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BIG DATA ANALYTICS FOR DEMAND FORECASTING: INSIGHTS AND
PRACTICES IN GLOBAL AND AZERBAIJAN MARKETS

Javid Elchin Maharramli!, Rafael Ali Mardiyev?
L“IDS Borjomi Azerbaijan” LLC, Baku, Azerbaijan: maharramli.javid@gmail.com
ORCID: 0009-0007-0798-0143
2Azerbaijan Technical University, Baku, Azerbaijan: rafael.mardiyev@gmail.com

Abstract. This article examines the critical role of advanced inventory management and demand forecasting tech-
niques within the retail sector of Azerbaijan, set against a backdrop of rapid market changes and economic fluctuations.
Traditional methods relying on historical data often fall short in addressing the dynamic nature of consumer demand. By
leveraging Big Data analytics, businesses can uncover significant patterns through modern methodologies like machine
learning, exponential smoothing, and linear regression, enabling more precise forecasting than conventional approaches.
Advanced Tools of Microsoft Excel, such as Power BI, play a vital role in this transformation, allowing companies to
analyze real-time data and make informed decisions aligned with market trends. However, the adoption of these advanced
technologies comes with challenges, including data integration issues and the need for employee training. Despite these
hurdles, the integration of Big Data tools is essential for retail companies in Azerbaijan to enhance operational efficiency
and profitability. This article highlights the importance of refining demand forecasting practices to improve inventory
management and supports the development of innovative strategies that can better respond to consumer needs in a com-
petitive landscape. Ultimately, it emphasizes that effective adoption of analytics can significantly boost market perfor-
mance and business resilience.

Keywords: Azerbaijan, Demand Forecasting, Big Data Analytics, Inventory Management, Supply Chain.

© 2025 Azerbaijan Technical University. All rights reserved.

Introduction

In today’s fast-paced markets, inventory management is key to balancing product availability
and costs. Traditional forecasts based only on historical data often fail under rapid economic change,
as seen in Azerbaijan, where retail still faces mismatches between production and consumption.

Big Data analytics is transforming inventory management and demand forecasting. Using large
datasets and tools such as machine learning, exponential smoothing, moving averages, simple linear
regression, Power BI, and advanced Excel, companies can work with near real-time data, reveal pat-
terns, and achieve more accurate forecasts than with traditional seasonal models. These tools help
Azerbaijani retailers collect, process, and visualize data, improving understanding of market dynam-
ics and supporting data-driven decisions.

However, adopting these technologies brings challenges: integrating data from different sys-
tems, training employees, and ensuring data quality, since errors in source data cause incorrect fore-
casts.

Despite these issues, using Big Data tools is essential for Azerbaijani businesses to stay com-
petitive. Data-driven forecasting improves operational efficiency, aligns inventory with changing de-
mand, and supports profitability and stronger market positions. As Big Data technologies advance,
companies can further increase forecasting accuracy, react faster to market shifts, and enhance their
competitive edge.

Research Objective

The primary objective of this research is to examine how Big Data analytics can improve de-
mand forecasting accuracy in Azerbaijan’s retail sector. It analyzes techniques such as machine learn-
ing, statistical methods, and their integration with tools like Power Bl and advanced Excel to identify
best practices for more accurate demand predictions. The study reviews current forecasting methods
in retail using quantitative data from sales records and consumer behavior, compares them with global
benchmarks, and offers practical recommendations for Azerbaijani retailers to optimize inventory
management and better align with market demand.
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Advances in data collection and analytics now enable more precise demand forecasting. Big
Data has become a key part of decision-making, especially thanks to real-time and low-latency mon-
itoring of business events. This research uses retail datasets with weekly, monthly, and annual sales
from different companies for 2015-2024, providing insight into consumer behavior and demand pat-
terns over time. The study focuses on seasonality, promotion effects, and regional differences, all
crucial for inventory optimization. Including small and medium-sized enterprises (SMES) ensures
that the results are relevant to a wide segment of the Azerbaijani retail market and help identify strat-
egies to improve forecasting accuracy and operational efficiency.

Problem Statement

In today’s fast-paced markets, inventory management is essential for balancing product availa-
bility and cost control. Traditional forecasting methods based only on historical data often fail under
rapid economic and market changes, as seen in Azerbaijan, where the retail sector still faces mis-
matches between production and consumption.

Big Data analytics is transforming inventory management and demand forecasting. By using
large datasets and methods such as machine learning, exponential smoothing, moving averages, and
simple linear regression, companies can work with near real-time data, identify patterns, and improve
forecast accuracy compared with traditional seasonal models. Tools like Power Bl and advanced Ex-
cel help Azerbaijani retailers collect, integrate, process, and visualize data, providing a clearer picture
of market dynamics and supporting data-driven decisions aligned with consumer trends.

However, the transition to these tools creates challenges: integrating data from different sys-
tems, training employees to use advanced features, and ensuring high data quality, since errors in
source data lead to unreliable forecasts.

Despite these difficulties, adopting Big Data tools is vital for Azerbaijani businesses to remain
competitive, improve operational efficiency, and align inventory strategies with changing demand.

Problem-solving methods and Approbation

This article outlines various problem-solving methods utilized in demand forecasting, empha-
sizing traditional statistical techniques, Integration with Microsoft Excel advanced tools, machine
learning, and Al technologies. These methodologies offer structured approaches to analyzing data
and predicting consumer demand.

Traditional statistical methods, such as Simple Linear Regression, Moving Average, and Expo-
nential Smoothing, provide foundational tools for understanding historical sales patterns. Simple Lin-
ear Regression predicts demand () based on influential factors (X), while Moving Average and
Exponential Smoothing help identify underlying trends by reducing short-term fluctuations.

Leading organizations, such as “Danone” and “IDS Borjomi Georgia”, apply these problem-
solving methods to refine their forecasting processes. Danone utilizes the SAP planning tools and
Microsoft Excel advanced tools to enhance its forecasting capabilities in the dairy market, allowing
for swift supply chain adjustments. Borjomi employs Microsoft Dynamics, JDA, and Power Bl for
advanced statistical techniques and Al, aligning its demand forecasting with consumer preferences
[Author].

Demand Forecasting Calculation Techniques:
Simple Linear Regression:

[Y=a+bX] 1)
Explanation:

(YY) represents the predicted demand that we seek to estimate based on past data.
(a) is the Y-intercept, the expected demand value when the independent variable (X) is zero.
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(b) is the slope of the regression line, which indicates the change in demand for each unit increase in
(X) is the independent variable used to explain the changes in demand, which could include historical
sales data or marketing expenditure.

Using this formula, analysts gather data on demand about one or more predictive variables. By
applying statistical techniques, businesses can structure their forecasting models to estimate future
demand based on current trends and historical data.

Integration with Microsoft Excel tools

Evaluations of demands that are still in the process of being fulfilled or have already been sat-
isfied are called latent demand for needs.

Latent demand refers to potential demand that has not yet been expressed in actual purchases
but may materialize if certain conditions are met, such as price changes, product availability, or mar-
keting efforts. Low-latency analytics describes the capability to process and analyze data with mini-
mal delay, enabling near real-time decision-making. In the context of retail, this means that sales and
inventory data can be monitored and reacted to on a daily or even hourly basis. The market needs can
only be forecasted without any strict indicators if they have not yet been expressed in demand, inten-
tionally or unintentionally [6]. An example of the weekly Demand Calculation techniques of the
Azerbaijan representative of the Danone company (Table 1).

Table 1

Calculation of Demand Forecast and order quantity based on historical data
(weekly short-term forecast for Danone Azerbaijan LLC)

Averag - Stock Average Coverage DOS ma Safety | Safety
Product name e sales stoc in daily w check for coverage stock | stock

in pcs Transit  sales week  check days = PCS
3 (CHEESE 170 STRAWBERRY | 2673 | 2857 | 2830 | 2580 | 3056 | 2799 | 1281 | 3200 | 616 | 4312 169 03 2799 1 | 616 | 3246
4 |CHEESE 170 PEACH 2032 | 2431 | 2542 | 2444 | 2890 | 2468 | 564 | 3200 | 543 3801 0 0,0 2468 1 543 | 3011
5|YOGHURT 150 NATURAL | 3487 | 3480 | 3525 | 3521 | 3875 | 3578 | 2370 | 6360 | 788 5516 3214 41 3578 1 788 | 1152
6|YOGHURT 150 BANANA | 5538 | 6672 | 5846 | 4804 | 5579 | 5688 | 3611 |10800| 1252 | 8/64 5647 4,5 5688 1 1252 | 1293
7|YOGHURT 150 PRUNES 7899 [11790| 8964 | 6547 [10795| 9199 | 4215 | 15600 2024 | 14168 | 5647 2,8 9199 1 | 2024 | 5576
8 |DRINK 270 PEACH 2160 | 2731|1247 | 1678 | 682 | 1700 | 1 0 340 | 3400 0 0,0 1734 | 2 | 680 | 2414
9 |DRINK 270 NUTS 2226 | 2884 | 2522 | 2469 | 606 | 2141 1 0 429 4290 0 0,0 2184 2 858 | 3042
10| PRO BUTTER 180 82% 85 | 195 1407 | 144 | 342 | 435 0 87 609 0 0,0 443 | 15 |1305| 574
11|PRO MILKUP 950 0,5% 630 | 772 0 759 | 938 | 620 13 0 124 868 0 0,0 632 10 | 1240 | 1872
12|PRO MILKUP 950 1,5% 1679 12943 | 0 |4013 | 964 | 1920 | 612 | O 384 | 2688 0 0,0 1920 | 10 | 3840 | 5760
13|PRO MILKUP 950 2,5% 2765|4016 | 0 |3835 2616 | 2646 | 14 0 530 3710 0 0,0 2699 | 10 | 5300 | 7999
14| PRO MILKUP 950 3,2% 2054 5861 | 0 |5491 3804 | 3442 | 54 0 689 | 4823 0 0,0 3511 | 10 | 6890 |10401

55 TOTAL 33228 46632 28883 38285 36147 36635 12736 39160 7806 56949 14677 36855 24162 46340
Source: [Author 2020].

Explanation:
Average weekly sales (Column “G”): = Average of 5 weeks' sales data:

[ text{ AVERAGE}(B3:F3) ] (2)
Average daily sales (Column “J”): = Average of 5 weeks divided by 5 working days:

[ \text{ CEILING Hleft(\frac{14}{5} \cdot 1.1, O\right) ] 3)
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Coverage check for 1 week (Column “L”): = If Actual stock (Column “H”) plus Stock in
Transit (Column “I”’) minus Needed stock for 1 week (Column “K”) is below zero, it means we cannot
cover next week sale, If this formula above zero, we need to check how many days do we cover:

[\text{IF}(H2 + 12 - K2<0, 0, H2 + 12 - K2) ] 4)

DOS (Days of Outstanding Sales) (Column “M”): = Coverage check for week (Column “L”)
divided by Average daily sales (Column “J”)

[\frac{L2}{J2}] ®)

Demand Forecast calculation (Column “N”): =If Actual stock (Column “H”) is below Average
daily sales (Column “J”), it means we don’t have yet stock even for 1 day sale so we need to get as
the demand, average weekly sales quantity +20% (growing trend indicator) which is indicated in
(Column “G”) if actual stock above 1 day sale we get as a demand 100% of average 5 week sales.

[ \text{ROUND}left(\text{IF}(H2 < J2, G2 \cdot 1.02, G2), O\right) ] (6)

Order quantity calculation (Column “Q”): = If the Demand forecast (Column “N”) plus Safety
Stock (Column “P”’) minus Coverage for week sale (Column “L”) is below zero, it measn no need for
ordering any quantity, if above zero we ordering the quantity with calculating Demand forecast (Col-
umn “N”’) plus Safety Stock (Column “P”’) minus Coverage for week sale (Column “L”).

[ \text{ROUNDMNIeft(\text{IF}(N2 + P2 - L2 < 0, 0, N2 + P2 - L2), O\right) ] )

Data for this report were gathered from various business units to assess the demand-supply
balance for glass products. Analysis was performed using Power Bl and the JDA program, crucial for
processing large datasets and improving decision-making, especially in predicting production capac-
ity. Utilization remains high until October, with Glass 2 production slated to begin in November,
primarily allocated to the Geo region. The stock target will be managed within one month, focusing
on KZ and RU regions, with KZ production details pending confirmation (Figure 1).

GLASS Demand-Supply Balance 2024

134%

) — . 132%
101% 107% 108% 117% a7% 885 119% 121%
co

Capacity
Production

—Cales

Sales Budget

Sales LE1

% from target

B8 14 16 16 14 16 7 16 15 16 14 a5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec

Azerbaijan 410% 124% 10 6% e0% 157 % 108 % 82% 2732% 218% 100 % 100% 100%
Baltics 128 % 115% 39% 57% 25% 7% 41% 05% B5% 134% 107% 02%
Belarus 125% 82% TE% 110% 1068% 8E8% £29% 123% 196% 115% 100% 100%
Georgia 119% 173% 148% 1220% 102% 72% 73% 20% 111% 101% 100% 00%
Kazskhstan 182% 376% 1459% 125% 120 % 123% 55% 67% £3% 124% 7 1% 145%
Russis 93% 1% 9 1% 0 5% 115% 50% 50 % 57% T4% 101% 0 1% 00%
Uzbekistan 142% 196% 1232% 123% 97% 48% 54% 24% 92% 100 % 100% 100%
Ukraine 100 %. 100 % 00% 00% 100 % 100% W0% 00% 00% 100 %. 100 % 00%

M20 100 %. 100% 00% 00% 100 % 100% W0% W0% 00% 100 %. 100% 28 %

Figure 1. Last estimation of the Demand-Supply balance (Glass products) calculation report for “IDS Borjomi Georgia”
LLC) [Author 2024]
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Key Time Series Forecasting Techniques
Moving Average: [ MA_t =\frac{1}{n} \sum_{i=0}"{n-1} Y_{t-i}] (8)

Explanation:

(MA_t) gives the moving average at time (t).

(n) is the number of past periods (for instance, months or weeks) used to calculate the average,
which can smooth out short-term fluctuations.

(Y_{t-i}) represents the observed sales values at previous periods (from the most recent back
to the (n*{th}) previous period).

The moving average helps identify underlying trends in sales data by filtering out random var-
iations, thus providing a clearer view of demand patterns over time (Figure 2).

Figure 2. Annual 2023 forecast, demand and budget fluctuations diagram with demonstrating trends and seasonality
of IDS Borjomi Azerbaijan. Source: [Author 2023]

Exponential Smoothing:
[S_t=\alphaY_t+ (1-\alpha) S_{t-1} ] 9)

Explanation:

(S_t) is the smoothed forecast value for the current period.

(Y_t) is the actual demand observed in the current period.

(S_{t-1}) is the forecasted value from the previous period.

The parameter (\alpha) (smoothing constant) determines how much weight is given to the most
recent observation versus the previous forecast, with values between 0 and 1.

Machine Learning Algorithms Techniques

Machine learning algorithms significantly enhance demand forecasting and operational effi-
ciency by analyzing patterns within historical datasets. These algorithms adjust and improve as more
data becomes available.

Evaluation Metrics for Forecast Accuracy. Mean Absolute Error (MAE):

[ MAE = \frac{1TH{N} \sum_{t=13{N} |[Y_t - \hat{Y} /] (10)

Explanation:

(Y_t) is the actual demand at time (t).

(\hat{Y} t) is the forecasted demand at time (t).

(N) is the total number of forecasts evaluated.

MAE measures average forecasting errors, serving as a key metric for assessing accuracy and
helping businesses reduce discrepancies between forecasted and actual demand [5].

9
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Mean Absolute Percentage Error (MAPE):
[ MAPE = \frac{100}{N} \sum_{t=1}"{N} \left| \frac{Y _t - \nat{Y} t}{Y _ t}\right|] (11)

Explanation:

Similar to MAE, but assesses the errors as a percentage of the actual demand.

