Sdata['lighthouseResult'] ['audits'] ['cumulative-layout-
shift'] ['displayValue'] ?7? null,

17

Cia JSON atsakymas yra dekoduojamas su $response->json() i PHP masyva. Bendra puslapio na§umo
jvertinimo reikSmé iStraukiama ir padauginama i§ 100, kad biity gautas procentas. Trys pagrindiniai naSumo
rodikliai — LCP, FID ir CLS —iSgaunami i$ atitinkamy analizés ir perziiiros lauky. Kiekvienam jy naudojama
?? null, kad baty uztikrintas saugus grazinimas net jei reik§més triksta. Sie rodikliai véliau saugomi
duomeny bazéje kartu su URL.

Apibendrinant, Sioje dalyje apZvelgtos pagrindinés programos funkcijos, skirtos pagerinti Analytics
duomeny valdymg ir analize. Kiekviena optimizavimo funkcija buvo jgyvendinta tikslingai, uztikrinant
techninj tikslumg ir vartotojo patoguma.

Duomeny bazés kiirimas

Duomeny bazés realizavimas yra vienas svarbiausiy programos komponenty, uztikrinantis efektyvy
duomeny saugojima, tvarkyma ir pasiekiamuma. Siame poskyryje aprasoma, kaip buvo sukurtos lentelés
naudojant Laravel migracijas, kokie duomenys jose saugomi, per kur jos galima valdyti it kaip jos
tarpusavyje susijusios.
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Dél Laravel karkaso, programa naudoja MySQL duomeny baze. MySQL yra atvirojo kodo reliaciné
duomeny baziy valdymo sistema, kuri naudoja SOL kalbg duomeny baziy kiirimui ir valdymui.

Kadangi MySQL yra atvirojo kodo, joje yra daugybé funkcijy, sukurty glaudziai bendradarbiaujant su
naudotojy bendruomene per beveik 30 mety. Dvi ypac svarbios savybés, kuriomis pasikliauja kiiréjai, yra
ACID sandoriy palaikymas ir sistemos mastelio keitimas (angl. scalability). ACID reiskia atomiskuma,
nuosekluma, izoliacijg ir patvaruma — keturias savybes, kurios uztikrina, kad duomeny bazés sandoriai biity
vykdomi patikimai ir tiksliai. ACID sandoriy déka MySQL garantuoja, kad visi duomeny pakeitimai bty
igyvendinti nuosekliai ir patikimai — net sistemos gedimo atveju. MySQL taip pat gali biiti pleCiama, kad
palaikyty labai dideles duomeny bazes ir apdoroty didel; kiekj vienalaikiy prisijungimy.

Lenteliy kiirimas (migracijos)

Laravel migracijos naudojamos MySQOL duomeny bazés lenteléms kurti ir tvarkyti. Kiekviena lentelé

turi savo migracijos faila, kuriame aprasoma jos struktiira. Viena i $iy migracijy sukuria vartotojy lentele:
return new class extends Migration {
public function up () {
Schema: :create('users',
Stable->id() ;
Stable->string('name') ;
Stable->string('email')->unique () ;
Stable->string('role')->default ('viewer');
Stable->string ('password') ;
Stable->timestamps () ;

function (Blueprint S$table) {

1)

}

public function down(): void {
Schema: :dropIfExists ('users');

Si vartotojy lentelés migracija sukuria vartotojy lentele, prideda prie lentelés stulpelius:
identifikatorius, vardas, elektroninis pastas, vaidmuo, slaptazodis ir laiko zymos, ir uZtikrina, kad el. pastas

yra unikalus, nustato numatytg vartotojo vaidmenj kaip zitirovas — jprastas vartotojas, ir pateikia bidg iStrinti
lentele.

Duomeny bazés tvarkymas

MySQOL duomeny bazes tvarkymui yra naudojamas phpMyAdmin.

IS visy lenteliy, vartotojy lentelé, Google Analytics paskyry lentele, Google Analytics nuosavybiy
lentelé, PageSpeed rezultaty lentelé ir nuosavybiy metaduomeny lentelé yra esminiai, o visos kitos lentelés
yra Laravel valdomos.

Lenteliy struktiirg ir jy santykius taip pat galima matyti per phpMyAdmin (9 pav.).

