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This research paper describes the utilization of experimental measurement and 
an information system based on an ATmega328P microcontroller and a 16-bit 
A/D converter for application in the process of measuring and determining the pH 
value and temperature of the grape must during wine production. The system also 
contains a WiFi module enabling the measurement values to be monitored wire-
lessly via a local WiFi network or the Internet. Measurement of the pH value and 
temperature of grape must represents the basic steps in wine production. During 
the wine fermentation process, the pH value changes, while the temperature is 
maintained at 16 degrees, and this process was monitored in the wine cellar of the 
agricultural farm Milosavljević in Svrljig, Serbia. In addition to the proposed sys-
tem, a professional pH meter was used as a reference measuring device, Eutech 
CyberScan pH 510, which was calibrated in a national laboratory. Measurements 
over the period of 10 days are presented. A comparison of the obtained measure-
ment results with those obtained from a professional pH meter is also presented.
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Introduction

The kinetics of wine fermentation, as well as those 
of other alcoholic and non-alcoholic beverages, involve 
intricate biochemical reactions, where pH variations and 
temperature are fundamental elements. Throughout fer-
mentation, the pH of the must generally decreases due 
to the production of organic acids, resulting in the stabil-
ity and sensory profile of the final product. Temperature 
regulation is equally critical, as elevated temperatures 
may impair yeast activity, while suboptimal tempera-
tures can hinder fermentation. Systematic monitoring 
of these parameters facilitates precise control over the 
fermentation process, ensuring optimal quality in wine 
and other fermented beverages. Effective management 
of these factors contributes not only to the enhancement 
of organoleptic attributes but also to improved energy 
efficiency, minimized waste, and increased process sta-
bility. Advanced models for fermentation simulation offer 
deeper insights into these dynamic processes, enabling 
the development of control mechanisms that enhance 
both production efficiency and the quality of the bever-
ages [1-5]. 

The fermentation process of grape must involves 
complex biochemical transformations, marked by distinct 
stages characterized by pH and temperature fluctuations. 
Initially, fresh grape juice exhibits high acidity, with pH 
values typically below 3.5. As yeast activation begins, 

sugars are metabolized into ethanol and carbon dioxide, 
leading to the onset of intensive alcoholic fermentation. 
This phase is accompanied by a gradual increase in 
temperature due to exothermic reactions. The pH level 
may experience a slight rise due to the buffering effects 
of potassium and the dissociation of organic acids. As 
fermentation progresses, ethanol accumulation inhibits 
microbial activity, and the pH stabilizes toward the end of 
alcoholic fermentation. Subsequent malolactic fermenta-
tion involves the conversion of malic acid into lactic acid 
by lactic acid bacteria, resulting in a further rise in pH 
and a smoother sensory profile of the wine. Temperature 
control during these stages is crucial for ensuring opti-
mal yeast activity and preserving the biochemical integ-
rity of the must [6-11].