MAPE allows organizations to understand forecast performance relative to the scale of actual
sales, making it easier to compare accuracy across different products or market segments (Table 2).

Table 2
Calculation of Monthly Forecast Accuracy (MFA) for “IDS Borjomi Azerbaijan” LLC)
on an example of the Annual 2024 total

ANNUAL 2024 January ' February | March = April = May | June = July | August September October November December = TOTAL
Forecast | 128838 | 175590 |310253 (357219381367 558237|642363 430945 327248 | 321768 | 258445 | 247896 |4140169
Actual 110637 | 143891 253154 (3412921379593 575217|638000 526826 325830 | 321542 | 343818 | 333815 |4293615

Error 40122 | 59497 | 86361 116151|117320| 70016 |100496|166969| 96143 | 71082 | 134323 | 107446 1165926

MFA 64% | 59% | 66% | 66% | 69% | 8% | 8% | 68% 70% 78% 61% 68% 75%
Source [Author 2024]

Explanation:
Absolute value of a number (ABS) calculation:

[ \text{ ABS}({Actual} - {Forecast}) ] (12)

Forecast Accuracy (FA) calculation: If 100% minus “Error” is divided by Forecast below zero,
then the value will be zero; otherwise, the value will be 100% minus “Error” divided by “Forecast”.

[ \text{IF}\left(1 - \frac{Error}{Forecast} <0, 0, 1 - \frac{Error}{Forecast}\right) ] (13)

This graph presents key insights into the forecasts and actual performance metrics for 2024. It
highlights the relationship between expected and achieved results, along with error rates in the fore-
casts. Analyzing this data will enhance understanding of trends and inform decision-making processes
(Figure 3).

MFA Annual 2024 report
F00000 100%
90%
eOQOQO e T e 78%
6% 69%, -7 ~ 68% 0% .- S 8% O
500000 64% o= R R e ~L_61% - 70%
~malll a7 s - B
400000 JLi
50%
300000 40%
200000 30%
20%
100000
I I 10%
L] 0%
January February March Byl June August September October MNovember December
I Forecast Actual MEEMError ----MFA

Figure 3. Visualisation of MFA report 2024. Source: [Author]
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Calculation test

The graph demonstrates that the evaluation of demand planning and inventory calculation meth-
odologies, as referenced in the article, was executed using the Power Bl platform. This analysis is
encapsulated under the section titled "Relevant Calculation Tests from the Power Bl Tool," highlight-
ing the effectiveness and precision of the calculations performed (Figure 4).

1K1 BTOPMHBIX NPORAN
B o 7 otae.

n Orser: & otae &)

- R combine Queries > > 3anacam y ACTPUEHIOTOPA 1 Ha OX. OTaeTcT! 10
5 AHAM NPOA@sK 1 PACUETY NEPBIUHEIX NPORa® 11

e aapeca an= ko1 13
S6HosuTL aapeca 1a

35 19
i 5 [
21
37 22
38 23 Change Source—. Perr ermissions
24
39 = =1

@
42 2. BanonHeHue dakTUHeCcKX BTOPUYHbLIX NMpoaaxx Ha nucrte "11 SS_Actual _GA"
43 3. BanonHeHue NporHosa BTOPUYHbIX Mpodaxk Ha nucte "12 SS_FC_GA"

< > Manual Meeting 1.1 SS_Actual_GA 1.2 SS_FC_GA 1.4 WFA_SS_GA 1.5 Summary_WFA_SS_GA 2.1 PS_Actual_GA 2.2 PS_FC_M 2.3 WFA_

Figure 4. Relevant calculation tests from the Power Bl tool. Source: [Author]

Comparative analysis Global VS Azerbaijan

To systematically understand the current activities of Azerbaijani companies in the application
of inventory management strategies and approaches, 26 interviews were conducted both in local large
companies in various sectors such as retail, energy, pharmaceuticals, manufacturing.

The interviews involved professionals from 20 companies of various positions in the supply
chain area (Figure 5).

Global: Azerbaijan:

®mJIT = ABCAnalysis m Demand Forecasting VI

Figure 5. Pie chart of Global VS Azebaijan IM key Aspects by %
Source: Created by (Author) based on www.netstock.com (Netstock Research)

Conclusion

This study highlights the profound impact of Big Data analytics on enhancing demand forecast-
ing accuracy in Azerbaijan's retail market. Among the methodologies analyzed, machine learning
algorithms stand out as the most effective for addressing demand planning challenges. These
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advanced techniques enable real-time data analysis and pattern recognition, resulting in more precise
forecasts than traditional methods like Simple Linear Regression and Exponential Smoothing.

Companies such as Danone and IDS Borjomi Georgia exemplify the successful use of these
methodologies, employing tools like Power Bl and advanced Microsoft Excel functions to optimize
inventory management and reduce costs. Their integration of data-driven techniques illustrates how
organizations can align supply chains more effectively with changing consumer demands.

Moreover, collaboration among industry leaders enhances knowledge sharing, fostering im-
proved forecasting practices that can address the unique challenges in Azerbaijan's market. Future
research should explore the ongoing evolution of these methodologies and how further advancements
in collaborative data practices can strengthen the role of Big Data analytics in demand planning,
ensuring business competitiveness in a dynamic economic landscape.
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Abstract. The article applies ARIMA, SARIMA and SARIMAX models to forecast transaction volumes in the bank-
ing sector. The ARIMA model adjusts only for trend and stationarity effects, SARIMA also takes into consideration
seasonal effects, and SARIMAX additionally increases the accuracy of the forecast by including the exogenous feature
"Transaction Growth". The "Transaction Growth" feature is created using feature engineering and reflects changes in
transaction volumes as a percentage value. The purpose of this feature is to improve the performance of models by provid-
ing deeper analysis of data.

Different performance metrics such as RMSE, MAE, R?, MAPE, sMAPE and MBE were applied to evaluate the
performance of the models. The results obtained from the SARIMAX model indicate that this model provides the highest
accuracy in comparison with other models: RMSE (22.61), MAE (17.48), R? Score (0.9125), MAPE (4.05%), sMAPE
(4.04%) and MBE (-0.33).

This study shows that the use of the "Transaction Growth™ feature created through feature engineering in the models
significantly increases the accuracy of time series forecasts. The advantage of the SARIMAX model in predicting trans-
action volumes in the banking sector is the most noticeable benefit of the study.

Keywords: Time Series Forecasting, ARIMA, SARIMA, SARIMAX, Feature Engineering, Banking Sector, Exogenous
Variables.
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Giris

Zaman seriyast analizi statistik modellogdirmo sahasindo genis totbiq olunan vo miixtalif
saholordos prognozlasdirma ticiin istifado edilon bir yanasmadir. Xiisusilo bank sektorunda tranzaksiya
omoliyyatlarinin prognozlasdirilmasi, maliyys idarogiliyi vo miistori davranislarinin analizi baxi-
mindan shomiyyatli hesab olunur. Zaman seriyast modellorinin asas magsadi avvalki malumatlardan
istifado edorok golocokds bas vera bilocok dayisikliklori doqiqliklo prognozlasdirmaqdir. Bu
magsadls anonavi ARIMA (AutoRegressive Integrated Moving Average) modeli todqgiqatlarda genis
viisot tapmisdir. ARIMA modeli zaman seriyasindaki trend vo stasionarliq kimi tosirlori modellos-
dirmak ti¢iin istifads olunur [1, s. 203-248].

Movstimi  doyisikliklorin  modellosdirilmosindo  SARIMA modeli, trend, stasionarliq vo
movstimliik kimi tosirlori birge modellogdirmak iiclin effektiv bir yanasma toqdim edir [2, s. 401-
450]. Daha genis bir perspektiv tomin etmok iiclin SARIMAX modeli togdim edilmisdir. SARIMAX
modeli, ekzogen dayisenlorin daxil edilmasi ilo prognoz doqiqliyini artirmaga imkan verir [3, s. 131-
170]. Bu tadqiqatda "Transaction Growth" (Tranzaksiya Artimi) xiisusiyystinin SARIMA modelina
daxil edilmasi asas yenilik kimi vurgulanmigdir.

"Transaction Growth" xiisusiyyati xiisusiyyot miithondisliyi vasitosilo yaradilmisdir vo maliyyo
omoliyyatlarinin intensivliyini faiz doyari olaraq oks etdirir. Bu yanagma, malumatlarin dorin tahlilini
tomin etmoklo modellorin performansini artirmaga xidmaot edir [4, s. 1-35]. Xiisusiyyot miithondisliyi
iisulu ilo yaradilmis bu xiisusiyystin mévcud modellorin performansina neca tosir etdiyini aragdirmaq
bu todqgigatin asas mogsadlorindon biridir.

Stasionarligi tomin etmok iiciin molumatlar forqlondirmo tisulu ilo islonmis vo ADF
(Augmented Dickey-Fuller) testi vasitasilo modellogdirms tiglin uygunlugu yoxlanilmisdir. Modellor
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70-30 nisbatindo tolim va test dastlorina bdliinarak kalibrlonmisdir. Performansin qiymatlondirilmasi
iiciin RMSE, MAE, R? vo MAPE kimi miixtolif metriklor totbiq edilmisdir. Bu metriklor tokco
prognoz doqiqliyini deyil, hom do modellorin prognoz sshvlorini tesvir etmok iiclin istifads
olunmusdur [5].

Bu todgiqat zamani asas todqiqat suallar1 bunlardir:

1. "Transaction Growth" xiisusiyyatinin daxil edilmosi zaman seriyasi modellorinin proqnoz
doqigliyine neca tosir edir?

2. Movsiimi tosirlorin modellors inteqrasiyasi timumi performansa na qodor tohfo verir?

3. ARIMA, SARIMA vo SARIMAX modellorinin iistiinliiklori vo ¢atismazliglari nadir?

Noticado, bu tadqigat zaman seriyast modellorinin bank sektorundaki totbigine nozor salmagla
yanast, mévcud metodlarin performansini artirmaq tiglin taklif olunan yeniliklori do qiymatlondirir.
Bu yanagma, hom akademik, hom ds totbiqi tadqiqatlar {igiin yeni perspektivlor agmagi hodofloyir.

Odobiyyat Icmali

Zaman seriyasi analizi iqtisadiyyat vo maliyyo sahalorindo genis totbiq olunan bir metodo-
logiyadir. Xiisusilo bank sektorunda bu yanasmalarin totbiqi prognozlasdirma vo qorar gabuletms
proseslorinin effektivliyini artirir. Zaman seriyast modellorinin asaslart ilo bagl ilkin anlayislar
Chatfield torofindon toqdim edilmisdir [6, s. 1-20]. Miisllif zaman seriyas1 analizinin fundamental
prinsiplarini izah edorak, bu yanasmanin bank sektorunda prognozlasdirma ii¢iin necs istifads oluna
bilocoyini gostormisdir.

Hamilton ARIMA vo SARIMA modellarinin asaslarini toqdim edorok, onlarin iqtisadi vo
maliyyo tatbiglorino xiisusi vurgu etmisdir [7, s. 103-190]. Miisllif, bu modellorin miixtalif tosirlori
modellogdirarak golocok prognozlarin doqiqliyini artirmaq ii¢lin neco istifado oluna bilocayini izah
etmisdir. Bu yanagma Diebold vo Mariano torafindon tokmillosdirilmisdir [8]. Miislliflor prognoz
doqiqgliyini giymatlondirmok {iicilin statistik metodlar togdim etmis vo bu metodlarin maliyys saho-
sinda tatbiqglorineg xiisusi diqqot ayirmisdir.

Brockwell vo Davis zaman seriyasi analizindo genis spektrli metodlar1 togdim etmis, bu
yanagmalarin bank omoliyyatlarinin modellogdirilmasi ii¢iin neco totbiq edilo bilocoyini miizakira
etmisdir [9, s. 53-145]. Bu sahads Wei hom bir6lciilii, hom do ¢oxdl¢iilii zaman seriyast modellorinin
maliyya sahasina totbiglorini genis sokilde izah etmisdir [10, 5.245-280]. Xiisusilo, miisllif movsiimi
tosirlorin modellasdirilmasinin vacibliyini vurgulamisdir.

Movsilimi tosirlorin daha yaxsi1 modellosdirilmasi ilo bagl Taylor ikiqat movsiimi hamarlag-
dirma yanagmalarini togdim etmisdir [11]. Bu yanasma elektrik tolobinin prognozlagdirilmasinda
istifado edilmisdir, lakin bu metod bank sektorundaki movsiini tosirlorin analizi {iclin do shomiy-
yotlidir. Mills va Patterson iso iqtisadi analizlords zaman seriyas1 modellarinin totbiqi ilo bagli genis
nazariyyalar toqdim etmisdir [12, s. 380-420].

Box-Steffensmeier vo digorlori zaman seriyasi analizinin sosial elmlordaki tatbiglorini miiza-
kirs etmisdir [13, s. 55-110]. Onlarin yanagmas1 maliyys sektorunda istifads edilo bilon modellarin
sosial tosirlorini aragdirmaga imkan verir. Gujarati vo Porter iso ARIMA vo SARIMA modellorinin
iqtisadi totbiqlorini xiisusi olaraq tohlil etmis vo bu modellarin bank sektorunda tatbiqi {i¢iin asaslari
izah etmisdir [14, s. 603-650].

Fildes vo Goodwin torafindon aparilmis todqgiqat prognozlasdirma strategiyalarin1 miizakiro
edorak, bank sektorundaki totbiglordon oldo edilon dorslori togdim etmisdir [15]. Bu yanasma,
prognozlasdirmanin keyfiyyatinin yaxsilagdirilmas: va strateji qorarlarin dostoklonmasi {igiin vacib
olan anlayislar1 ohats edir.

Umumilikds, bu odobiyyatlar gostorir ki, ARIMA, SARIMA va SARIMAX modellorinin
totbiqi ilo yanasi, ekzogen xiisusiyyatlorin daxil edilmasi prognoz doqiqgliyini shomiyyatli doracado
artirir. Bank sektorunda bu yanagmalarin totbiqi ham nozori, hom do praktiki baximdan boyiik
ohomiyyato malikdir.
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Mbolumatlar va ilkin tahlil

Mogqalonin bu hissasindo todqiqatda istifado edilon zaman seriyast molumatlarinin xiisusiy-
yatlori tosvir edilir. Sokil 1-do tranzaksiya amoliyyatlarinin zamanla neco dayisdiyi oks etdilir vo
molumatlarin imumi davranigini1 géstorilir. Molumat dostindoki istifado¢gi molumatlar1 tam anonim-
logdirilmisdir. 2013-cii il ilo 2024-cii ilo godar olan zaman araliglari ii¢iin tranzaksiya amaliyyatlarinin
say1 “Transaction Volume” xiisusiyyati ad1 altinda saxlanilmigdir.

Orijinal Zaman Seriyasi Qrafiki

—— Transaction Volume
600 -

500

'

[=]

S
|

Tranzaksiya Hacmi
w
(=3
(=]
|

200

100 4

T T T T T T
2014 2016 2018 2020 2022 2024
Tarix

Sokil 1. Tranzaksiya hacmlorinin miixtalif illor tizro doyisimi

Zaman seriyast analizi {i¢lin osas molumat monboyi "Transaction Volume" gostoricisidir. Bu
gostaricinin stasionarligini miioyyon etmok iigin ADF (Augmented Dickey-Fuller) testi totbiq
edilmigdir. ©ldo olunan naticalor gdstarir ki, orijinal zaman seriyasi stasionar deyil (P-Value: 0.9917).
Sokil 2-do birinci forglondirmenin totbigindon sonra molumatlarin stasionarliga yaxinlagmasi
gostarilmigdir (P-Value: 0.0570), lakin tam stasionar olmamisdir. Sakil 3-do ikinci farqlandirmanin
totbigindon sonra seriyanin tam stasionar voziyyoto kegmasi gostorilmisdir (P-Value: 2.49e-29).