Ao

¢ id : bigint unsigned

arave| page_speed_results

Ho

aravel google_properties

B

aravel sessions

l £ laravel google_accounts ¢ id : bigint unsigned

2 id - bigint unsigned

@ ga_account_id : varchar(255) @ ga_property_id : varchar(255)

= name : varchar(255) = display_name : varchar(255)
m created_at - timestamp @ currency : varchar(255)
@ updated_at - timestamp 2 time_zone : varchar(255)

@ industry : varchar(255)

o service_level : varchar(255)
m created_at : timestamp

m updated_at - timestamp

{ # google_account_id : bigint unsigned

# google_property_id : bigint unsigned

# user_id : bigint unsigned
@ url - varchar(255)

» metrics : json

# performance_score : int
m created_at : timestamp
[ updated_at : timestamp

l o larave! property_metadata
# id : bigint unsigned
4 google_property _id : bigint unsigned
# user_id : bigint unsigned
= tag : varchar(255)
@ status : varchar(255)
& note - text
m created_at : timestamp
@ updated_at : timestamp

B

aravel users ¢ id : varchar(255)

@ id : bigint unsigned # user_id : bigint unsigned
= name : varchar(255) @ ip_address : varchar(45)
@ email : varchar(255) @ user_agent : text
@ role : varchar(255) @ payload : text
@ password : varchar(255) # last_activity : int
m created_at : timestamp

m updated_at - timestamp

ID aravel cache_locks
@ key - varchar(255)
= owner : varchar(255)

no arave| cache
& key - varchar(255)
2 value - mediumtext
# expiration - int # expiration : int
M o iaravel migrations

@ id : int unsigned

= migration : varchar(255)

# batch - int

9 pav. Duomeny bazés lentelés ir jy santykiai per phipMyAdmin

Saltinis: sudaryta autoriy

Apibendrinant, programa naudoja MySQL duomeny baze¢, o joje yra sukuriamos visos esminés
lentelés, kartu ir Laravel valdomos lentelés, per migracijy klases ir funkcijas, kurios yra tvarkomos per

phpMyAdmin.
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Grafiné vartotojo sasaja. Google paslaugy duomeny optimizavimo programos GUI kiirimui buvo
naudotas Laravel jrankis Blade, kuris leidzia generuoti dinaminius HTML vaizdus ir padeda atskirti $ablong
nuo tdrinio.

Prie§ pasiekiant pagrindinj programos puslapj, vartotojas turi prisijungti prie programos arba
uzsiregistruoti. Registracijos forma leidzia sukurti naujg paskyra nurodant varda, el. pasto adresa ir
slaptazodj. Prisijungus, vartotojas yra nukreipiamas j pagrindinj puslapj, kur jam pateikiama informacija apie
Analytics paskyras ir nuosavybes. Be autentifikacijos, vartotojas neturi galimybés pasiekti jokios
informacijos ar funkcionalumo, uztikrinant programos sauguma. Po prisijungimo ar registracijos, programa
nuveda vartotoj tiesiai | pagrindinj programos puslapj (10 pav.).

Google Services Data Optimizer Hello, Admin User (250 { Manage Users ‘ | Logout. ‘ ‘ & Dark Mode J Help ‘

Google Analytics Accounts and Properties

Search by property name AUAE] AT v Le=

Exporccv | [Expor PO | (@ Reros Data from G

Account: test-analytic-account ~

Name: test-analytic-account
1D: accounts/341721634

Properties:
Another Property Shaw/Hide Detail
Time Zone: Americafl.os_Angeles
Currency: USD
Industry: BEAUTY_AND_FITNESS

B GOOGLE_ANALYTICS_STANDARD

Arts first property ShawiHide Detail:
Time Zone: Europe/Vilnius

Currency: EUR

Industry: ARTS_AND_ENTERTAINMENT

Service Level. (TR

10 pav. Pagrindinis programos puslapis
Saltinis: sudaryta autoriy

Pagrindiniame puslapyje yra atvaizduojami visi Analytics paskyry duomenys ir jy nuosavybeés.
Sasajoje yra jdiegtos paieskos ir filtravimo priemonés pagal Zyma ir statusg, taip pat galimybé eksportuoti
duomenis | CSV arba PDF formatus. Kiekvienai paskyrai yra sukurtas atskiras blokas su savybémis, kurios
gali biiti iSskleidziamos arba paslepiamos. Kiekviena nuosavybé turi metaduomenis ir PageSpeed analizés,
jei jos yra iSsaugotos duomeny bazéje.

Jei vartotojo paskyra turi administratoriaus vaidmenj, tai pagrindiniame puslapyje jis mato keleta
redagavimo funkcijy prie nuosavybiy (11 pav.).