One of the most common chemical measurements 
conducted in process control is pH measurement. Usu-
ally, as part of the quality control in a production line in 
almost every industry, pH measurement can be conduct-
ed either inline, online, at line, or offline. In any alcohol 
technological process, determination of the pH value or 
range is of immense importance [12]. A chemical shall 
be highly effective at a particular pH [13]. pH or acid-
ity is used to express the level of acidity or base that is 
possessed by a substance, solution, or object. Normal 
pH has a value of 7, while a pH value > 7 indicates that 
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the substance has alkaline properties, and a pH value < 
7 indicates acidity. pH 0 shows a high degree of acidity, 
and pH 14 shows the highest degree of alkalinity. Any 
fermented liquor or alcoholic beverage, such as wine, 
distilled spirits, or beer, contains ethyl alcohol or etha-
nol (CH3CH2OH) and represents an acidic beverage. In 
the case of non-alcoholic beverages, the most common 
acids are carbonic, citric, and tartaric. pH measurement 
is a more useful parameter in comparison with the titrat-
able acidity (TA) level, although both measurements are 
very common [14]. The physicochemical characteristics 
of the juice are necessary to determine for winemaking 
purposes. To meet wine standards, it is necessary to 
know specific quality parameters, which represents an 
old practice in wine production. Depending on the type 
of wine, pH, TSS, and acidity values differ [15]. Faults 
in wine are associated with increased pH values that 
result in an increased potential risk of undesirable mi-
croorganisms. [16] Just as time, mass, and dimensions 
are expressed, the physical state of matter is expressed 
in the form of temperature in a similar way [17]. In ap-
plications involving liquids, temperature measurement is 
a fundamental aspect, as it is in various industrial pro-
cesses in industries such as food processing, chemical 
engineering, pharmaceuticals, and environmental moni-
toring, controlling liquid temperature is a critical process. 
Product quality, process efficiency, and regulatory com-
pliance are ensured by precise temperature measure-
ments. Most often, traditional methods of temperature 
measurement are not suitable for continuous or remote 
monitoring and often include specialized equipment or 
manual monitoring of changes in temperature values 
[18]. The voltage count or pH value display for buffer so-
lutions is performed using a digital pH meter, which has 
a pH probe to conduct the electrical signals. An inter-
nal or sensor electrode and a reference electrode form 
the pH probe [19]. There are a lot of developed devices 
with similar characteristics to the one proposed in this 
research. In the research, they also compared the char-
acteristics of the developed device with a commercial 
FieldScout pH 110 pH meter or with the laboratory-type 
PHM83 pH meter, and stated that the error ranged be-
tween a minimum of 0.43% and a maximum of 10.1% or 
a minimum of 1.02% and a maximum of 11.04%. [20]. 
However, all these developed devices are intended for 
determining the current pH value, and do not include 
temperature sensors for determining the temperature 
value while measuring the pH value. Moreover, an ad-
vantage of this proposed system is the possibility of 
monitoring the changing pH value for a long period due 
to the possibility of logging data. Another advantage is 
its ability to connect to the Internet or monitor values lo-
cally via a network due to the integrated wireless module, 
which provides a significant improvement compared to 
existing devices, including laboratory instruments. With 
all the improvements, this device is a complete measure-
ment information system that can also be utilized in other 

areas and other technological processes. 
This study presents the development and evaluation 

of devices designed for comprehensive process monitor-
ing and measurement applicable across various stages 
of beverage production, with a particular emphasis on 
alcoholic beverages. The proposed devices are capable 
of performing precise measurements of key process pa-
rameters, including pH and temperature, thereby con-
tributing to improved process control and product quality 
across the beverage industry.

Materials and methods

For this research, different types of materials and 
equipment were used. For the calibration of the device, 
different aqua solutions of the acids and bases with dif-
ferent pH values were used. The materials used for the 
realization of the experiment were primarily liquids for 
testing the equipment and electronic components for 
the implementation of the proposed system. Determi-
nation of the value of the electrochemical potential that 
occurs between the unknown solution outside the glass 
electrode and the solution contained in the known glass 
electrode (glass membrane) represents the basis for the 
measurement of the pH value. Hydrogen ions, which are 
relatively small and active, will interact with a thin layer 
of glass bubbles. The electrochemical potential of hydro-
gen ions, termed the potential of hydrogen, is measured 
with the glass electrode. The pH sensor measures the 
electric potential between hydrochloric acid (HCl) at the 
internal electrode and potassium chloride (KCl), which is 
a solution in the reference electrode [21]. Figure 1 shows 
the internal structure of the pH electrode. 

Figure 1. Internal structure of pH electrode [22].

For measuring the solution temperature and provid-
ing high-precision temperature data, DS18B20 tempera-
ture sensor is used, which is placed in a stainless steel 
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case suitable for measuring the temperature of liquids 
and environments with a high percentage of moisture. In 
addition, this type of sensor can be used in fields such 
as healthcare, environmental monitoring, and smart 
homes. This digital sensor is high-precision, highly inte-
grated, low-power, and widely used. It integrates signal 
processors, digital interfaces, and temperature-sensitive 
elements, so it is capable of real-time monitoring of 
temperature and providing accurate temperature data 
through a digital interface. The temperature sensor mon-
itors temperature changes in the solution and converts 
the temperature signal into a digital signal. For transmit-
ting these digital signals, that is, for sending temperature 
values to the microcontroller, a 1-Wire digital interface 
[23] is used. Figure 2 presents the block diagram of the 
DS18B20 temperature sensor.