Birinci Farglandirma ila Stasionarliq Analizi
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Sakil 2. Birinci farglondirma ils stasionarliq analizi
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Ikinci Farglandirma ila Stasionarlig Analizi
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Sakil 3. Tkinci farglondirms ilo stasionarliq analizi

Metodologiya

Bu todqiqatda zaman seriyasit prognozlasdirilmasi iiclin ii¢ forgli statistik model totbiq
edilmigdir: ARIMA (AutoRegressive Integrated Moving Average), SARIMA (Seasonal ARIMA) vo
SARIMAX (Seasonal ARIMA with eXogenous Variables).

ARIMA modeli trend vo stasionarliq tosirlorini nozors almaqla asagidaki sokilds ifads olunur
[1, s. 203-248]:

p q
Ye= € + Z biyi-iy + Z 6’jE{t—j} T+ € (1)
{i=1} {j=1}

Burada y; zaman seriyasi miisahidalorini, ¢ vo 0 iso avtoreqressiv (AR) va harakatli ortalama
(MA) omsallart ifads edir. Modellogdirmo zamani seriyanin stasionar olub-olmamasi1 Augmented
Dickey-Fuller (ADF) testi ilo qiymatlondirilmisdir [16]. Noticolora osason ikinci doracali
farglondirma totbiq olunmusdur (d=2) [17, s. 215-240].

SARIMA modeli ARIMA-nin mévsiimi komponentlor alava olunmus versiyasidir vo asagidaki
timumi formulla ifads olunur [2, s. 401-450]:

SARIMA(p, d, q)(P, D, Q) )

Burada s movsiimi dovrii, P, D, Q iso mdvsiimi AR, differencing vo MA parametrlorini gostorir.
SARIMA modeli seriyanin hom trend, hom do mdvsiimi strukturlarint modellosdirmak {i¢iin istifads
olunmusdur [1, s. 203-248].

Bu todqiqatda “Transaction Growth” adli olavo xiisusiyyot yaradilmis vo modelo daxil
edilmisdir. Bu doyison ardicil iki dovr iizro tranzaksiya hocminin faizlo doyisimini gostorir vo
asagidaki formula ilo hesablanmigdir:

Ty — Tiq

TG = ( ) x 100 3)

t-1
Burada T; — cari dovrdoki tranzaksiya hocmini, T;_; isa avvalki dovrdaki hocmi ifads edir. Bu
yanasma modelo olava informativ gat olava edorok prognoz doaqiqliyinin artirilmasina xidmot edir.
Hor bir modelin performansini yoxlamagq {i¢iin asagidaki performans metriklorindon istifade
olunmusdur:
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RMSE modeli torsfindon verilmis prognozlarin faktiki doyarlordon orta kvadrat sapmasini
Olgiir:

n
1
RMSE = |~ (3, = 91)? (@)
t=1

MAE prognoz sohvlorinin orta miitloq qiymotini gostorir. O, proqnoz vo faktiki doyorlor
arasindaki orta forqi qiymetlondirir vo modelin orta sohv soviyyasini sads sokilds gostorir [5]:

n
1
MAE = = |y, ~ 5 ©)
t=1

R? modeli torafindon izah olunan variasiyanin faizini gostorir. Dayarlori 0 ilo 1 arasinda doyisir
va 1-9 yaxin olduqda model daha yaxs1 natico verir. Bu metrik proqnozlarin na gader izahli oldugunu
tohlil etmok {igiin istifado olunur [5]:

_ Yi=1(ye — P)?
2= (e — ¥)?
MAPE sohvlarin faizlo ifadesini verir vo prognozlarin nisbi doqiqliyini 6l¢mak iiciin istifads

olunur. Bu metrik interpretasiyasi asan olan va forqli prognoz sistemlorini miigayise etmays imkan
veran genis istifads olunan gostaricidir [5]:

R?=1 (6)

n

100%
MAPE = - z

Ve — Ve
Yt

(7)

SMAPE, MAPE-nin simmetrik formast olub prognoz vo faktiki doyarlorin comino bdliinon
forqlori hesablayir:

n A
100% lye — 9l (8)
n Lyl +19:)/2

SMAPE =

MBE prognozlarda sistematik meylin olub-olmadigini gostorir. ©gor bu doyar miisbatdirsa,
model sistematik olaraq artiq prognoz verir; manfidirss, model daim az prognoz verir [18, s. 155-

175]:

1 n
MAE = ) (e =90 ©

¥: model tarafindon t-ci zaman noqtasi tliglin prognozlagdirilmis (toxmin edilmis) doyari ifado
edir.

¥ biitlin miisahids olunmus real doyarlarin arifmetik orta qiymaotini gostarir.

v, t-ci dovrdoki faktiki (real miisahido olunmus) doyari ifads edir.

Molumatlarda bos doyorlor mévcud olmayib vo modellorin qiymaotlondirilmasi mogsadilo
zaman seriyas1 70%-30% nisbatinds talim va test dastlorine boliinmiisdiir.

Noticalorin Tahlili vo Sarhi

Bu todqgiqatda ARIMA, SARIMA vo SARIMAX zaman seriyast modellorinin maliyya
sektorunda tranzaksiya axininin prognozlasdirilmasindaki effektivliyi arasdirilmisdir.
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Zaman seriyali modellorin performans metriklorinin miiqayisasi

Model RMSE MAE R? Score MAPE SMAPE MBE
ARIMA 70.8902 53.8708 0.1397 12.0405 12.6254 -22.5649
SARIMA 33.4208 29.0001 0.8088 7.2303 6.9140 21.4911

SARIMAX 22.6052 17.4781 0.9125 4.0511 4.0374 -0.3291

Modellorin performansinin giymaotlondirilmasi {iglin miixtolif performans metriklorindon
istifado olunmusdur: RMSE (Root Mean Squared Error), MAE (Mean Absolute Error), R? Score,
MAPE (Mean Absolute Percentage Error), sMAPE (Symmetric Mean Absolute Percentage Error) vo
MBE (Mean Bias Error).

Sokil 4-do ARIMA modeli ils prognozlasdirilmig tranzaksiya hacmlorinin real test molumatlart
ilo miigayisade movsiimi doyisikliklori dogru oks etdirmodiyi miisahids olunur. Codvalds bu model ilo
alinan noticolorin asagi doqiqlik niimayis etdirdiyi goriiniir. ARIMA modeli iiglin RMSE doyori
70.8902, MAE doyori 53.8708, R? doyeri iso 0.1397 alinmigdir ki, bu da molumatlarin ¢ox az hissasini
izah etdiyini gostorir. MAPE doyarinin 12.0405% olmas1 prognozlarda yiiksok sohv faizini ifads edir.
SMAPE dayarinin 12.6254% olmasi1 prognozlarda nazars ¢arpan asimmetriyant gostorir. MBE-nin -
22.5649 olmasi1 iso ARIMA modelinin real dayarlordon asagi proqnozlar verdiyini gostorir. Movsiimi
tosirlorin istifade olunmamasit ARIMA modelinin zaif naticalor gdstormasing sobob olmusdur.

Sokil 5-do todgigatda istifado olunmus molumat dostindoki real test molumatlari ilo SARIMA
modelinin prognozlari miiqayiss olunmusdur. Movsiimi dalgalanmalarin SARIMA modeli torofindon
yaxs1 oks etdirildiyi nazors ¢arpir. Homginin, cadvalds bu modelin hor bir performans metriklori iizro
naticalori gostorilmisdir. Naticalora baxdigda RMSE 33.4208, MAE iso0 29.0001 oldugu goriiniir, bu
159 ARIMA modelino nisboton daha yaxsi naticalordir. R? doyorinin 0.8088 olmasi, SARIMA
modelinin moalumatlarin boytlik hissesini izah eds bildiyini gostorir. SARIMA modelindo MAPE
doyori 7.2303%, sMAPE dayari iso 6.9140% olmusdur ki, bu da prognozlarda daha az sohv vo daha
yiiksok doqiqlik gostorir. Olavs olaraq, MBE 21.4911 olmusdur ki, bu da modelin prognozlarinin real
dayarlordon yiiksok oldugunu gostarir.

ARIMA ila Transaction Volume Prognozu

—— Talim Malumatlan
600 Real Test Malumatlarn
——- ARIMA Prognozu

500

400 4

Hacmi

300 A

200 A

100 4

2014 2016 2018 2020 2022 2024
Tarix

Sokil 4. ARIMA modeli ils prognoz

Sokil 6-ya istinadon gormok olar ki, SARIMAX modeli test molumatlarin1 digar modellors
nisbaton daha yaxs1 prognozlagdirmigdir. Codvaldo SARIMAX ilo olds edilon RMSE doyari 22.6052,
MAE doyori iso 17.4781 oldugu goriiniir. R? dayari 0.9125, modelin moalumatlari ¢ox yiiksok
doqiqlikls izah etdiyini gostorir. MAPE doyorinin 4.0511%, sMAPE doyarinin iso 4.0374% olmasi,
prognozlarin on yiiksok doqiqliklo hoyata kecirildiyini gdstorir. MBE doyorinin -0.3291 olmasi,
SARIMAX modelinin prognozlarinin real doyarlors ¢cox yaxin oldugunu va neytral meyil niimayis
etdirdiyini gostorir.
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SARIMA ila Transaction Volume Prognozu

—— Talim Malumatlan
600 + Real Test Malumatlan
== SARIMA Prognozu
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Sakil 5. SARIMA modeli ila prognoz

SARIMAX ila Transaction Volume Prognozu

—— Talim Malumatlan
600 1 Real Test Malumatlari
—-- SARIMAX Prognozu
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Sakil 6. SARIMAX modeli ilo prognoz

Notica

Tadgigat ARIMA, SARIMA va SARIMAX modellarinin omaliyyat hacmlarini prognozlasdirma
qgabiliyyatlorinin miiqayisesine yonalmigdir. Xiisusiyyst miihondisliyi ilo yaradilmis “Transaction
Growth” xiisusiyyatinin  SARIMAX modelino inteqrasiyasindan sonra modelin performans
gostaricilorinds ciddi artim miisahido edilmisdir. SARIMAX modeli {i¢iin oan asagit RMSE (22.6052),
MAE (17.4781), MAPE (4.0511%) vo sMAPE (4.0374%) gostaricilori alinmigdir, ham¢inin manfi
MBE (-0.3291) doyari ila sistematik meylin minimal oldugunu gostormisdir. R? gostaricisinin (0.9125)
yliksok olmasi iso modeli digor zaman seriyast modellorindon iistiin edon cohot olmusdur. SARIMA
modeli movsilimi tosirlori nazors alaraq modellogdirmo aparsa da ekzogen xiisusiyyat daxil edilmadiyi
iictin SARIMAX modelindon daha asagi performans gostormisdir. ARIMA modelinin iso movsiimi
tosirlori nazors almadig {iglin daha zoif naticalor verdiyi todqiq edilmisdir.

Tadqiqgat i1sinds alinmis naticalordon istifado edorok banklarin likvidlik idaragiliyinin yaxsilas-
dirilmasi, miistori davraniglarinin tohlilinin daha optimal sokildo aparilmasi ve strateji qorarlarin
osaslandirilmig sokildo gobul olunmasi miimkiindiir. Homginin, bu ciir modellor banklara satis moq-
sadlorinin daha daqiq miisyyanlogdirilmasinda, filial saviyyesinde resurs bolgiisiiniin planlasdiril-
masinda vo movsiimi kampaniyalarin optimal vaxtlarda kecirilmosindo asas rol oynaya bilor. Eyni
zamanda, bu yanasma risklorin idars olunmasi vo galirlorin prognozlasdirilmasi sahasinds do daha
effektiv qorarlarin verilmasino téhfo vers bilor. Golocok todqigatlar {igiin iso "Transaction Growth"
kimi olava xiisusiyyatlorin malumat dasting daxil edilmasi vo onlarin digor zaman seriyasi modellori
ilo birgo analizi maraql vo faydal1 perspektivlor togdim edo bilor.
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ZAMAN SERiYASI MODELLORI iLO BANK TRANZAKSiYALARININ PROQNOZLASDIRILMASI:
ARIMA, SARIMA VO SARIMAX MODELLORININ MUQAYiSOLi TOHLILI

M.E.Rahimov, M.B.Namazov

Xiilasa. Mogalodo bank sahssinds tranzaksiya miqdarlarmin prognozlasdirilmas: ii¢iin ARIMA, SARIMA va
SARIMAX modellorinin tatbiqi edilmisdir. ARIMA modeli yalniz trend va stasionarliq tasirlarini tanzimlayir, SARIMA
movstimi tasirlori do nozoro alir, SARIMAX iso oslave olaraq "Transaction Growth" (Tranzaksiya Artimi) ekzogen
xiisusiyyatinin daxil edilmasi ilo prognozun daqigliyini artirir. “Tranzaksiya Artim1” xiisusiyyati xiisusiyyat mithandisliyi
tisulu ilo yaradilmis vo tranzaksiya hacmloarinin doyisikliklarini faiz doyori olaraq oks etdirir. Bu xiisusiyyot molumatlarin
daha dorin tohlilini tomin edorok modellarin performansini artirmaq mogsadini dasiyir.

Modellorin performanslarinin giymotlondirilmssi iiciin RMSE, MAE, R2, MAPE, sMAPE vo MBE kimi forgli
performans metriklori totbiq edilmisdir. SARIMAX modelindon alinan naticalor gostorir ki, bu model digor modellora
nisbaton on yiiksak dagigliyi tomin edir: RMSE (22.61), MAE (17.48), R? Score (0.9125), MAPE (4.05%), sMAPE
(4.04%) vo MBE (-0.33).

Bu todqiqat gosterir ki, xiisusiyyat mithandisliyi vasitoesilo yaradilmig "Transaction Growth" xiisusiyyatinin
modellords istifade olunmasi zaman seriyast proqnozlarmm daqigliyini dnamli daracads artirir. Bank sektorunda
tranzaksiya hacmlarinin prognozlagdirilmasinda SARIMAX modelinin iistiinliiyii tadqiqatin asas tapimntisidir.

Acar sézlor: Zaman seriyasimin prognoziasdiriimasi, ARIMA, SARIMA, SARIMAX, xiisusiyyat miihandisliyi, bank
sektoru, ekzogen dayisanlar.
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Abstract. In the context of accelerating climate change, energy security challenges, and global commitments to sus-
tainability, the shift from fossil fuels to renewable energy has gained unprecedented urgency. Renewable energy con-
sumption is steadily increasing worldwide, driven by technological innovation, falling production costs, and growing
public and political awareness of environmental issues. This study provides a comprehensive analysis of the current status
and future expansion opportunities of renewable energy consumption, focusing primarily on solar, wind, hydroelectric,
and bioenergy resources.

The research first outlines global consumption trends and examines regional variations, identifying the socio-eco-
nomic and policy-related factors influencing adoption rates. It further analyzes how energy transition dynamics differ
between developed and developing economies, highlighting capacity, infrastructure readiness, and investment climate as
critical differentiators. Barriers such as intermittent energy supply, lack of grid integration, and limited financing mecha-
nisms are also addressed in detail.

The study then explores expansion opportunities, particularly in emerging markets and underutilized geographic areas.
Key enablers of growth include advancements in storage technologies, digital grid systems, government incentives, and
international climate finance. Ultimately, the research argues that a coordinated, multi-sectoral approach is essential to
unlocking the full potential of renewable energy. It concludes with strategic recommendations for policymakers, inves-
tors, and energy planners to enhance the accessibility, affordability, and resilience of renewable energy systems in line
with global decarbonization goals.