Account: second_seo_account ~

Name: second_seo_account
ID: accounts/342676457

Properties:

Second property Show/Hide Details
Time Zone: Europe/Vilnius
Currency: EUR
Industry: AUTOMOTIVE
Service Leve!: (EEEEINIEEZTITD)
Tag
Status
Needs Review ~
Note
%

https:fexample.com Scan PageSpeed

11 pav. Administratoriaus nuosavybiy redagavimas
Saltinis: sudaryta autoriy

Administratoriai pagrindiniame puslapyje gali matyti papildomas funkcijas prie kiekvienos
nuosavybés. Administratorius gali jvesti zymg, pasirinkti optimizacijos bliseng ir pridéti pastaby laisvo
formato teksto pavidalu. Be to, jis gali inicijuoti Google PageSpeed analizg jvesdamas nuosavybés arba kitos
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svetainés URL. Analizés rezultatai (naSumo jvertinimas, LCP, FID ir CLS) yra rodomi toje pacioje
nuosavybés korteléje ir iSsaugomi vélesnei perzitirai ar eksportavimui.

Administratorius taip pat turi galimybe pasiekti visy programos vartotojy sarasa (12 pav.) per atskirg
meniu punktg.

prvices Data Optimizer

Hello, Admin User (03 ‘ Manage Users ‘ Logout ‘ | ) Dark Modd

User Management

3 Go Back

Delete

e

Name Email Current Role Change Role

Test User test@example.com Viewer -

-
Another User another@example.com Viewer ~

Another Admin User admin2@example.com

Admin ~

Normal user@example.com Viewer ~

Gor0a0

Random User random@example.com

Viewer ~

12 pav. Vartotojy paskyry saraSas

Saltinis: sudaryta autoriy

Siame sgrase pateikiama kiekvieno vartotojo informacija: vardas, el. patas ir vaidmuo.
Administratorius gali keisti vartotojo vaidmenj tarp zilirovo (jprasto vartotojo) ir administratoriaus. Tai
leidzia valdyti prieigos teises ir uztikrinti, kad tik patikimi vartotojai turéty administravimo galimybes. Taip
pat administratorius gali itrinti egzistuojancias vartotojy paskyras arba sukurti ir iSsaugoti naujas paskyras.

Apibendrinant, realizacijos eiga parodé, kaip sistemingai, zingsnis po zingsnio, buvo jgyvendinta
idéja: nuo technologiniy sprendimy iki pilnai veikiancios, vartotojui draugiskos optimizavimo platformos.

Google paslaugy duomeny optimizavimo programos testavimas

Sioje dalyje apraSytas sukurtos programos testavimas. Tai apima rankinj programos funkcijy
testavima, AP/ testavima per Postman ir programos jvertinima.

Rankinis testavimas. Aprasomas rankinis programos testavimas, kurio tikslas — patikrinti, ar
programos funkcijos veikia tinkamai, ar sgsaja yra patogi vartotojui ir ar néra esminiy klaidy. Testavimas
atlieckamas be automatiniy jrankiy — imituojant realaus vartotojo veiksmus ir stebint programos reakcijas.
Tokiu btidu galima nustatyti galimas problemas dar prie§ pateikiant programa vertinimui ar naudojimui.

Rankiniai programos testavimo atvejai, tikétini rezultatai ir buisenos yra pateikti apacioje (2 lentelé).

2 lentelé

Rankinio testavimo atvejai
Testavimo atvejis Tikétinas rezultatas Biisena
Prisijungimo ir registracijos | Sékmingas prisijungimas prie egzistuojancios paskyros su teisingais duomenimis ir | Veikia
veikimas paskyros registracija.
Duomeny gavimas i§ Google | Sékmingai yra gaunami paskyry ir jy nuosavybiy duomenys i§ Google Analytics | Veikia
Analytics API APL
Duomeny atvaizdavimas | Duomenys yra atvaizduojami pagrindiniame puslapyje: Analytics paskyros ir jy | Veikia
pagrindiniame puslapyje nuosavybés su metaduomenimis ir PageSpeed rezultatais (jei yra).
Metaduomeny redagavimas | Administratoriai gali sékmingai pridéti metaduomenis prie nuosavybiy ir sékmingai | Veikia
ir PageSpeed analizé daryti jvestos svetainés PageSpeed analize.
Paieskos ir filtravimo | Programa sékmingai atvaizduoja duomenis pagal paieska ir filtrus. Veikia
funkcijos
Duomeny eksportavimas | | Sékmingai yra eksportuojami CSV ir PDF failai su filtruotais duomenimis. Veikia
CSV ir PDF
Vartotojy valdymas Administratoriai gali valdyti paskyras vartotojy paskyras: keisti vartotojy | Veikia

vaidmenis, iStrinti paskyras arba pridéti naujas paskyras.