Figure 2. Block diagram of the DS18B20 temperature sensor 
[24]

For determining the pH and temperature values of the 
grape must, an experimental prototype microcontroller 
system was developed, based on an ATMega328P mi-
crocontroller with an external 16-bit ADS1115 analog-to-

digital converter for conversion of the analog value of the 
pH from the E-201-C sensor electrode for grape must. 
This system contains an LCD1602 alphanumeric display 
for presenting the obtained results. Also, for the tempera-
ture measurement the ATMega8A microcontroller is used 
as a coprocessor, and it takes the temperature value from 
the digital temperature sensor DS18B20 via One Wire 
protocol. Communication between two microcontrollers 
is done by using the UART protocol. Measurement data 
are recorded on a microSD card with a capacity of 16GB 
in CSV format, so it is possible to analyze these data in 
Excel or similar software. Also, this system contains an 
ESP01 module which is based on an ESP8266 micro-
controller, enabling real-time data monitoring over a local 
wireless network or via the Internet. Thanks to the WiFi 
module, it is possible to connect this device to a server 
that hosts artificial intelligence, so complete automation 
of the process is also possible. For pH value sensing, a 
pH sensor E-201-C was used. Figure 3 illustrates a block 
diagram of the proposed system with a connection to the 
local WiFi network and the Internet.

The proposed system contains more than one main 
microcontroller, and every chip must have its firmware 
for normal operation. The flowchart starts with reading 
the temperature and pH value data. The temperature 
sensor DS18B20 is connected with the 1-wire protocol. 
Figure 4 shows the general working principle algorithm 
for a complete system.

The device testing was conducted during the pro-
duction of a control batch in the fermentation of Gamay 
(Gamay) grape must, carried out at the Milosavljević 
agricultural estate in Svrljig. Conventional phenotyping 
and genotyping analyses most adequately characterize 
this variety. One of the top ten most planted cultivars of 
grapes is the Gamay variety [25].

Figure 3. Block diagram of the proposed microcontroller measurement system with network connection
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Figure 4. Working principle algorithm of the proposed 
system for monitoring pH and temperature

Figure 5. Electronic circuit in a universal plastic box for elec-
tronics

Results and discussion

Experimental work was carried out in the laboratory 
where the proposed experimental system was developed 
and assembled, and in the wine cellar of the agricultural 
farm Milosavljević in Svrljig, Serbia, where it was com-
pletely tested using a high-precision professional instru-
ment for measurement in the laboratory. The measure-
ment system is partly built from pre-assembled modules 
and custom-made components, which are soldered onto 
a universal printed circuit board, including the microcon-
troller, RTC, and microSD card.Complete electronics for 

the device are placed in a plastic box designed for elec-
tronic devices. On the front side of the case, there are 
connectors for connecting sensors, a slot for a microSD 
card, and a power switch, while on the back side, there 
is a power connector, which is 9 VDC from the external 
power adapter. Figure 4 presents the electronic circuit 
of the system in a plastic box, and Figure 5 presents the 
complete system with connected sensors. 

Figure 6. Fully assembled device with connected sensors

Before monitoring the fermentation process, the de-
vice was calibrated, and control measurements of the 
pH values of the prepared chemical solutions were tak-
en. The chemical solutions used to check the measure-
ment accuracy were aqueous solutions of acetic acid 
(CH3COOH), hydrochloric acid (HCl), and potassium 
hydroxide (KOH). The measurement results and relative 
errors are presented in Table 1.

Table 1. Results of pH solution measurements and relative er-
rors
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The fermentation process of the proposed system 
was observed for 10 days. pH value was sampled once 
per day, and data were stored on a MicroSD card in CSV 
format. The temperature during fermentation was con-
stant at 16 °C. Figure 7 presents the complete connec-
tion of the system in experimental conditions with a con-
nected laptop on the network.

Figure 7. Complete connection of the system in experimental 
conditions

The measured pH values illustrate the kinetics of 
the traditional spontaneous fermentation of the wider 
Gamay (Gamay) grapes, which was carried out at the 
Milosavljević farm in Svrljig.