Keywords: energy consumption, renewable energy resources, economic effects, social effects, sustainable development.
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Introduction

Today, energy consumption is increasing. Increasing consumption further strengthens environmen-
tal problems. This situation necessitates the reduction of fossil-based energy sources that pollute the en-
vironment and the widespread use of renewable energy sources that harm the environment less. Renewa-
ble energy is considered an important energy source in terms of the different effects it exhibits. Here, we
can include differences according to the type of source, environmental effects, cost, resource continuity,
economic and social effects. For example, renewable energy is much more convenient than traditional
energy according to the type of source [1,2]. Since this type of energy is produced from natural and con-
tinuously renewable sources, it is always found in nature and is not in danger of depletion. Renewable
energy has very little carbon emission. This feature can be considered the most important factor in the
fight against climate change. In other words, renewable energy sources cause very little damage to the
environment [3,4]. For this reason, researchers are conducting various studies in the field of renewable
energy resource consumption and trying to determine the factors that prevent its use [5-7]. By determining
these factors, various policies are implemented to encourage renewable energy sources.

Energy consumption: socio-economic importance

Energy consumption affects the country's economic development and industrialization level. It
also reflects many factors, including the country's standard of living, population size, and industrial
development. Using this data, it is possible to examine the general situation and future prospects of
any country.

The growth and development rate that the economy wants to achieve is directly related to en-
ergy efficiency and energy intensity. In other words, the high energy efficiency achieved by the coun-
try reflects a strong economy. Namely, the economic sectors that develop and contribute to develop-
ment in the country - industry, agriculture, service sector and others - demand high energy [8-10].

When we compare countries in general, it is seen that more industrialized countries consume
more energy. In other words, it is possible to evaluate the industrial capacity and development level
of that country by looking at its energy consumption. One of the reasons that makes the evaluation of
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energy consumption important is related to the standard of living. A high indicator is an indication
that individuals have a better quality of life. In particular, different areas that reflect the welfare level
of the society, such as people's housing and transportation, are evaluated here. One of the factors
affecting energy consumption is the population. The larger the population, the more energy can nat-
urally be used. Energy demand is also high in countries with dense populations. In other words, a
country's energy consumption reflects its social welfare as well as its economic activity [11].

Energy efficiency in a country is also associated with technological development. High energy
consumption in a country does not mean that it is not used efficiently. Technological development
allows for more production using less energy. It should also be noted that the level of energy con-
sumption also reflects the level of access to energy resources in that country. Energy-rich countries
consume more energy.

In short, a country's energy consumption allows for the examination of economic activities or
social welfare indicators in that country. In addition, the role that high energy consumption plays in
sustainable development should be considered and evaluations should be made in this regard.

Energy consumption in Azerbaijan

Energy production in Azerbaijan consists of different sources. Some energy sources constitute
the vast majority in total consumption (Graph 1). As can be seen from Graph 1, the largest energy
sources in the country have been gas, oil and hydropower over the years.
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Graph 1. Energy consumption by source, Azerbaijan
Source: [12]

In 2023, oil, gas and coal were consumed more among energy sources worldwide. Oil con-
sumption was 54,564.00 TWh, coal consumption was 45,564.93 Twh, and gas consumption was
40,101.74 TWh. In Azerbaijan, the share of gas in total consumption reached 66.37% in 2023, while
the share of oil reached 31.31%. Hydropower was 2.01%, solar 0.09%, wind 0.06%, and other re-
newables 0.16%. Share of primary energy consumption from fossil fuels was equal to 97.68% in 2023
(Graph 2).

When we compare Azerbaijan's energy consumption resources with the world average, it is
seen that gas consumption in Azerbaijan is much higher than the world average. Namely, this level
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constituted 23.30% worldwide in 2023. Oil consumption was at the level of 31.70%. The share of oil
consumption in Azerbaijan is very close to the world average. Coal consumption has been very low
in Azerbaijan in recent years, while it was at the level of 26.47% worldwide.
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Graph 2. Share of energy consumption by source, Azerbaijan
Source: [12]

Until the 2000s, gas consumption was below 50%, but in the following years it increased and
exceeded 50%. On the contrary, oil consumption has decreased to 30% in recent years with a decreas-
ing trend. When we look at the world average, while oil and coal consumption progress with a de-
creasing trend, gas consumption has increased over the years.

Another interesting indicator of energy consumption in Azerbaijan is per capita consumption.
When we compare the total energy consumption of countries, it would be more useful to consider the
population size in order to make a correct comment. In other words, it is more important to compare
the differences in energy consumption per capita. Namely, since 2001, per capita consumption in the
country has been increasing. In 2023, the consumption, which was 21,882 kWh, is slightly higher
than the world average (21,394 kWh).
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Graph 3. Energy use per person, Azerbaijan
Source: [12]
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Renewable energy consumption in Azerbaijan and ways to increase it

Before moving on to renewable energy consumption, it should be noted that two basic concepts
are used in literature. One of them is low-carbon energy resources, the other is renewable energy
resources. Low-carbon energy resources is a broader concept and includes renewable energy re-
sources. In other words, the sum of nuclear and renewable resources forms low-carbon energy.

Azerbaijan's energy sector is not completely dependent on fossil fuels. The country also has
great potential in renewable energy. Azerbaijan is rich in resources such as wind, solar, hydroelectric
and geothermal energy. The potential is especially great for wind energy and solar energy [13].

While energy consumption from low-carbon sources in Azerbaijan was 2.9% in 1995, this rate
decreased to 2.3% in 2023. When we look at the world average, it is seen that the level of energy
consumption from low-carbon sources increased in 2023 (18.5%) compared to 1995 (14.4%).

100%

&0%

A0%

Graph 4. Share of primary energy consumption from low-carbon sources
Source: [12]

On the other hand, renewable energy consumption in Azerbaijan was 2.86% in 1995, while this
rate declined to 2.32% in 2023. It should be noted that the highest indicator was observed in 2010
(7.45%). Compared to the world average, renewable energy consumption increased by 14.56% in
2023 compared to 1995 (7.87%).

Difficulties encountered in the use of renewable energy sources

The figures given above show that, despite the environmental and economic benefits provided
by renewable energy, these energy sources are not used at a high level both in Azerbaijan and in the
world average. There are various reasons that make it difficult to use such resources widely in the
economy.

One of the factors that negatively affects the expansion of renewable energy consumption is
due to the high initial costs. The use of renewable energy sources, especially solar and wind energy,
is expensive. More precisely, it requires high costs at the beginning. For example, high investments
are required for the purchase of solar panels and wind turbines, as well as the installation of energy
storage systems. This high cost prevents developing countries or regions from making the necessary
investments. The problem of energy storage is among the other important reasons. Renewable sources
such as solar and wind energy produce energy intermittently because they are connected to nature.
For example, solar energy cannot be produced at night, and the speed of the wind is variable. These
features create difficulties in their own right.

24



Sh.V.Valiyev / Proceedings 2 /2025, 21-25

Economics

The energy infrastructure of some regions has been designed considering traditional systems.
However, the use of renewable energy sources requires the creation and expansion of its own infra-
structure. The installation of wind turbines, solar panels or other renewable energy facilities requires
a large amount of land. It is not possible to implement such facilities in every region. Various diffi-
culties arise, especially in densely populated areas.

Conclusion

Various policies and actions are implemented in Azerbaijan for the development of renewable
energy. In order to encourage the development of renewable energy in the country, various incentives
and subsidies are provided by the state. Global cooperation is carried out in the renewable energy
sector, and technology transfer is carried out through synergy. To expand the consumption of renew-
able resources in the country, more financial support can be provided, especially to regions with weak
energy infrastructure, and the support applied to investors can be expanded for more investments.
Such practices will help reduce high initial costs. In addition, as we mentioned above, one of the main
obstacles to the consumption of renewable energy resources is the storage of energy. In other words,
advanced energy storage systems are needed to solve this problem. For this purpose, the capacity of
existing storage technologies should be increased. It will be useful to implement smart grid systems
in the country and expand modern transmission lines.
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Abstract. Balancing user flow and functionality in medical expert systems is essential to enhance their effectiveness
and usability in healthcare environments. These systems must support complex functionalities, such as diagnostic assis-
tance, data management, and clinical decision-making, while ensuring an intuitive and seamless user experience. Striking
this balance requires a design approach that minimizes cognitive load, integrates with clinical workflows, and prioritizes
safety and efficiency. This paper examines the challenges and strategies for achieving this equilibrium, including user-
centered design, adaptive interfaces, and rigorous usability testing. By addressing these aspects, medical expert systems
can improve patient outcomes, streamline healthcare operations, and foster greater adoption among practitioners.

Keywords. User Flow, User Experience (UX), Expert system, Functionality.

© 2025 Azerbaijan Technical University. All rights reserved.

Introduction. Medical expert systems have become an important tool in modern healthcare,
assisting in diagnosis, treatment planning, and patient management. These systems support medical
professionals in the data processing and decision-making process during patient care, reducing the
probability of errors and making the treatment process more efficient. However, the successful use
of these systems faces a number of challenges, one of the most important of which is balancing user
flow and functionality [1].

The users of medical expert systems are mainly doctors, nurses, and other healthcare profes-
sionals. For them to use the system effectively, a functional and user-friendly interface is essential.
Balancing these two elements is critical for the system to provide both powerful functions and to
ensure that users make high-quality and fast decisions. Complex medical data and analyses that re-
quire high functionality in the system can often lead to complexity in use. The urgency of this issue
requires more research and development in order to improve the quality of healthcare services and
enhance the effectiveness of medical technologies. With the expansion of the application of infor-
mation technologies in the medical field, solving these problems will ensure more accurate and faster
decision-making in the healthcare sector [2].

This paper explores the importance of balancing user flow and functionality in medical expert
systems. It discusses the key challenges faced in achieving this equilibrium and highlights strategies,
such as user-centered design, adaptive interface technologies, and rigorous usability testing, to over-
come these obstacles. By addressing these aspects, medical expert systems can deliver optimal per-
formance, enhance user satisfaction, and improve healthcare outcomes [3].

Statement of the problem. The main objective of this study is to determine the optimal balance
between user flow and functionality in medical expert systems and to investigate how achieving this
balance will affect the development of healthcare services. In this regard, the following questions
arise:

— Basic principles for simple and effective design of user flow in medical expert systems

— Establishing an appropriate balance between functionality and user flow

— Design and technological approaches to improve user experience

Investigating these issues will allow medical expert systems to be more effective and easy to
use for both doctors and other medical professionals. At the same time, this approach will facilitate
more accurate and efficient medical decisions in the healthcare sector [4].

Solution method. The lack of balance between user flow and functionality leads to the follow-
ing problems:

— Complex interfaces: Medical professionals often encounter interfaces that are unintuitive

and complex, increasing the time required to make decisions in high-pressure situations.
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— Compromised accuracy: Systems that prioritize functionality without considering usability

may lead to errors in data input or misinterpretation of results, jeopardizing patient safety.

— Impact on patient outcomes: Poorly designed systems can lead to delays in diagnosis, errors

in treatment plans, and overall inefficiency in healthcare delivery, directly affecting patient
safety and outcomes.

Therefore, the solution to balancing user flow and functionality in medical expert systems in-
volves several strategies:

— Modular system design refers to structuring a complex medical expert system into smaller,
independent modules that each serve a distinct function, such as patient history, diagnostic analysis,
and treatment options. This approach allows users to interact with specific components without being
overwhelmed by the entire system’s complexity. It enables easy maintenance, updates, and personal-
ization, ensuring that users can access only the relevant features for their task, improving both usa-
bility and functionality.

— User-centered interface design is focused on creating interfaces that prioritize the needs, pref-
erences, and workflows of healthcare professionals. This design ensures that the system is intuitive
and efficient, reducing the cognitive load by providing easy access to relevant tools and data. Features
like customizable layouts, intuitive navigation, and user-specific settings allow for seamless integra-
tion into daily practices. The goal is to improve decision-making accuracy and speed, while minimiz-
ing frustration or errors caused by overly complex or confusing systems.

— Real-Time feedback and adaptation in medical expert systems involves continuously moni-
toring user interactions and adjusting system responses dynamically. By using data analytics and ma-
chine learning, the system can identify areas where users struggle or require more support, and make
necessary adjustments in real-time. This includes offering relevant suggestions, customizing work-
flows, or prioritizing certain features based on the context.

— Al and machine learning integration in medical expert systems enhances functionality by
analyzing vast amounts of patient data to provide real-time, evidence-based recommendations. Ma-
chine learning algorithms can predict outcomes, identify patterns, and suggest treatment plans, con-
tinually improving as more data is processed. This integration helps medical professionals make more
accurate, informed decisions while streamlining workflows. Additionally, Al can personalize recom-
mendations for each patient based on their unique medical history, ensuring better decision-making
and patient care. [5]

Methodology. The development of the proposed medical expert system follows a hybrid re-
search design that combines machine learning—based diagnostic modeling with rule-based clinical
decision logic. The methodology consists of four major stages: dataset preparation, model selection,
model training and validation, and integration into the decision-support workflow.

1. Dataset Preparation. The dataset used for model development includes anonymized patient records
containing symptoms, demographic information, laboratory test results, and confirmed medical diag-
noses. Prior to modeling, the data underwent preprocessing steps, including:

« handling missing values using mean/mode imputation,

« normalization of numerical laboratory parameters,

« encoding categorical variables such as symptoms using one-hot encoding,

« removal of outliers based on interquartile range analysis.

This preprocessing ensured consistency, reduced noise, and prepared the dataset for machine learning
algorithms.

2. Model Selection. Several machine learning algorithms commonly used in clinical decision support
were evaluated, including Logistic Regression, Random Forest, and Gradient Boosting Machines.
These models were selected due to their:

« ability to handle high-dimensional clinical features,

« interpretability for physicians,

 strong performance in previous medical diagnosis studies.
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A comparative analysis was conducted using baseline accuracy and F1-score to identify the most
suitable model for integration [6].
3. Model Training and Validation. The cleaned dataset was randomly partitioned into training (80
percent) and testing (20 percent) subsets. To prevent overfitting and ensure stable performance, a 5-
fold cross-validation strategy was applied on the training data.
Model performance was evaluated using the following metrics:

e accuracy,

e precision and recall,

« F1-score,

o« ROC-AUC curve.
The final selected model achieved statistically significant performance (p < 0.05), with a 95 percent
confidence interval for diagnostic accuracy. These results demonstrate the model’s reliability for use
within a clinical decision-support system.
4. Integration with Rule-Based Decision Logic. The machine learning model was embedded into a
hybrid decision engine. First, symptoms are processed through the ML-based feature extraction layer.
The model generates probability scores for potential diagnoses. These scores are then combined with
predefined medical rules derived from clinical guidelines to produce the final recommendation.
This hybrid approach ensures:

« higher accuracy through data-driven predictions,

« increased transparency through rule-based justification,

« alignment with clinical workflows.
5. System Validation. Before deployment, the system was evaluated through simulated patient cases.
Physicians reviewed the diagnostic outputs and validated whether the system’s recommendations
were clinically relevant. Feedback was incorporated into the final interface design and decision
thresholds [7].

Patient and Doctor Interface: Access and Information Flow.

O O O O

Figure 1. User flow diagram

The system features two distinct access points tailored to different user groups. Doctors can
register and access the system through an admin panel, ensuring secure management of professional
credentials. Patients, on the other hand, can easily register and log in directly using a personal iden-
tification number, providing immediate access to their accounts. Upon logging in, users are directed
to a "personal information™ section, which stores key data such as serial numbers, birthdates, and
addresses.

Additionally, a comprehensive "medical information" section stores detailed patient history,
including previous diagnoses, test results, prescribed treatments, and any interactions with the system.
This centralized repository of information enables healthcare professionals to retrieve accurate and
up-to-date patient data efficiently, enhancing the quality and speed of care.
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You use Digital Login to access the system

Identification number

XXXXXXX

®

remember me forgot the password
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| )

Figure 2. Login page

@ @

Personal information | Medical information

Figure 3. Personal and Medical Information page

Home / My medical information

My medical information
QF My diagnoses
@ My recipes

B myanalysis

B vreepest

Figure 4. Medical Information Page

The system's "home page™ features a diagnosis section where symptoms, their severity, and
other relevant data are first recorded. Following this, the system automatically uploads the results of
any laboratory and instrumental tests. Using artificial intelligence, the system processes the data ac-
cording to pre-defined rules and generates a preliminary diagnosis. This diagnosis is then shared with
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the relevant doctor, who can arrange an appointment for further examination. If necessary, the system
also facilitates referrals to specialized departments, ensuring the patient receives the necessary care.
This integrated workflow not only ensures smooth interaction between patients and medical staff but
also optimizes diagnosis and treatment planning, supporting both accuracy and efficiency in
healthcare delivery.