Duomeny atnaujinimo | Sékmingai veikia duomeny atnaujinimo mygtukas, kuris tiesiogiai gauna duomenis | Veikia
mygtukas i§ Google API ir nei§valo neatnaujintus duomenis.

Saltinis: sudaryta autoriy

Apibendrinant, rankinis testavimas uztikrino, kad programos funkcionalumas yra stabilus ir veikia

pagal numatyta elgseng. Vartotojy saveika, duomeny atvaizdavimas, eksportavimas ir administratoriaus
valdymo ir kitos funkcijos buvo i§bandytos ir jvertintos. Sis procesas leido anksti pastebéti ir iStaisyti galimas
problemas, todél programa tapo patikimesné ir paruosta vartotojams.
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API testavimas. Aprasomas programos 4P/ sluoksnio testavimas — tai sistema, atsakinga uz duomeny
perdavima tarp vartotojo sgsajos ir programos logikos, taip pat tarp programos ir iSoriniy paslaugy, tokiy
kaip Google API. API testavimas leidzia jsitikinti, kad marSrutai (angl. routes), duomeny apdorojimas ir

saugumo mechanizmai (pvz., autentifikacija ir autorizacija) veikia taip, kaip tikétasi.

Postman — programiné jranga, leidzianti programuotojams testuoti, dokumentuoti ir bendrinti 4P/
(programy programavimo sgsajas). Ji placiai naudojama siekiant supaprastinti AP/ testavimo procesa —
pateikiant patogig naudotojo sasajg uzklausy siuntimui, atsakymy perzitirai ir klaidy paieskai.

Postman leidzia kiir¢jams siysti H7TP uzklausas | savo sistemos ar programos marsrutus ir matyti
atsakymus. Jis palaiko jvairius HTTP metodus, tokius kaip GET, POST, PUT, DELETE. Postman ypac
naudingas testuojant Laravel projektus, nes leidzia greitai ir patogiai patikrinti AP/ veikima.

Naudojus Postman jranki, buvo atliktas programos AP/ testavimas. Testavimo atvejus,

marsrutus, tikétinus rezultatus, rezultatus ir biiseng galima matyti apacioje (3 lentelé).

metodus,

3 lentelé
API testavimai ir jy rezultatai
Testavimo atvejis Metodas | MarSrutas Tikétinas rezultatas Rezultatas Biisena
Eksportas j CSV GET /export/csv Grazina CSV failg. CSV atsiystas Praéjo
Eksportas j PDF GET /export/pdf Grazina PDF faila. PDF atsiystas Praéjo
Prisijungimas GET /login Grazina prisijungimo | Prisijungimo Praéjo
puslapj. langas
Registracija GET /register Grazina registracijos | Registracijos Praéjo
puslapj. langas
Google Analytics | GET /service-accounts Grazina Analytics paskyras | JSON su | Praéjo
paskyry duomenys JSON pavidalu. duomenimis
Analytics  paskyros | GET /service- Grazina Analytics paskyros | JSON su paskyros | Pragjo
nuosavybiy duomenis accounts/{accountld} nuosavybes JSON pavidalu. | duomenimis

Saltinis: sudaryta autoriy

Apibendrinant, 4P/ testavimas patvirtino, kad visi GET marSrutai — registracija, prisijungimas,
duomeny gavimas ir faily eksportas — veikia teisingai. Naudojant Postman jrankj, buvo galima imituoti
realius uzklausy scenarijus be vartotojo sgsajos, todél buvo lengviau nustatyti ir iStaisyti galimas klaidas.
Visi marsrutai veiké teisingai tiek su prisijungusiu vartotojy, tiek esant ribojimams, kas padeda uztikrinti
programos patikimumg ir sauguma.

Programos jvertinimas

Pateikiamas programos jvertinimas tiek lyginamuoju, tiek funkciniu pozitiriu. Tikslas — nustatyti, kaip
gerai programa atlieka numatyta funkcijg lyginant su kitais jrankiais, bei jvertinti, ar ji atitinka iSkeltus
funkcinius ir nefunkcinius reikalavimus. Jvertinimas atliekamas naudojant palyginimo lentele su
egzistuojanCiomis alternatyvomis bei reikalavimy tikrinimo sarasa.