Figure 8. Kinetics of the pH change during the traditional spon-
taneous fermentation of the wider Gamay (Gamay grapes in an 
agricultural estate)

The monitored pH values during the first ten days 
of fermentation indicate dynamic biochemical changes 
characteristic of wine production and are consistent 
with literature data. The initial pH of 3.2, typical for fresh 
grape must with high acidity, remained stable during 
wild yeast activation (Figure 8). As alcoholic fermenta-
tion intensified, a gradual increase in pH was observed, 
reaching 3.30 in the middle stage. The completion of 
alcoholic fermentation led to a further rise to 3.45, fol-
lowed by stabilization at 3.50 before malolactic fermen-
tation. The onset of malolactic fermentation marked a 
more pronounced increase in pH to 3.65, culminating 
at 3.75 upon its completion. These results align with 
reported data, where acid conversion during malolactic 
fermentation contributes to pH elevation and improved 
wine stability. The observed pH trajectory underscores 

the importance of monitoring this parameter to optimize 
fermentation conditions and ensure consistent product 
quality in alignment with established technological prac-
tices [4, 8, 10, 11]. 

The pH of the fermentative broth (grape must) was 
3.2 at the start of fermentation. During fermentation, i.e., 
production of ethanol and metabolic processes of yeast, 
there were slight changes in acidity (pH 3.45). At the end 
of the alcoholic fermentation, the pH continues to rise 
slightly to 3.50 and then, due to malolactic fermentation 
(conversion of malic acid into lactic acid), it rises to 3.75 
when, after 10 days of control experimental measure-
ment, the fermentation is stopped. The comparison of 
the experimental device and professional instrument 
Eutech CyberScan pH 510 measurement results is pre-
sented in the form of the relative measurement error.

During the fermentation process, in addition to meas-
urements taken with the experimental device, periodic 
checks of pH values were performed using the pro-
fessional instrument, Eutech CyberScan pH 510. The 
measurement results obtained over a 10-day period are 
presented in Table 2, along with the relative measure-
ment errors. During this period, all data were stored on 
the microSD card.

Table 2. The measurement results during fermentation with the 
relative error

Conclusion

The systems for pH and temperature determination 
usually provide enough precision with the possibility of 
measuring other parameters during alcohol production, 
but they are characterized by high prices and the need 
for temperature calibration. In comparison with existing 
solutions, the proposed system provides adequate preci-
sion of the obtained results, which is very close to the ac-
curacy of professional measuring instruments, but with a 
significantly lower price and easier use. During the pe-
riod of testing the device and the recorded values on the 
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MicroSD card, it can be concluded that the device oper-
ates normally without interruption, and due to its stability, 
it can be used in the beer and spirit industry as well as 
in the production of milk and other non-alcoholic drinks. 
The implemented system will be employed in future re-
search related to food production processes, because 
its simplicity enables application in other areas, such as 
the processing of milk and dairy products. The obtained 
results have inspired further research focused on the 
practical application of these devices in the production 
of alcoholic and non-alcoholic beverages, with particular 
emphasis on monitoring and optimizing the kinetics of 
fermentation processes to enhance production efficiency 
and product quality, especially since their simplicity ena-
bles application in other areas of the food and beverage 
industry.

Acknowledgment

This work was supported by the Ministry of Sci-
ence, Technological Development and Innovation of the 
Republic of Serbia [Grant Number: 451-03-136/2025-
03/200102]. 

References

[1]	 Bartsch J, Borzì A, Schenk C, Schmidt D, Müller J, Schulz 
V, Velten K. An extended model of wine fermentation 
including aromas and acids. Quantitative Biology - 
Molecular Networks. 2019. https://doi.org/10.48550/
arXiv.1901.03659

[2]	 Vilela-Moura A, Schuller D, Mendes-Faia A, Silva RD, 
Chaves SR, Sousa MJ, Côrte-Real M. The impact of 
acetate metabolism on yeast fermentative performance 
and wine quality: reduction of volatile acidity of grape 
musts and wines. Applied Microbiology and Biotechnology. 
2011, 89(271), 271–280. https://doi.org/10.1007/s00253-
010-2898-3

[3]	 Colombié S, Malherbe S, Sablayrolles JM. Modeling of 
heat transfer in tanks during wine-making fermentation. 
Food Control. 2007, 18(8), 953–960. https://doi.
org/10.1016/j.foodcont.2006.05.016

[4]	 Goelzer A, Charnomordic B, Colombié S, Fromion V, 
Sablayrolles JM. Simulation and optimization software 
for alcoholic fermentation in winemaking conditions. Food 
Control. 2009, 20(7), 635 – 642. https://doi.org/10.1016/j.
foodcont.2008.09.016