(© Back

Enter your symptoms to find out the diagnosis
Patient complaints

Sorethrorat @0 00000O0O® X l

Headache @ 0009 O ®

Coughing up white sputum @ @ O O 0O ® @ x

Select the symptoms ‘

Figure 5. Symptoms page.

The system architecture follows a sequential decision-support workflow where user inputs are
first collected as symptoms, processed through an ML-based feature extraction layer, and then ana-
lyzed by a hybrid decision engine that combines rule-based logic with machine learning algorithms.
The final output provides a data-driven diagnosis and corresponding treatment recommendations.

User Input (Symptoms)

l
Feature Extraction (ML Model)

!
Decision Engine (Rule-based + ML)

!

Output (Diagnosis & Recommendation)

Processing medical data within expert systems requires strict attention to confidentiality, regu-
latory compliance, and ethical responsibility. The system is designed in alignment with key principles
of GDPR and HIPAA, ensuring that patient information is collected only for clinical purposes, stored
securely, and accessed exclusively by authorized medical personnel. All sensitive data used for model
training is anonymized, and system activity is logged to prevent unauthorized use [8].

From an ethical standpoint, the integration of machine learning necessitates transparency and
fairness. To minimize bias, the training dataset is examined for demographic imbalance, and model
outputs are accompanied by simple rule-based explanations to support clinical decision-making. The
system functions solely as a decision-support tool, maintaining the physician’s central role in evalu-
ating diagnoses and guiding treatment. By combining secure data handling practices with responsible
Al principles, the proposed approach ensures patient safety, data privacy, and trustworthiness in med-
ical environments.
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Comparative Analysis with Existing Medical Expert Systems. To better evaluate the effec-
tiveness of the proposed approach, a comparative analysis was conducted with several widely used
medical expert systems, including MYCIN, DXplain, and IBM Watson Health. These systems repre-
sent three different generations of expert system design: rule-based, knowledge-based, and Al-driven
architectures.

1. MYCIN (Rule-Based Expert System). MYCIN is one of the earliest expert systems designed
to diagnose infectious diseases.

Strengths:

o Strong rule-based inference.

« Transparent decision justification (traceable rules).

Limitations:

« Static rule set that cannot adapt to new clinical data.

« Limited ability to process large feature sets such as lab results or imaging data.

« User interface outdated and not optimized for modern clinical workflow.

Comparison with Proposed System:

The proposed hybrid model integrates both machine learning predictions and clinical rules, en-
abling adaptation to new datasets while preserving interpretability, addressing MYCIN’s key limita-
tion of rigidity.

2. DXplain (Knowledge-Based Clinical Decision Support System). DXplain provides differ-
ential diagnosis suggestions based on symptoms and clinical findings.
Strengths:

o Large medical knowledge base.

« Effective for early-stage diagnostic screening.

Limitations:

o Limited customization to individual patient profiles.

o Does not fully integrate machine learning for automated pattern recognition.

« User flow not optimized for high-speed decision environments.

Comparison with Proposed System: The proposed system introduces a user-centered interface and
symptom-to-feature extraction pipeline, improving both user experience and diagnostic accuracy by
combining structured medical rules with data-driven prediction models.

3. IBM Watson Health (Al-Driven Decision System). Watson utilizes natural language pro-
cessing and advanced machine learning for cancer diagnosis and treatment planning.

Strengths:

« Strong Al-driven analytical capability.

« Ability to process unstructured clinical data (text, images).

Limitations:

« Limited transparency (black-box models).

o High implementation cost for hospitals.

« In some cases, inconsistent diagnostic recommendations due to lack of contextual rules.

Comparison with Proposed System: The proposed hybrid engine reduces the black-box effect
by combining interpretable rules with machine learning outputs. The system is lightweight, cost-ef-
fective, and specifically tuned for structured patient data such as symptoms, lab results, and previous
diagnoses [9].

Overall Advantages of the Proposed Method

Based on the comparative analysis, the proposed approach provides several key advantages:

1. Hybrid Decision Engine: Combines rule-based reasoning with machine learning to improve

accuracy and interpretability.

2. Adaptive Learning: System can update diagnostic probabilities as new patient data is added,

unlike static rule-based systems.
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3. Improved User Flow: Optimized patient-doctor workflow reduces cognitive load, which is

not well-addressed in older systems.

4. Transparency and Explainability: Model outputs are paired with clinical rules to justify de-

cisions, improving trust among physicians.

5. Cost-Efficiency and Scalability: Lighter than heavy Al platforms such as Watson; easier to

deploy in regional healthcare settings [10].

Statistical Significance of Model Performance. To determine whether the diagnostic perfor-
mance of the proposed machine learning model is statistically significant, standard hypothesis-testing
procedures were applied. Model evaluation was conducted using a held-out test dataset and 5-fold
cross-validation. The resulting performance metrics demonstrated high reliability: the model
achieved a diagnostic accuracy of 0.89 with a 95 percent confidence interval [0.87, 0.92], indicating
stable generalization across folds. A two-sample proportion test was performed to compare the
model’s accuracy against a baseline diagnostic method, yielding a p-value < 0.05, which confirms
that the improvement is statistically significant and not the result of random variation. These findings
validate the robustness of the model and support its suitability for integration into clinical decision-
support workflows.

Conclusion. In conclusion, balancing user flow and functionality in medical expert systems is
crucial to optimizing their effectiveness in clinical settings. By providing intuitive design, modular
functionality, and real-time performance monitoring, systems can be tailored to meet the needs of
healthcare professionals while minimizing complexity. This balance enhances the user experience,
improves decision-making, and streamlines workflows. Future research should focus on leveraging
emerging technologies such as artificial intelligence and machine learning to further improve these
systems, ensuring that they continue to evolve and provide maximum benefit in the healthcare envi-
ronment.
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Abstract. This research investigates the analysis and prediction of student behavior in virtual learning platforms using
machine learning methods. In recent years, the data collected from online learning environments regarding students’
learning activities has enabled the analysis of their behaviors and the development of personalized teaching strategies.
The study applies machine learning models such as Decision Tree, Random Forest (RF), Support Vector Machine (SVM),
and k-Nearest Neighbors (k-NN), evaluating the impact of each model on student outcomes and its predictive capabilities.
The results show that the RF model provides more accurate and reliable results, while the k-NN model performs poorly
with large datasets and uneven distributions. The research demonstrates the effectiveness of machine learning for analyz-
ing student behavior and indicates that more complex models can be applied in the future.
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Giris. Son illords virtual tohsil platformalarinin (VTP) inkisafi vo rogomsal tohsilin artan rolu,
toloba foaliyyatlorinin sistemli sokildo izlonmasi va tohlili tigiin genis imkanlar yaratmisdir. Xiisusilo
pandemiya dovriindon sonra genis viisot alan onlayn Gyronmo miihitlori toloboalorin dyronmo
davraniglart haqqinda zongin vo ohatoli melumat bazalarinin formalagsmasina sabab olmusdur. Bu
miihitlordon toplanilan boytlik hocmli malumatlar (klik say1, video izlomo miiddoati vo digor foaliyyot
gostaricilori) vasitosilo tolobolorin davraniglarini analiz etmok, onlarin golocok faaliyyatlorini
prognozlasdirmaq va fordilosdirilmis tohsil strategiyalari hazirlamaq miimkiin olmusdur.

Todqiqatlar gostorir ki, tolobo davranislarinin dyronms torzi modellorino osaslanaraq tohlil
edilmosi onlarin fordi xiisusiyystlorine uygun todris strategiyalarinin formalasdirilmasina imkan
verir. Oxsar tadqiqatlarda Felder—Silverman kimi modellor istifads olunaraq davranis gostaricilori
dord asas ol¢iiys (vizual, aktiv/reflektiv, intuitiv/hissiyata osaslanan, iimumi baxisla dyronilon) goro
tosniflondirilir. Naticads tolobonin dyronmo torzi avtomatik sokilde miioyyanlosdirilir vo bu osasda
daha somorali todris strategiyalari segilo bilir [1].

Bundan olava, talobalorin davranislarina asaslanaraq klasterlosdirma yanasmalar totbiq edil-
mokla miixtalif qruplar miisyyan edilir. Bu forqli qruplar tiglin masin 6yronmasi alqoritmlarinin ayrica
totbiqi noticosindo yliksok prognoz doqiqliyi alds edilir. Ononavi modellarlo miigayisodo davranig
analizinin masin dyroanmasi modellari ilo inteqrasiyasi erkon marhalads risk altinda olan tolobalarin
miioyyon edilmosing vo fordilosdirilmis miidaxilonin hoyata kegirilmasino imkan yaradir [2].

Sistemli odobiyyat icmallar1 vo praktik arasdirmalar siibut edir ki, dorin 6yronmo modellori
toloba naticalarinin prognozlagdirilmasinda ytiksok effektivlik gostorir. Bu modellarin totbiginde on
giiclii tosiro malik olan doyigonlar talabalorin interaktiv foaliyyatloring, klik niimunaloring, dorso sorf
olunan vaxta vo sosial istirak gostoricilorine osaslanir [3]. Umumi todgiqatlar gdstorir ki, masin
Oyronmoasi modellari — o ciimlodon Random Forest (RF), Support Vector Machine (SVM) va neyron
sabakolor — tolobo foaliyyot gostaricilorinin prognozlagdirilmasi {igiin genis istifado olunur [4].

Notico etibarilo, virtual tohsil miihitlorinda toloba davranislarinin tohlili vo bu molumatlarin
intellektual gqiymatlondirilmasi asasinda prognoz modellarinin qurulmasi tohsilin fardilesdirilmasi,
keyfiyyotin yiiksoldilmosi vo zoif notico gostoron tolobolorin vaxtinda askarlanmasi baximindan
mithiim ohomiyyast dasiyir. Maqalonin yazilmasinda magsad, davraniga osaslanan masin dyronmasi
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va dorin 0yronma yanagmalarinin tohlil olunmasi, vo taloba naticalorinin intellektual formada qiymat-
londirilmasi {igiin elmi asaslarin togdim edilmosidir.

Sokil 1-do virtual tohsil miihitinds tolobs davranislarinin neco toplanib tohlil olundugunu oks
etdiron funksional model togdim olunur. Bu modelos asason, ilkin morhalodo tolobalor virtual tohsil
platformasindan istifado edorok miixtolif foaliyystlor hoyata kecirir (mosalon, video izlomo,
tapsiriglarin yerino yetirilmaosi, testloro cavab vo s.). Novboti morhoalods bu foaliyyotlordon yaranan
molumatlar sistema qeyd olunur v strukturlasdirilir. Ugiincii morhalods talobe davranislarmin tohlili
aparilir vo naticods alds edilon gostaricilor son morhoalods masin 6yranmasi modellorine daxil edilorok
prognozlasdirma hoyata kegirilir.

Malumatlarin Davraniglarin

@ Toplanmasi Tahlili M
B B &[] =
Virtual Tohsil D I:l e Prognozlagdirma

Platformasi

Sokil 1. VTP-do tolobs davraniglarinin tohlili iizrs funksional model

Metodologiya. Tohsildo rogomsal platformalarin genis totbiqi naticasinds toloba davranis-
larinin izlonmosi vo tohlili imkanlarinin artmasi xiisusilo virtual laboratoriyalar, onlayn tohsil
platformalart vo simulyasiya osasli todris miihitlorinds 6ziinii gdstorir. Lakin bir ¢ox hallarda agiq
monbali resurslart ya mohdud sayda gostoricini ohato edir, ya da real davranis niimunslorinin
konteksto uygunlugunu tam tomin etmir [5].

Bu sobabdon todqgiqatda Cisco NetAcad platformasinda totbiq olunan virtual laboratoriya vo
tolim miihitlori asasinda tolim keg¢mis toloboalorin davranis molumatlarindan istifado olunmusdur.
Toplanilan bu molumatlar real dyronma ssenarilorina osaslanaraq miixtalif tip toloba profillorini
modellogdirir: aktiv vo yiiksok motivasiyali, orta saviyyali vo passiv/interaktivliyi zoif olan
istifadagilor. Bu yanasma molumatlarin strukturlasdirilmasina vo miixtalif 6yronma tiplorinin (vizual,
aktiv, reflektiv va s.) tohlilino imkan verir.

Toplanilan molumatlarda Cadval 1-do togdim olundugu kimi 90 toloboyo dair davranis
gostaricilori oks etdirilmisdir.

Cadval 1
Tolobo davranis gostaricilori va tosvirlori

Atribut

Tosviri

Telebe_ID

Tolobanin platformaya ns qodor tez-tez daxil oldugu

Sessiya_tezliyi

Umumi tolimo baglama say1

Video_izleme_sayi

Baxilmis video darslorin iimumi say1

Test_cehdleri

Testlors edilon cohdlorin iimumi say1

Oxunmush_fesiller

Platformada oxunmus todris moévzular1 vo materiallari

Forum_ishtiraki

Forumda yazilmis mesajlar vo qarsiliql linsiyyot say1

Tamamlanmish_praktiki_ishler

Virtual laboratoriya vo simulyasiya tapsiriqlari

Aktiv_gunler

Platformada aktiv oldugu giinlorin imumi say1

Yekun_netice

Talobonin kursun sonunda qazandigi timumi bal

Kursdan_kecme

Talobonin kursun minimum kegid gartlarini 6dsyib-6demadiyini gostaran
binar doyison (0 = ke¢mayib, 1 = kegib)

Bu doyisonlor tolabalorin tadris prosesindoki foaliyyotlorini oks etdirir vo masin dyranmasi
modellorindo istifado olunmagq {i¢iin optimallasdirilib. Molumatlar ndvbati morholodo tomizloma,
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normallasdirma vo klasterlogdirmo morhslslorindon kegocok.

Toplanmis davranis molumatlarinin keyfiyystli vo effektiv sokildo modellords istifado oluna
bilmasi ti¢lin ilkin olaraq montiqi tomizloma, uygunluq yoxlamasi, vo 6l¢ii vahidlarinin standartlag-
dirilmasi1 hoyata kegirilmisdir. Bu morhalo tolobalorin platformada gostordiklori foaliyyatlorin sistemli
sokildo tohlili {igiin osas zomindir.

Tohlilo baglamazdan ovval toplanilan molumatlardaki uygunsuzluglar aradan qaldirilmisdir.
Bos doyorlorin miqdar1 analiz edilmis, comi 3 tolobado boazi gostaricilorin (Forum_ishtiraki,
Oxunmush_fesiller) bos oldugu miisahido edilmisdir. Bu satirlor silinmodon, siitunlar {izro mediana
osason doldurulma metodu totbiq edilmisdir:

Xyeni = median(xy, Xz, ..., Xy) (D

“Test_cehdleri” stitunundaki bazi tolobalar ¢ox sayda test cohdi ediblor (masalon, 30 vo ya daha
cox), bu iso digor tolabolorin cohd sayina nisbaton ¢ox yiiksokdir vo statistik baximdan normal
paylanmadan konara ¢ixir. Bu hallar kvantillore asaslanan tisulla kosilmigdir:

_ {9095, 99T X; > (o5
Xi = {xi, aks halda (2)

Bu ciir doyarlor modeli yanilda bilor vo 6yronmas keyfiyyotini azalda bilor. Ciinki bozi masin
Oyronmasi modellori, xiisusilo masafs vo bolma asasli modellor (k-Nearest Neighbors (k-NN), SVM,
qorar agaci), boyiik dayarlori normallagdirmadan gobul etdikds yanlis tolim alirlar.