Programos palyginima su egzistuojanciomis alternatyvomis pagal funkcijas galima matyti apacioje (4
lentelé).

4 lentelé
Programos ir alternatyvy palyginimas
Funkcija / Programa Google paslaugy duomeny | Looker Studio SEMrush Supermetrics
optimizavimo programa
Google Analytics integracija | Pilna GA4 integracija Taip Taip Taip
Google PageSpeed | Integruota Ne Ne Ne
integracija
Metaduomeny pridéjimas Galima pridéti administratoriui Ne Ne Ne
Eksportas j PDF / CSV Integruotas Taip Taip Taip
Duomeny filtravimas  ir | Pagal Zyma, biiseng ir raktinj zodj | Ribotas ISpléstinis Ribotas
paieska
Vartotojy vaidmeny | Administratorius ir Zitirétojas Ne Ribotas Ne
valdymas
Nemokamas naudojimas Taip Nemokama Mokamas Mokamas
versija
Veikia Docker aplinkoje Taip Tik debesyje Tik debesyje Tik debesyje

Saltinis: sudaryta autoriy

Google paslaugy duomeny optimizavimo programa néra skirta konkuruoti su jmonés lygio
platformomis, tokiomis kaip ,,Looker Studio® ir ,,.SEMrush®, taciau ji siilo aiSkiy pranaSumy, tokiy kaip
greitas ir privatus diegimas naudojant Docker, keliy paslaugy integracija su Google API ir aiSkus vaidmeny
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atskyrimas valdant vartotojus, todél tai yra praktiSka programa mazesnéms komandoms, akademiniam
naudojimui ar vidinéms SEO operacijoms.

Programos funkciniy ir nefunkciniy reikalavimy jgyvendinimy rezultatus galima matyti apacioje
(5 lentelé).

5 lentelé
Programos reikalavimy jgyvendinimai
Reikalavimas Tipas Biisena Pastaba
Filtravimas Funkcinis Igyvendinta | Vartotojai gali filtruoti nuosavybes pagal zymag ir biisena.
Ieskojimas Funkcinis Jgyvendinta | Vartotojai gali ieskoti nuosavybes pagal pavadinimo fragmenta.
Eksportavimas Funkcinis Igyvendinta | Vartotojai gali eksportuoti duomenis CSV ir PDF failuose.
Duomeny Funkcinis Igyvendinta | Vartotojai gali atnaujinti duomenis tiesiai i§ Google API paspaudus
atnaujinimas atnaujinimo mygtuka (neiStrina neatnaujintus duomenis).
Metaduomeny Funkcinis Igyvendinta | Administratoriai gali pridéti arba metaduomenis prie nuosavybiy: Zyma,
pridéjimas biiseng ir pastaba.
PageSpeed analizé Funkcinis Jgyvendinta | Administratoriai gali svetainés daryti PageSpeed analize.
Valdyti vartotojus Funkcinis Igyvendinta | Administratoriai gali iStrinti vartotojus, keisti jy vaidmenis ir pridéti
naujas paskyras.
Laravel karkasas Nefunkcinis | Igyvendinta | Programa naudoja Laravel karkasa, jo funkcijas (DB valdymas,
marsrutai ir t.t.) ir jrankius (Blade ir Vite).
Saugomi duomenys Nefunkcinis | Igyvendinta | Duomenys yra saugojami MySQL duomeny bazéje.
Integruota Analytics | Nefunkcinis | Igyvendinta | Yra integruota Google Analytics API naudojant Google Cloud Console
API paslaugos paskyros kredencialus.
Integruota Nefunkcinis | Igyvendinta | Yra integruota Google PageSpeed Insights API naudojant Google Cloud
PageSpeed API Console paslaugos paskyros kredencialus.

Saltinis: sudaryta autoriy

Lenteléje yra matoma, kad kiekvienas funkcinis ir nefunkcinis reikalavimas yra jgyvendintas. Todél,
pagal funkcinius ir nefunkcinius reikalavimus, programa yra jgyvendinta ir jvertinta 100%.