[5]	 Mattar J, Turk M, Nonus M, Lebovka NI, Zakhem HEl, 
Vorobiev E. Stimulation of Saccharomyces cerevisiae 
wine yeasts by Pulsed Electric Field and its effect 
on fermentation performance. Food and Bioprocess 
Technology. 2014, 7(11), 3328–3335. https://doi.
org/10.1007/s11947-014-1336-4

[6]	 Cortés S, Salgado JM, Rivas B, Torrado AM, Domínguez 
JM. Fermentation kinetics and chemical characterization 
of vino tostado, a traditional sweet wine from Galicia (NW 
Spain). Journal of the Science of Food and Agriculture. 
2009, 90(1), 121–131. https://doi.org/10.1002/jsfa.3794

[7]	 Liu Y, Wei Y, Li H, Li F, Song M, Li Z, Zhang T, Han S, 
Pan C. Optimization of fermentation technology for 
composite fruit and vegetable wine by response surface 

methodology and analysis of its aroma components. 
RSC Advanced. 2022, 12(55), 35616-35626. https://doi.
org/10.1039/D2RA04294K

[8]	 Ofoedu CE, Ofoedu EO, Chacha JS, Owuamanam CI, 
Efekalam IS, Awuchi CG. Comparative Evaluation of 
Physicochemical, Antioxidant, and Sensory Properties 
of Red Wine as Markers of Its Quality and Authenticity. 
International Journal of Food Science. 2022, 1-17. https://
doi.org/10.1155/2022/8368992

[9]	 Zagrodzki P, Jancik M, Piątek W, Fołta M, Dobrowolska-
Iwanek J. Changes in selected chemical and sensory 
parameters during aging of red wines produced in Poland. 
European Food Research and Technology. 2023, 249(7), 
1915-1924. https://doi.org/10.1007/s00217-023-04264-3

[10]	Wei J, Zhang Y, Yuan Y, Dai L, Yue T. Characteristic fruit 
wine production via reciprocal selection of juice and non-
Saccharomyces species. Food Microbiology. 2019, 79, 
66–74. https://doi.org/10.1016/j.fm.2018.11.008

[11]	Robinson J. The Oxford Companion to Wine. 4th ed. 
Oxford University Press, New York, 2015. https://doi.
org/10.1093/acref/9780198705383.001.0001

[12]	Payam S, Poh-Yee L. Solution Temperature Compensation 
Factor for the Measured pH Value of Cement-Based 
Materials. Journal of Engineering. 2025, 1-10. https://doi.
org/10.1155/je/5558600

[13]	Kulasekaran A, Andal G, Lakshimipathy R, John 
Alexander J. Modification in pH measurements for getting 
accurate pH values with different pH meters irrespective 
of aging and drifts in the meters. International Journal 
of ChemTech Research. 2015, 8(5), 16-24. ISSN: 0974-
4290

[14]	Pratami LWD, Ariswati HG, Titisari D. Effect of Temperature 
on pH Meter Based on Arduino Uno With Internal 
Calibration. Journal of Electronics, Electromedical, and 
Medical Informatics (JEEEMI). 2020, 2(1), 23-27. https://
doi.org/10.35882/jeeemi.v2i1.5

[15]	Joshi V, Reddy SA, Rao BS. Physico-Chemical Properties 
of Juice in Different Wine Varieties of Grape (Vitis 
vinifera L.). International Journal of Plant & Soil Science. 
2022, 34(23), 64-75. https://doi.org/10.9734/ijpss/2022/
v34i2331562

[16]	Wegmann-Herr P, Nickolaus P. Verification of the practical 
suitability of cation exchangers for lowering the pH value 
in must and wine. In: BIO Web of Conferences, 43rd World 
Congress of Vine and Wine. Ensenada, Mexico, 2023, 1-3. 
https://doi.org/10.1051/bioconf/20235602008

[17]	Jadhav AM, Ranpise P. Temperature Compensation of 
Low-cost Sensors for Accurate Temperature Measurement. 
International Journal of Environment and Climate Change. 
2025, 15(1), 328-344. https://doi.org/10.9734/ijecc/2025/
v15i14695 

[18]	Patil VM, Jadhav CB, Swami SV, Kamble SU. LIQUID 
TEMPERATURE MEASUREMENT USING ARDUINO. 
International Scientific Journal of Engineering and 
Management. 2024, 3(4), 1-9. https://doi.org/10.55041/
ISJEM01448