Masin 0yronmasi modellorinin balansli dyronmasi {igiin biitiin atributlar eyni 6l¢ii vahidindo
olmalidir. Bu magsadls iki forqgli ¢evirma iisulu tatbiq olunmusdur:

On genis istifado olunan iisullardan biri Min-Max normallagdirma metodudur. Bu iisul
verilonlari [0,1] araliginda yenidon miqyaslandirir:

X — Xmi
X' = min (3)

Xmax - Xmin

burada, X — istonilon atribut {izro orijinal (doyisdirilmomis) doyer, X,,;, — homin atribut iizro
minimum miisahids olunan doyar, X, 4, — homin atribut izro maksimum miisahids olunan doyaer, X'—
normallagdirilmis (6l¢iilori [0,1] araliinda olan) yeni doyordir.

Moasalon, “Aktiv_gunler” dayisonindo minimum 3, maksimum 28 giin olmusdur. 15 giin
aktivlik gostormis toloba {igiin normallasdirilmis doyor (3) asasinda bels hesablanir:

_15—3_12_048
28—3 25

!

Bu diistur xtisusilo gorar agaci vo RF kimi alqoritmlor {i¢iin uygunlasdirilmis molumat axini
tomin edir.

Digor ¢evirmas tlisulu olan Z-indeks metodu ils iso atributlarin paylanmasi standartlagdirilir vo
ortalama 0, standart konarlagma isa 1 olacaq sokilda gevrilir:

_X-u
B (0

Z

(4)

burada, X — orijinal atribut doyari, @ — homin atribut tizra orta qiymat, o — hamin atribut iizra standart
konarlagsma, Z — standartlasdirilmis doyar (Z-indeks), yoni homin doyarin ortalamaya nisbaton nego
standart konarlagsma uzaqda oldugunu gostarir.
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Misal olaraq, “Yekun netice” iigiin ortalama p = 72.5, standart kenarlasma o = 12.3 olaraq
toyin edilmisdir. 88 bal toplamis talobo ligiin (4) asasinda Z-indeksi hesablasaq:

_88-725 155

~ 1.2
12.3 6

Bu iisul asasan SVM va k-NN kimi mosafs asaslt modellards daha ugurlu naticalar verir.

Verilonlor ¢evrilorkon aparilan statistik analizlor (Cadval 2) gostordi ki, normallagsdirma vo
standartlagdirma noticosindo biitlin  atributlar uygun sokildo sabitlogdirilmisdir. Xiisusilo
“Yekun netice” vo “Aktiv_gunler” atributlariin Z-indeks araligi balansh paylanma gdstormisdir
(toxminan [—2,+2]). Bu, modellarin tolim zamani atributlar tizra qeyri-barabar tasir riskini azaldaraq
daha sabit 0yronmaya sorait yaradacagq.

Cadval 2
Molumatlarin ¢evrilmoadon avval vo sonra statistik gostoricilori
Std. .
Min-Max nor- .
Atribut Orta Min Max kanar- mallasdi-rilmis Z_mde,ks
(n) lasma arahgi
araliq
(0)

Sessiya_tezliyi 16.8 5 29 6.1 [0.00 — 1.00] [-1.93 —1.98]
Video_izleme_sayi 315 10 50 7.3 [0.00 — 1.00] [-2.95 — 2.53]
Test_cehdleri 6.8 14 3.2 [0.00 — 1.00] [-1.81 —2.25]
Tamamlanmish_praktiki_ishler 51 9 2.2 [0.00 — 1.00] [-1.86 — 1.77]
Aktiv_gunler 13.2 27 5.9 [0.00 - 1.00] [-1.73 — 2.33]
Yekun_netice 725 50 98 12.3 [0.00 — 1.00] [-1.83 —2.08]

Eyni zamanda, Min-Max normallagsdirma biitiin gostaricilori [0,1] intervalina salmis vo miix-
tolif 6lcii vahidlorinds olan atributlar arasinda uygunlugu tomin etmisdir. Bu, xiisusilo qorar agaci vo
mosafoya asaslanan modellorin naticalorini optimallagdirmaq iigiin vacibdir.

Molumatlardan ¢ixarilan her bir atributun proqnoz noticalorine tosiri forqli ola bilor. Bu
sabobdon korrelyasiya analizi aparilmisdir ki, atributlar arasindaki olagoalor toyin olunsun vo modelo
daxil edilocok vacib xiisusiyyatlor secilsin. Verilonlor arasinda daxili olagslorin miioyyon edilmasi
mogsadilo Pearson korrelyasiya omsali istifado olunmusdur:

XD -1
VIX—X)2X(Y, - V)2

(5)

burada, X vo Y — X vo Y doyisenlorinin orta qiymatlari; X; vo Y; — X Vo Y doyisonlorinin i-ci miisahido
qiymotloridir.

Bu metod, iki doyisonin bir-birino olan xotti olagosini 6l¢gmok {i¢iin genis totbiq olunur.
Korrelyasiya omsalinin qiymati [—1,1] intervalinda dayisir: 1 miisbat miikkommal slageni, -1 monfi
miitkommal alagani, 0 is3 slagonin olmadigini gostarir. Bu analiz naticesinds on yiiksak slage “video
izlomo say1”, “aktiv gilinlor” va “praktiki islorin tamamlanmas1” kimi gdstaricilorle “yekun natico”
arasinda miisahido olunmusdur.

Saokil 2-da tolobo davranis gostaricilori arasindaki korrelyasiyalar vizual olaraq gostorilmisdir.
Aktiv gilinlor vo praktiki islorin tamamlanmasi arasinda miisbat deyil, aksino zoif monfi korrelyasiya
mdveuddur (r = -0.01). Bu iss onlarin bir-birine demak olar ki, tasir etmadiyini gostorir. Homg¢inin,
forumda istirak vo yekun notico arasinda da ¢ox zoif miisbat korrelyasiya miisahids olunur (r = 0.04),
bu da forum faaliyyetlorinin yekun naticays olan tesirinin demak olar ki, shamiyyatsiz oldugunu
gostorir. Gortindiiyii kimi, "Tamamlanmish praktiki ishler" vo "Yekun netice" arasinda monfi
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korrelyasiya (-0.26) miisahida olunur, bu isa onlarin aks istiqgamotda dayiso bilocayini gdstarir.

Tohlil edilon davranis gostoricilori arasinda aparilmis korrelyasiya analizi naticasinds iimumi-
likds zoif xoatti olagalorin moveud oldugu miisahids edilmisdir. Bu hal toloboslorin foaliyyst vo natico-
lori arasinda miirokkab, coxfaktorlu vo bazon xotti olmayan miinasibatlorin oldugunu gostorir. Belo
zoif korrelyasiya doyorlori ononovi statistik yanasmalarin (masalon, sado reqressiya modellarinin) bu
olagoalari tam izah etmokds mohdud oldugunu gostarir.

SeSSIya teri -- --.ﬂ.

1.0

Video_izleme_sayi

Test_cehdleri - 0.16

-0.6

Oxunmush_fesiller
Forum_ishtiraki - o. g 04
Tamamlanmish_praktiki_ishler o2

Yekun net|cen
Kursdan_kecme = i

yi! :
N
Aktiv_gunler - =
w
Yekun_neticeH g g
=] ~
5
(=]

Test_cehdleri -

Sessiya_tezliyi
Forum_ishtiraki §88 c
=
Tamamlanmish_praktiki_ishlerH :

Kursdan_kecme

Video izleme sa
Oxunmush_fesiller -

Sokil 2. Tolaba davranig gostaricilari izra korrelyasiya matrisi

Bu sobabdan, tolobs davraniglarini daha doqiq tohlil etmok va onlarin dyronma naticalari ilo
olagosini modellogdirmok {iglin masin dyronmasi alqoritmlorinin totbiqino ehtiyac yaranir. Masin
Oyronmasi metodlart geyri-xatti, coxdlgiilii vo kompleks strukturlu molumatlarda niimunolori askar
etmoyo imkan verir. Bu yanasma vasitasilo anonavi metodlarin olden verdiyi inco olagalor ortaya
cixarilir, tolobolorin fordi davramis modellori askarlanir vo notico etibarilo daha effektiv
prognozlasdirma vo fordilosdirilmis tohsil imkanlar1 tomin olunur.

Tohlil edilon molumatlar {izorindo miixtolif masin yronmoasi modellori totbiq olunmusdur.
Modellarin se¢imi qorar agaci, RF, SVM vo k-NN-don ibarat olmusdur. Hor bir modelin mogsadi
toloba davraniglarinin prognozlasdirilmasidir. Bu, miixtolif atributlara (masalon, “Test cehdleri”,
“Forum_ishtiraki”, “Aktiv_gunler”) osaslanaraq ke¢cmo vo ke¢cmomo kimi siniflords tolobolorin
tohlilini tomin etmakdir.

Qorar agac1 modelinin tatbiqi, verilonlor iizorindo qaydalara asaslanan qorarlarin verilmosi ilo
foaliyyot gostorir [6, s. 71-78]. Har bir gorar ndqtasi, miioyyon bir xiisusiyyato osaslanaraq verilonlori
boliir, belaliklo malumatin siniflori miisyyon olunur. Qarar agacinin ustiinliiyii onun sadsliyinds vo
asanligla basa disiilmosindadir. Lakin, gorar agaci ¢ox zaman hoddindon artiq uygunlagmaya
meyllidir, yoni tolim moelumatlarina ¢ox uygunlasir vo yeni molumatlarda zsif notice gdstarir [7].

Bu sobablo gorar agaci modelini totbiq edorkon, modelin diizgiin formada qurulmasi {i¢iin
qarisiq gorar noqtolorinin dl¢lilorini minimuma endiracok kriteriyalar istifads edilir: Gini qarisiqligt
vo Entropiya.

Qorar agaci modelinin osas prinsipini anlamaq tiiglin on ¢ox istifado olunan iki qarisigliq
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Olciisiinii nazordon kegirak:

1) Gini qarisiglig1 bir gorar ndqtosindo siniflorin paylanmasimi 6lgiir. Bu 0lgili, bir qorar
noqtasinin tomizliyini gostorir: agor bir qorar noqtosinds biitliin niimunalor eyni sinifdon olarsa, Gini
qarisighg sifir olacaq.

Gini garisighigi agagidak: diisturla hesablanir:

Gzl—ipiz (6)

L

burada p; — i-ci sinifin ehtimali, n — sinif sayidir.

Gini qarisigliginin magsadi garisiqligi elo bolmokdir ki, oan tomiz gorar ndqtasini oldo edok, yoni
siniflor arasindaki qarisiqligr minimuma endirok. “Test cehdleri” atributunun iki sinifs bdliinmosini
tohlil edok: sinif 1 (kegmis testlor) vo sinif 2 (kegmomis testlor).

v" Sinif 1 (kegan tolabalar): 70 talobs (70%)
v Sinif 2 (kegmoayan talabalar): 20 talobas (20%)

Bu zaman sinif 1 va sinif 2-nin ehtimallar1 bela hesablanir:

Py = % = 0.78 (kegon tolabalar)
Py = % = 0.22 (kegmoyan talobalar)

Bu halda, Gini garisiqlig1 (6)-ya asason belo hesablanir:
G =1-(0.78% + 0.22%) = 0.3432

Bu Gini garisigligr doyeri gostarir ki, gorar ndqtosindon orta saviyyads garisiqliq var vo daha
tomiz bir qorar ndqtasi alde etmoak iiclin basqa xiisusiyyetlorden istifade etmok miimkiindiir.

2) Entropiya iso bir gorar noqtosinin qarisighgini olgiir. Yuxaridaki sinifloro boliinmonin
ehtimallar1 ilo entropiya agagidaki kimi hesablanir:

HES) == ) pilogop, ™)

burada, ¢ — garar noqtasinds mévcud olan siniflorin saymi tomsil edir (masalon, agar iki sinif (kegan
Vo kegmoyon tolobalar) varsa, ¢ = 2 olacaq); p; — i-ci sinifin ehtimali; log, p; — ehtimalin logarifmasi
hesablanir. (7) asasinda doyarlari yerina qoysaq:

Cc
H(S) =— Z pi log, p; = —(0.78log, 0.78 + 0.22log, 0.22) = 0.757

=1

Entropiya doyari 0.757 olaraq tapilmisdir, bu da gorar néqtosinda yliksok garisigligin oldugunu
gostorir vo molumatin daha tomiz hala gotirilmasi ii¢iin daha yaxs1 bir bolma tolob olunur manasina
golir.

Qorar agaci modelinin tatbigindon sonra test doqiqliyi 85% olmusdur. Bu natico, Gini qarisiqligt
vo entropiya hesablamalarinin naticolorine osaslanaraq modelin diizgiin formada quruldugunu vo
verilonlari yaxs1 bolmaye imkan verdiyini gosterir. Gini qarisiqligi vo entropiya dayarlori gostarir ki,
model orta soviyyado qarisigligi idars edir vo daha tomiz bélmolor ii¢lin basqa atributlardan istifado
etmok miimkiindiir.
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RF modeli do 90 tolobonin molumatlari iizorinds tolim edildi. Molumatlarin 80%-i tolim {igiin,
20%-1 1s9 test tiglin ayrildi. RF modelindo 100 ayr1 ayr1 gorar agaci yaradilib va hor bir agac forqli alt-
saviyyalar lizra tolim edilorak naticolor ¢ixarib. Sonra bu 100 agacin verdiyi naticalor birlosdirilib, oan
yaxst notico oldo edilib. Tolobalorin "Test cehdleri”, "Forum ishtiraki" vo "Aktiv_gunler" kimi
atributlar istifado olundu. RF modelinds ¢ox sayda agacin birlosdirilmasi, modelin naticolorinin daha
doqiq va etibarli olmasina komok edir, ¢ilinki har bir agac forqli molumatlarla tolim edilir vo iimumi
naticalor agaclarin ortalamasina asaslanir. Bu da modelin timumilogdirme qabiliyyatini artirir.

Cadval (3)-do modellarin foaliyyat gostoricilori toqdim edilir vo bu da hor bir modelin tohlil
naticalorini miiqayise etmayo imkan verir.

Burada toqdim edilon doqiqlik, hassasliq, tamliq, F1-indeks, orta miisbot xota, kok orta kvadrat
xota vo R? kimi metriklor, hor bir modelin prognozlasdirma qabiliyyatini vo xatalarini 6lgiir. RF
modelinin on yaxs1 noticolori gdstormasi, coxsayli agaclarin birlogdirilmosinin modelin daha sabit vo
etibarli naticolor vermosing sobab oldugunu niimayis etdirir [8]. k-NN modelinin asag1 noticolori iso
moasafo 6lgmalarinin bdylik verilonlordo vo geyri-borabor paylanmalarla daha az effektiv oldugunu
gostorir [9].

Cadval 3
Modellarin giymatlondirmo naticolori
Model Daqiqglik Hassashq Tamhq F1-indeks Orta miisbat Kok orta R:
(%) (%) (%) (%) Xata kvadrat xota
DT 85% 83% 88% 85% 1.3 25 0.78
RF 90% 92% 89% 90% 0.9 2.0 0.85
SVM 88% 85% 87% 86% 1.1 2.2 0.81
K-NN 80% 78% 75% 76% 1.6 3.0 0.72

Natica. Bu moqalods, virtual tohsil miihitlorinds tolobs davraniglarinin tohlili vo bu molumat-
larin intellektual giymotlondirilmosi mogsadilo masin dyronmaosi modellori totbiq edilmisdir. Qorar
agact, RF, SVM vo k-NN modellori tolobo molumatlarinin kegmo vo kegmomo kimi siniflordo
prognozlasdirilmasinda istifads olunmusdur.

RF modelinin on yiiksok noticoni gdstormosi, modelin ¢oxsayli agaclardan ibarat olmasi vo
naticalorin ortalamasina asaslanmasi ilo slagadardir. Qorar agact modeli, sadaliyi vo asanliqla izah
edilo bilmaosi il segilir, lakin hoddinden artiq uygunlagma riskini idare etmok iiciin daha diqqetli
yanasma tolob edir. SVM iso daha miirakkob verilonlards yiiksok notico gostardi, lakin k-NN modeli
daha asag1 naticalar verdi.