Apibendrinant, programos jvertinimas parodé, kad sukurta programa visiskai atitinka keliamus
funkcinius ir nefunkcinius reikalavimus. Ji pasizymi pranasumais prie$ kitus jrankius, tokiais kaip Google
PageSpeed integracija, administratoriaus vartotojy valdymas ir metaduomeny redagavimas. Nors tokie
jrankiai kaip ,,SEMrush* ar ,Supermetrics yra pritaikyti rinkodaros analizei, §i programa yra skirta
konkreciai Analytics duomeny valdymui ir optimizavimui, suteikiant galimybe¢ visiSkai valdyti procesus
vietiniu lygmeniu.

ISvados

Programos samprata atskleidé, kad vartotojams triiksta vieningos sistemos Google Analytics ir
PageSpeed duomeny steb¢jimui bei optimizavimui. Sudarytas dalykinés srities raiSkusis paveikslélis ir
egzistuojanciy alternatyvy analizé parodé poreikj integruoti anotacijas, PageSpeed duomenis ir naudotojy
valdyma.

Programos projektavimas parodé, kad programai buvo pasirinkta trijy sluoksniy architekttra,
leidzianti lengvai plésti programos funkcionalumga ateityje. Nustatyti funkciniai ir nefunkciniai reikalavimai
uztikrina, kad programa atitiks vartotojy lukescius.

Programos realizacijos metu jgyvendinti visi pagrindiniai realizacijos etapai. Duomeny gavimas i$
Analytics ir PageSpeed API buvo jgyvendintas per Google Cloud paslauga, naudojant autentifikacijg per
paslaugy paskyrg, o duomeny optimizavimas buvo jgyvendintas per paieskos, filtravimo, eksportavimo,
metaduomeny pridéjimo ir PageSpeed rezultaty nuskaitymo funkcijas.

Atlikus rankinj programos testavima, buvo patvirtinta, kad pagrindinés funkcijos, tokios kaip
duomeny gavimas ir filtravimas, veikia teisingai ir atitinka vartotojo poreikius. AP/ testavimas su Postman
jrankiu parodé, kad visos uzklausos j programa yra apdorojamos korektiskai, o duomenys grazinami tinkamu
formatu.

Programos jvertinimas lyginant su analizuotais jrankiais parode¢, kad sukurta programa issiskiria
pritaikomumu, metaduomeny valdymu, PageSpeed integracija ir vartotojy vaidmeny administravimu. Taip
pat pagal funkcinius ir nefunkcinius reikalavimus buvo jvertinta, kad programa atitinka visus reikalavimus.

Integruota sistema, apjungianti svetainés naSumo (PageSpeed) ir vartotojy elgsenos (Analytics)
duomenis, leidzia tiksliau identifikuoti veiksnius ir efektyviau optimizuoti svetainés veikima nei atskiry
jrankiy naudojimas.

Sis straipsnis prisideda prie Klaipédos valstybinéje kolegijoje vykdomo taikomojo mokslinio tyrimo
»Dalykinés srities domeno turinio atnaujinimo valdymo informaciniy sgveiky pagrindu modelis“ (MTEP
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prioritetas (-ai): Informacinés ir rySiy technologijos; MTEP tematika (-0s): Procesy ir sistemy modeliavimas,
TMV-240).
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GOOGLE SERVICES DATA OPTIMIZATION PROGRAM
Summary

The concept of the program revealed that users lack a unified system for monitoring and optimizing Google
Analytics and PageSpeed data. The rich picture and analysis of existing alternatives showed the need to integrate
annotations, PageSpeed data, and user management. The analyzed literature will help understand the essential stages of
program implementation. In the future, it is recommended to integrate more Google services. The program design
showed that a three-tier architecture was chosen, allowing easy expansion of the program’s functionality in the future.
Defined functional and non-functional requirements ensure that the program meets users’ expectations. The created
database models are based on clear relationships between entities. Dynamic user journey and algorithm diagrams
illustrated the main internal program activities and their flow. During program implementation, all key development
stages were completed. The technologies ensured a containerized environment and facilitated code structuring. Data
retrieval from Analytics and PageSpeed APIs was implemented through the Google Cloud service using authentication
via a service account. Data optimization was realized through search, filtering, exporting, metadata addition, and
PageSpeed results parsing functions. Manual program testing confirmed that key features such as data retrieval and
filtering work correctly and meet user needs. API testing with the Postman tool showed that all requests to the program
are processed properly and data is returned in the correct format. The program evaluation compared to analysed tools
showed that the developed program stands out for its adaptability, metadata management, PageSpeed integration, and
user role administration. Furthermore, based on functional and non-functional requirements, the program was assessed
to meet all the specified criteria.

Key words: Google, Google services, Google Analytics, Google PageSpeed, data optimization, program interface.
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