[19]	Mishra SP, Singh RP. A pH Measurement of Acetic 
AcidSodium Acetate Buffer Solutions Using a pH Meter 
at Ambient Temperature. Journal of Applied Chemical 
Science International. 2024, 15(2), 30-35. https://doi.
org/10.56557/jacsi/2024/v15i28894

[20]	Polat MY, Beyaz, Çilingir İ. Development of a Low-Cost 
pH Meter for Liquid Chemical Fertilizers. Turkish Journal 
of Agriculture - Food Science and Technology. 2020, 8(4), 

14(2) (2025) 34-40



  40      

Advanced technologies

840-846. https://doi.org/10.24925/turjaf.v8i4.840-846.2911
[21]	Feranita, Safrinati E, Nurhalim, Reza WD. Design of pH 

Measuring Equipment for Liquid Waste from Coal Mining 
Using Arduino Uno. International Journal of Electrical, 
Energy and Power System Engineering. 2022, 5(3), 61-
66. https://doi.org/10.31258/ijeepse.5.3.61-66

[22]	PH Sensor E-201-C, Technical Manual Revision 1r0. 
e-Gizmo. https://www.e-gizmo.net/oc/kits%20documents/
PH%20Sensor%20E-201-C/PH%20Sensor%20E-201-C.
pdf. Accessed March 20, 2025.

[23]	Wang Z. Design of Multi Sensor Integrated Oximeter 
Based on STM32. Applied and Computational Engineering. 
2025, 133(1), 97-105. https://doi.org/10.54254/2755-
2721/2025.20606

[24]	Xiaohui W, Xiaoning D. Multi-function Monitoring and 
Alarm System for the Large Stadium. International Journal 
of Advanced Network Monitoring and Controls. 2018, 3(1), 

35-38. https://doi.org/10.21307/ijanmc-2018-007
[25]	Coelho C, Gannoun A, Merciecca C, Vlastelic I, Poix C, 

Rios L, Marsan B, Szabo J. A 2-year exploratory study 
to elaborate a methodological protocol for evaluating 
volcanic terroir influence in Gamay wines in the French 
PDO Cotes d′Auvergne. Journal of Food Composition 
and Analysis, 2024, 139, 1-10. https://doi.org/10.1016/j.
jfca.2024.107115

Đorđe Lazarević1   , Jovan Ćirić2

Ovaj rad opisuje korišćenje eksperimentalnog merno-informacionog sistema zas-
novanog na ATMega328P mikrokontroleru i 16-bitnom AD konvertoru za primenu 
u procesu merenja i određivanja pH vrednosti i temperature šire tokom proizvod-
nje vina. Sistem takođe sadrži WiFi modul tako da se merne vrednosti mogu pratiti 
bežično preko lokalne WiFi mreže ili Interneta. Merenje pH vrednosti i temperature 
šire predstavlja osnovne korake u proizvodnji vina. Tokom procesa fermentacije vina 
dolazi do promene pH vrednosti dok je temperatura konstantna na 16 stepeni i ovaj 
proces je praćen u vinskom podrumu poljoprivrednog gazdinstva Milosavljević u 
Svrljigu u Srbiji. Takođe, uz predloženi sistem, kao referentni merni uređaj korišćen 
je profesionalni pH metar Eutech Cyber Scan pH 510 koji je etaloniran u nacionalnoj 
laboratoriji. Prikazana su merenja tokom 10 dana. Urađeno je poređenje dobijenih 
rezultata merenja sa rezultatima merenja profesionalnog pH metra.

MERNO-INFORMACIONI SISTEM ZA MERENJE pH VREDNOSTI 
I TEMPERATURE ŠIRE U PROCESU PROIZVODNJE VINA
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Izvod
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tem, pH vrednost, temperaturni senzor, 
šira od grožđa.

(ORIGINALNI NAUČNI RAD)
UDK: 663.2:004(497.11 Сврљиг)
DOI: 10.5937/savteh2502034L

CRediT authorship contribution statement:
Đorđe Lazarević: Conceptualization, Writing – Original Draft, Investigation.
Jovan Ćirić: Writing – Reviewing and Editing, Methodology, Visualization.

14(2) (2025) 34-40