Molumatlarin tomizlonmasi, normallagdirilmasi vo standartlagdirilmasi morhslslori, modelin
naticasini artirmagq liglin mithiim rol oynadi. Talim verilonlorinin diizgiin islonmasi vo masin dyran-
mosi modellarinin diizgilin se¢ilmasi, naticolorin daha doqiq vo etibarli olmasina imkan yaratdi.

Bu tadqiqatin naticalari gostorir ki, masin dyronmasi modellori, toloba davranislarinin prog-
nozlagdirilmasi vo fordi todris strategiyalarinin hazirlanmasi tiglin ¢ox faydalidir. Golocokds dorin
Oyronmo yanagmalart vo emosional, sosial faktorlarin daxil edilmasi ilo daha miirokkob tohlillor
aparmaq miimkiindjir.
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MASIN OYRONMOSI OSASINDA VIRTUAL TOHSIL PLATFORMALARINDA
TOLOBO DAVRANISLARININ TOHLILI

T.E.Osmanh

Xiilasa. Bu todqiqat, virtual tohsil platformalarinda tolobs davranislarinin magin 6yranmesi metodlari ilo tohlilini vo prognozlag-
dmlmasint arasdirir. Son illords onlayn tohsil miihitlorinds tolabalerin 6yranms foaliyyatleri haqqinda toplanan malumatlar, onlarin
davramglarini analiz edorok fordilogdirilmis todris strategiyalarinin hazirlanmasina imkan verir. Todgiqatda, qorar agaci, Random
Forest (RF), Support Vector Machine (SVM) va k-Nearest Neighbors (k-NN) kimi masin yranmasi modellari totbiq olunmus, har bir
modelin toloba naticaloring tasiri vo prognozlagdirma qabiliyysti qiymetlondirilmisdir. Naticolor gostorir ki, RF modelinin daha daqiq
va etibarli naticalor verdiyi, k-NN modelinin iso bdyiik verilonlords vo qeyri-barabor paylanmalarla zoif notico gostordiyi miisahido
edilib. Tadqiqat, tolobe davramiglarinin analizi {igiin masin dyronmasinin effektiv oldugunu vo golocokds daha miirakkeb modellorlo
tokmillosdirilo bilocayini gdstorir.

Acgar sozlor: virtual tohsil platformalar, taloba davramslarimn tohlili, garar agaci, prognozlagdirma modellori, magin oyronmasi
alqoritmlori.
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Abstract. The ceaseless pursuit of stopping and sustaining quality control became an ideal with which organiza-
tions strive to keep their competitiveness and trust. Considered to be the most prominent worldwide quality manage-
ment framework, 1SO 9001 proposes a systematic approach towards process effectiveness, risk-based thinking, and
customer orientation. However, while 1ISO 9001 represents the strategic foundation of quality systems, it does not
address the direct technical competence of the testing and calibration laboratories. In this situation, ISO/IEC 17025
builds upon and complements those standards by ensuring logging is valid, reliable, and accurate in the test results.
The paper sets 1SO 9001 as a leader in sculpting credible quality control systems and looks into the extra value gained
from technical reliability by ISO/IEC 17025. The comparative analysis shows that the integration of both standards
provides a balanced framework that combines the best of management by way of laboratory competence. The evidence
tends to show that while 1SO 9001 renders life to organizational sustainability by means of strategic management,
ISO/IEC 17025 makes technical credibility.

Keywords: Quality management Systems, standard Integration, ISO/IEC 17025, technical reliability, ISO 9001, cali-
bration.
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INTRODUCTION

Achieving reliability, competitiveness, and sustainability requires quality control, a baseline
requirement for today’s ever-dynamic environment. Increasingly complex industrial processes, cou-
pled with mounting regulatory, and customer expectations, have put the international standards in
focus for implementation. Among these, ISO 9001 remains the most popular quality management
framework applied. It guides an organization to structure itself and its operations to set up processes,
observe them, and improve upon them while also advocating risk-based thinking, continual improve-
ment, and customer satisfaction. Being universally applicable to diverse sectors underscores its stat-
ure as a leader in calling for the implementation of effective and sustainable quality management
systems. [1-2]. Although the standard’s high scope, ISO 9001 does not adequately focus on technical
competency prerequisites in the laboratory setting. ISO/IEC 17025 fills this void by establishing
benchmark requirements for the competence of testing and calibration laboratories. By ensuring the
accuracy, validity, and reliability of laboratory results, the ISO/IEC 17025 standard adds technical
depth to quality systems. While ISO 9001 lays official groundwork, ISO/IEC 17025 confirms that
labs generate accurate and consistent results.

The synergy of these two standards enables the organization to set a clear way and optimize its
resources (1ISO 9001), in addition to ensuring that the laboratory is technically competent (ISO/IEC
17025). Together, they enhance stakeholder confidence, operational efficiency, and sustainable de-
velopment. The study analyses the leadership role of ISO 9001 in quality control and the include
value of ISO/IEC 17025 in laboratory competence. By checking the tools’ integration, the paper seeks
to demonstrate how firms can achieve balanced quality systems that support long-term resilience and
competitive advantage [2].

METHODOLOGY

Evolution of Quality Management Standards

Organizations in today's competitive environment need to balance strategic quality manage-
ment (to effectively protect the long-term health of the organization) and technical competency (to
effectively build ongoing trust) to successfully eliminate viable competitors. ISO 9001 accurately

41


mailto:mahammadalialiyev0@gmail.com
mailto:arzu.ibrahimova@asoiu.edu.az

M.G.Aliyev, A.E.lIbrahimova / Proceedings 2 /2025, 41-46

Machine-building

lays out a framework to ensure process effectiveness, risk-based thinking, and ultimately ensure cus-
tomer orientation; however, ISO 9001 does not guarantee the technical validity of testing and cali-
bration. This shortcoming results in a challenge for laboratories and organizations to demonstrate the
accuracy and reliability of results. ISO/IEC 17025 is developed to enhance 1SO 9001 and help organ-
izations build technical credibility, however the integration of 1ISO 9001 and ISO/IEC 17025 to sup-
port a comprehensive quality system remains poorly explored [2-3].

Over the years, the definition of quality management has significantly changed. Historically,
quality management was a rather limited activity that consisted largely of inspection activity, whether
the product worked as expected, and deciding what to do with it if it did not meet requirements. Wider
dimensions such as system improvement or future action were not considered [2]. The introduction
of 1ISO 9001 in 1987 represented a notable change that shifted the viewing of this topic from product
level checks to management system performance (knowing customer satisfaction was key). The sub-
sequent improvements to ISO 9001 have continued to add topics such as improvement, leadership
and alignment with the organization in the delivery of quality. Therefore, what began as a limited
inspection perspective, has growth into an integrated, and holistic system to support organizational
excellence.

ISO 9001 has grown to be the most recognized standard in the area of internationally recognized
standards for quality management. It has become a symbol of a commitment to consistency and con-
tinual improvement within organizations. It provides a structured approach for organizations that
want to improve process effectiveness, improve customer satisfaction, and manage risk. It establishes
principles focusing on leadership and engagement, customer focus, engaging in realistic risk man-
agement, and a culture open to improvement as is embedded into the standard. Studies suggest or-
ganizations who implement ISO 9001 demonstrate greater operational discipline and better quality in
their products and services leading to better customer trust. 1ISO 9001 can be used by almost any
organization, and generalizes to almost any sector; there are no limitations on sectors in other spaces,
i.e. service. It is also easy to align it with related standards like ISO/IEC 17025 for lab competence
and management systems for environmental management systems and occupational health and safety
management systems. It can create a more holistic approach to organizational performance and sus-
tainability. [2]. ISO 9001 provides a general framework for quality management within organizations
that is still useful, but it also removes the depth of technical rigor needed to be effective for laboratory
environments. Laboratories that perform testing and calibration need to have expanded standards for
technical competence, impartiality, traceability, and accuracy, and the best standard available for
these attributes is ISO/IEC 17025 [3]. ISO/IEC 17025 provides internationally accepted requirements
for technical competence and impartiality. Laboratories that meet the requirements of the standard
must demonstrate clarifying methodology, calibrate instruments that are traceable to their compari-
sons, and provide for audits within documents that all result in providing and increase the validity of
its results. Research has shown when laboratories are accredited ISO/IEC 17025 their errors are less,
their data is more reliable, and their stakeholders trust them. Since ISO/IEC 17025 provides enhanced
value for laboratory operations, it is not in competition; instead, ISO/IEC 17025 is necessary when
promoting scientific integrity and successful operations [4].

Using 1SO 9001 and ISO/IEC 17025 together means laboratories have a complete framework
that can align both organizational quality management and technical competence. ISO 9001 is the
framework for a successful management system: it places importance on leadership, customer satis-
faction and continual improvement. ISO/IEC 17025 gives credibility to results from testing and cali-
bration so they are valid, reliable, and accurate. Combining these standards together has shown to
increase efficiency through eliminating duplicate documentation, maximize resources included and
improving improved communication collaboration from leadership to the technical side of an organ-
ization [4]. This relationship improves risk management and customer confidence, which also directly
improves credibility related to laboratory results. However, there are challenges that laboratories have
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faced in applying these standards. Possible barriers include moving towards more bureaucratic pro-
tocols involved in having an extensive amount of documentation, included learning curves some staff
might encounter from the review and revision of policies and procedures; as well as time and resource
commitments. To be able to realize the intended result from the dual implementation of these stand-
ards, laboratories should be clear in assigning roles and responsibilities, streamline processes, and
find out which departments need to improve working effectively together, if applicable through to
the management side and staff and technical teams, to remove unnecessary bureaucracy in working
together, and to improve overall efficiency of the laboratory [3].

Data Sources: We got data from two main types of sources. The first kind, primary sources,
was stuff like lab quality books, standard work steps (SOPs), ISO check reports, and in-lab tuning
records. The second kind, secondary sources, had scholarly papers, books, industry reports, and offi-
cial ISO rules (ISO 9001:2015 and ISO/IEC 17025:2017). Using both primary and secondary sources
let us see real, hands-on stuff and also base our work on solid theory.

« Document Check: We look into lab steps, quality guides, and audit logs to see if they fit with
ISO 9001 and ISO/IEC 17025.

« Dicussions: We have planned talks with quality heads and lab staff to learn about real prob-
lems, good points, and thoughts on using two standards.

« Observation: We observe laboratory operations to ensure compliance with established proto-

cols and to evaluate the efficiency and overall performance of the workflow.
For this work, we mixed many ways of study which included looking at files, talking to people, and
watching how things are done. This was to look into how ISO 9001 and ISO/IEC 17025 standards fit
into quality check systems. We first looked at lab quality books, how things are usually done, and
ISO check reports to see if they met both standards. This let us spot how manager needs under 1SO
9001 and skill needs of ISO/IEC 17025 align. We saw places where they overlapped, where there
were gaps, and chances to make things better, setting a strong base for a deep quality check. We also
spoke to people such as quality heads, lab bosses, and tech workers. These talks were to gather real
thoughts on the hard points, good things, and what you need to use both standards at once. People
shared their stories on joining the two, how well training worked, changes in workflow, and how it
all affected the lab and the whole place's work [5]. The talk brought clear details on how this two-
rule plan works in real life and what helps make it work well. Also, we watched lab work to see if it
met the written rules and worked well. Watching helped check if the steps are used right and showed
how manager and tech rules are kept in real use. This was key to find differences between what the
rules say and what really happens in labs, giving real info for making things better (Figure 1) [6].
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Figure 1. Data collection scheme
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Then, we looked at the data by comparing and spotting themes. We found where ISO 9001 and
ISO/IEC 17025 fit together or added to each other, and looked at how place leadership and tech trust
work together. We focused on how well things work, lab rightness, can track back sources, cutting
mistakes, and trust from people who care. The aim was to see how well the joined system works in
both the managing and tech parts of quality control. Even with our full method, some limits were
there. We had little access to private lab info, which cut down the kinds of main sources we could
use. The number of labs we looked at was quite small, which might affect how wide we can apply
what we found. Also, different ways labs work in different areas might sway results. To deal with
these issues, we used data from many sources like inside files, talks, watching, and known studies.
This mix made our findings sounder and fairer, making sure our ending points covered both the idea
and real use of joined quality control systems [7].

Good quality control in today's labs depends a lot on smart planning based on risks and setting
clear goals that you can check. In places that do tests, calibration, or make things, it is key to look
ahead for possible errors and make plans to avoid them to keep high standards. By spotting risks
early, labs can stop many mistakes, get better at what they do, and work more smoothly. This way,
they don't just fix problems when they happen but can get ahead of them, making sure they deal with
issues before they affect their work or make customers unhappy.

In labs, risk planning means checking all parts of a test from start to end. Things that might go
wrong include tools breaking, people making mistakes, dirty samples, or wrong measuring ways. By
thinking about these things early on, labs can set up steps like standard ways of working, checking
tools often, and making sure testing ways work right. With clear goals in place, this plan makes sure
all parts of a lab work well together, meeting the quality the organization wants and supporting both
the tech and management sides. Setting goals is a big part of this planning. Labs make goals that are
clear, measurable, doable, important, and timely (SMART) for improving quality control. These
might be goals like cutting down mistakes, getting more reliable test results, teaching staff better, or
giving results faster. When these goals connect to checking risks, labs can tackle the most important
tasks that help them work better and more dependably. Tying goals and risk checks together gives a
strong plan for ongoing improvement, helping labs keep track and tweak their methods as needed
based on what they find (Figure 2).
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Figure 2. Risk management process.
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This kind of planning helps use resources well and gets staff involved. By knowing where errors
or waste might happen, managers can use tools, training, and people better, making sure every part
of the lab works its best. Workers understand their roles better and what could go wrong, leading to
a workplace that fixes issues before they happen. Labs that work this way see real gains like better
rule-following, fewer problems, and more trust from those they work with and serve.

Finally, bringing risk-based planning and goal setting together supports long-lasting improve-
ment and good quality control. By keeping an eye on risks and tying them to specific goals, labs stay
ready to meet new tech needs, rules, and what customers want. With a focus on staying ahead, accu-
rate checking, and ongoing review, quality control stays solid, helpful, and ready for the future, build-
ing a base for top technical work and overall success [8].

Combining managerial quality standards and technical laboratory practices offers great benefits
but also presents extreme operating challenges. The primary challenge involves coordinating organ-
izational management processes with technical laboratory procedures. Management standards are
leadership, strategic planning, and workplace safety oriented, whereas laboratory standards prioritize
methodological accuracy, documentation, validation, and result reliability [7]. In reality, laboratories
often encounter conflicts in attempting to harmonize these methodologies with one another and, as a
consequence, potential inefficiencies, documentation inconsistencies, and workflow reductions.
Good communication, clear roles, and ongoing monitoring are needed to minimize risks that could
undermine quality. Workload and resource management is another needed challenge. Laboratories
must invest large amounts of time, money, and man-power to provide training, maintain equipment,
perform audits, and adhere to dual regulatory requirements. Smaller labs, on the other hand, may
struggle to maintain adequate staffing and finances to fund such needs in a sustainable manner. To
put it simply, recent review of a mid-sized lab revealed that adherence to managerial and technical
standards introduced around 30% documentation burden, which underscored the importance of stra-
tegic planning and risk-based methods for maintaining operational effectiveness. Change manage-
ment is also of utmost importance. Implementation of two sets of standards requires laboratory alter-
ation of workflows, updating procedures, and restating staff roles [8]. Inability to train or opposition
to change may be a hindrance to conformity. Empirical evidence shows that laboratories having fre-
quent training, workshops, and scenario drills achieve higher conformity to standards while maintain-
ing staff interest. Successful proactive risk assessment and correction planning optimize preparedness
whereby small errors do not escalate into significant quality issues. Technology solutions have a sig-
nificant role to play in the future in terms of handling integration problems. Automation, Laboratory
Information Management Systems (LIMS), and intelligent monitoring technologies improve data
monitoring, facilitate monitoring of compliance in real-time, and reduce human errors. For instance,
the application of an automated laboratory system reduced manual data entry errors by over 40% and
improved test and audit monitoring, demonstrating the capability of technology in integrated quality
management [9]. International harmonization of quality standards is also a future path. International
laboratories must demonstrate conformity with disparate regulatory requirements and customer ex-
pectations. Comparative analysis and international benchmarking exercises help ensure consistency,
gain confidence in laboratory results, and enhance stakeholder confidence. Finally, continuous learn-
ing is a necessity. Training of employees in new standards, computer software, and risk management
ensures long-term adaptation of managerial and technical quality requirements [10]. Labs that focus
on ongoing learning achieve higher operational confidence, adaptability, and long-term effectiveness
in possessing total quality systems.

Conclusion

This study shows that mixing good management planning with high lab skill boosts how well
and how trusty quality control systems work. By using clear management steps with strong tech rules,
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labs can get better at measuring things, keeping methods the same, and working more well. The re-
view points out how key it is to plan with risks in mind, set clear goals, and keep checking everything
to stop mistakes and fix wrongs.

The findings also show that when laboratory management and technical methodologies are ef-
fectively integrated, positive outcomes are achieved. Laboratories that use both rules see clearer jobs,
better discussions between bosses and laboratory workers, and smarter use of what they have. Some
problems like more papers to fill, more work for staff, and hard starts were seen; however, clear steps
such as training workers, making work flow better, and using tech can solve these well. Looking
ahead, joining management and tech rules lays the ground for strong, ready-for-the-future quality
setups. Tech growth, going digital, and always getting better will help labs do even better, be more
trustworthy, and follow rules well. In all, the study proves that using both ways helps build a setting
of always getting better, makes those involved trust more, and keeps lab work strong, tough, and
good.
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Abstract. This article traces the evolution of the Plan-Do-Check-Act (PDCA) cycle's application in calibration processes, charting
its transformation from a simplistic procedural loop to a sophisticated, strategic management framework. It aims to systematize the
understanding of how metrological assurance has integrated principles of continuous improvement over time. The research employs a
critical literature review and a qualitative synthesis of historical and contemporary practices in metrology and quality management.
The analysis is framed by the transformative impact of key international standards, notably 1ISO 9001 and ISO/IEC 17025, alongside
the disruptive potential of Industry 4.0 technologies. The study deconstructs the application of PDCA within calibration across distinct
developmental eras. The analysis identifies three principal evolutionary stages. The first is a Compliance-Driven Loop, characterized
by reactive, document-centric practices and fixed calibration intervals. The second is an Integrated Process Approach, where calibration
becomes an integral component of the quality management system, incorporating concepts of measurement uncertainty and systematic
corrective action. The third and current stage is the Strategic, Risk-Based Paradigm, or "Calibration 4.0." The primary contribution of
this article is the conceptualization of this evolutionary trajectory, which has not been systematically addressed in prior literature.
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INTRODUCTION

Metrological calibration stands as the bedrock of empirical science and industrial production,
serving as the formal process that ensures measurement results are accurate, reliable, and universally
comparable. It is the indispensable activity that underpins metrological traceability — the unbroken chain
of comparisons linking a measurement on the factory floor to a primary national or international stand-
ard [1, p. 51]. This traceability is not a mere academic exercise; it is the fundamental enabler of global
commerce, allowing for the interchangeability of components manufactured continents apart. It guar-
antees the safety and efficacy of medical devices, the integrity of pharmaceutical formulations, and the
validity of scientific research. Without a robust and rigorously managed calibration system, an organi-
zation's claims of quality, safety, and conformity are built on an unverifiable foundation, exposing it to
significant technical, financial, and reputational risks. The data derived from measurements becomes
suspect, rendering process control efforts arbitrary and product acceptance decisions unreliable.

Concurrently, the Plan-Do-Check-Act (PDCA) cycle, a concept originating with Walter A.
Shewhart's work on statistical process control and later championed by W. Edwards Deming as a
cornerstone of his management philosophy, represents the quintessential model for continuous im-
provement [2, pp. 413-415; 3, pp. 124-130]. While often depicted as a simple four-step loop, its the-
oretical underpinnings are profound. It is an iterative, dynamic model for organizational epistemology
—a method by which an organization systematically learns from its experiences, corrects deviations,
and institutionalizes improvements. As codified in successive versions of the ISO 9001 standard, the
PDCA cycle has evolved from a tool for shop-floor problem-solving into an overarching framework
for strategic management, applicable to every process within a Quality Management System (QMS).

The inherent symbiosis between these two pillars of quality science — calibration and the PDCA
cycle — is profound yet often understated. Calibration provides the objective, reliable data that fuels
the 'Check’ phase of the cycle. It is the sensory apparatus of the QMS, translating physical properties
into quantitative information. Without properly calibrated instruments providing measurements with
a known and suitable uncertainty u(y), the "Check" phase is compromised by GIGO ("garbage in,
garbage out™), rendering the subsequent "Act" phase ineffective or even counterproductive. Despite
this critical interdependence, the integration of these concepts has not been static. Their relationship
has co-evolved, shaped by maturing standards, technological revolutions, and a more sophisticated
understanding of risk. This paper argues that the application of PDCA to the calibration process itself
has followed a distinct evolutionary path, transforming from a perfunctory compliance activity into a
dynamic, strategic function central to modern organizational resilience and performance.
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METHODOLOGY

Problem Statement

Despite the conceptual synergy between the goals of calibration (measurement assurance) and
PDCA (continuous improvement), the specific application and evolution of the PDCA cycle within
the specialized domain of calibration have not been systematically analyzed in academic literature.
Initial adoptions of quality systems often treated the application of PDCA to calibration in a superfi-
cial, procedural manner, focusing on scheduling and record-keeping rather than genuine process im-
provement. The literature lacks a longitudinal perspective that tracks how this application has matured
from a rudimentary compliance mechanism into a sophisticated, risk-based strategic function. Con-
sequently, its full potential within the context of modern technological advancements is not fully
conceptualized.

This article begins with a review of the foundational literature on the PDCA cycle and calibra-
tion process management. The core of the paper is a chronological and thematic analysis of the three
distinct evolutionary phases of PDCA's application in calibration. Following this analysis, a discus-
sion section explores the implications of this evolution, presents a refined conceptual model of a
modern PDCA cycle for calibration, and analyzes its challenges and enablers. The paper concludes
by summarizing its contributions and proposing directions for future research.

The PDCA Cycle in Quality Management
The PDCA cycle is an iterative four-step management method used for the control and contin-
uous improvement of processes and products. Originally conceived by Walter Shewhart, it was
widely promoted by W. Edwards Deming as a systematic approach to learning and improvement [3,
p. 41-43]. The four phases are:
¢ Plan: Establish objectives and processes necessary to deliver results in accordance with the
expected output (the target or goals).
¢ Do: Implement the plan, execute the process, make the product.
e Check: Study the actual results (measured and collected in "Do") and compare against the
expected results (targets or goals from the "Plan™) to ascertain any differences.
o Act: Request corrective actions on significant differences between actual and planned results.
Analyze the differences to determine their root causes and implement systemic changes.
The 1SO 9001:2015 standard explicitly embeds this logic into its structure, advocating for a
process approach that incorporates PDCA thinking and risk-based thinking at all levels of an organi-
zation's Quality Management System (QMS).

Calibration Process Management and Key Concepts

The management of calibration processes is governed by a distinct body of knowledge and
standards, primarily ISO/IEC 17025 ("General requirements for the competence of testing and cali-
bration laboratories™). Central to this field are several key concepts:

Metrological Traceability: The property of a measurement result whereby the result can be re-
lated to a reference through a documented unbroken chain of calibrations, each contributing to the
measurement uncertainty [1, p. 51].

Measurement Uncertainty: A non-negative parameter characterizing the dispersion of the quan-
tity values being attributed to a measurand, based on the information used. The evaluation and ex-
pression of uncertainty are standardized by the "Guide to the Expression of Uncertainty in Measure-
ment" (GUM), which provides a rigorous mathematical framework for its calculation, often expressed
as a standard uncertainty, u(y), or an expanded uncertainty, U = kxu(y), where k is a coverage factor.

Conformity Assessment: The process of determining whether a given instrument or measure-
ment result conforms to specified requirements, often involving decision rules that account for meas-
urement uncertainty.
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The literature on QMS thoroughly covers PDCA, and the metrology literature provides exhaus-
tive detail on calibration management. However, the intersection of these two fields is often treated
implicitly. Publications may mention "managing the calibration program" within a QMS, but few
critically analyze how the PDCA methodology has been, and should be, applied specifically to the
calibration process itself. The existing body of work lacks a dedicated analysis of the evolutionary
trajectory of this application, failing to connect the dots between the shift in quality management
paradigms (from compliance to risk-based thinking) and the corresponding maturation of calibration
practices. This article aims to fill that specific gap [4].

The Evolutionary Trajectory of PDCA in Calibration

The application of the Plan-Do-Check-Act cycle to calibration is not a monolithic concept but
a dynamic one that has matured significantly. Its trajectory can be deconstructed into three distinct,
sequential paradigms, each shaped by the prevailing quality management philosophies, international
standards, and technological capabilities of its era. This section provides a detailed analysis of this
evolution, from a perfunctory procedural loop to an integrated strategic system.

Phase 1: The Compliance-Driven Loop (The Traditional Era)

This initial phase corresponds to the early adoption of formal quality systems (e.g., 1SO
9000:1987) where the focus was heavily on documentation and demonstrable compliance. The appli-
cation of PDCA was often superficial, treating calibration as an isolated, technical necessity rather
than a process to be improved.

PLAN: The "plan" was fundamentally a schedule, not a strategy. Calibration intervals were
established based on generic, one-size-fits-all criteria, predominantly OEM (Original Equipment
Manufacturer) recommendations or arbitrary industry norms (e.g., the ubiquitous "annual calibra-
tion™). This calendar-based approach lacked empirical justification specific to the instrument's appli-
cation, environment, or observed performance. Planning was devoid of risk assessment; a low-impact,
non-critical gauge was often subject to the same rigid interval as a high-precision standard used for
final product acceptance. The objective was simply to have a plan that an auditor could verify.

DO: The execution phase was centered on the procedural act of calibration. A technician would
follow a documented procedure, perform the comparison, and record the results. The emphasis was
on the ritual of the task and the creation of a calibration record or certificate — the physical evidence
that the "doing" had occurred. Critical metrological concepts, such as a formal evaluation of the meas-
urement uncertainty, were often absent or poorly understood outside of high-level laboratories.

CHECK: Verification was rudimentary, typically a binary comparison of the "as-found™ meas-
urement result against a static, pre-defined tolerance. The outcome was a simple pass/fail determina-
tion, often signified by a green "Calibrated" sticker. This check failed to account for the uncertainty
of the calibration measurement itself. A result falling just inside the tolerance limit, when considering
the expanded uncertainty (U), might have a significant probability of being truly out-of-tolerance, a
nuance completely lost in this paradigm [5, p. 26].

ACT: Action was exclusively reactive and corrective, not preventative. If an instrument failed
calibration (i.e., was found out-of-tolerance), the standard action was to adjust or repair it until it
passed. This fulfilled the immediate need to return a functional instrument to service. However, it
rarely triggered a deeper inquiry. The root cause of the instrument's drift or failure was not investi-
gated, nor was there a systematic process to evaluate the potential negative impact of its out-of-toler-
ance state on products measured since its last valid calibration. The PDCA loop was closed at the
level of the individual instrument, with no feedback to the broader system.

Analysis: This phase is best characterized as a Tayloristic, document-centric model. It treated
calibration as a discrete, disconnected task focused on maintaining the operational status of equip-
ment. The PDCA cycle was a micro-cycle, confined to the instrument itself, and served primarily as
an artifact for auditors. It was a system designed to demonstrate control, but it lacked the mechanisms
for genuine process understanding or systemic improvement.
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Phase 2: The Integrated Process Approach (The ISO 9001:2000 and ISO/IEC 17025 Era)

The release of 1SO 9001:2000, with its mandate for a "process approach,” and the maturation
of ISO/IEC 17025 as the global standard for laboratory competence, served as powerful catalysts for
change. These standards compelled organizations to view calibration not as an isolated task, but as a
critical process interconnected with other parts of the QMS [6, p. 7].

PLAN: Planning became an analytical and evidence-based activity. The simplistic calendar-
based schedule gave way to methods for optimizing calibration intervals. Organizations began to
analyze historical "As Found/As Left" data to determine the actual stability and reliability of their
instruments in their specific use-case. The criticality of the measurement became a key input; a high-
risk measurement point would warrant a shorter interval and a more rigorous uncertainty requirement.
The concept of Test Uncertainty Ratio (TUR) or Target Uncertainty became part of the planning
phase to ensure the calibration was fit for its intended purpose.

DO: The execution of the calibration became significantly more rigorous. Adherence to
ISO/IEC 17025 demanded the formal estimation and reporting of measurement uncertainty [7, p. 13-
14]. This required constructing detailed uncertainty budgets, which systematically identified all sig-
nificant sources of uncertainty (u;), quantified them, and combined them to calculate a combined
standard uncertainty and an expanded uncertainty. Documentation of environmental conditions,
traceability chains, and the specific methods used became mandatory.

CHECK: Verification evolved into a multi-faceted analytical review. The simple pass/fail
check was now augmented by an analysis of the instrument's performance trends over time. Guard
banding techniques, where acceptance limits are made tighter than the tolerance limits to account for
measurement uncertainty, were implemented to manage the risk of incorrect conformity decisions.
Crucially, an out-of-tolerance (OOT) finding became a major non-conformance that triggered a for-
mal impact assessment — an investigation to identify and quarantine any product potentially affected
by the faulty measurements.

ACT: The "Act" phase matured from simple correction to systematic corrective and preventive
action. An OOT event would initiate a formal Root Cause Analysis (RCA), using tools like Ishikawa
diagrams or 5 Whys to understand the underlying reasons for failure (e.g., harsh environment, im-
proper usage, instrument aging). The results of the RCA would lead to systemic actions, such as
modifying the calibration procedure, improving environmental controls, or replacing an unsuitable
instrument model. Furthermore, the data from the "Check™ phase (trend analysis, interval history)
was used to act on the calibration program itself, providing an empirical basis for adjusting intervals—
lengthening them for stable instruments to save costs and shortening them for unstable ones to reduce
risk.

Analysis: This phase marks a paradigm shift from an instrument-centric to a process-centric
view. Calibration is now understood as a process with defined inputs, outputs, and performance met-
rics. The PDCA cycle expands to encompass the entire calibration management system, creating
feedback loops that drive continuous improvement in metrological assurance and risk control.

Phase 3: The Strategic, Risk-Based Paradigm (The "Calibration 4.0" Era)

The current and emerging phase is driven by the confluence of risk-based thinking, as formally
mandated by ISO 9001:2015, and the technological capabilities of Industry 4.0. This paradigm ele-
vates calibration from a quality assurance process to a strategic, data-driven function for enterprise-
wide risk management and optimization.

PLAN: Planning transcends operational scheduling to become a strategic, predictive, and risk-
based function. It is directly integrated with enterprise risk management frameworks (ISO 31000).
The primary driver for calibration is no longer a time interval but a calculated risk profile. Artificial
intelligence (Al) and machine learning (ML) algorithms are employed to analyze vast datasets — in-
cluding historical calibration data, real-time sensor readings from IoT devices, usage patterns, and
environmental parameters — to predict instrument drift and probability of failure. This enables a shift
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from preventive (time-based) to predictive (condition-based) calibration, where maintenance is per-
formed only when needed, optimizing cost and maximizing uptime. The plan also incorporates the
Cost of Poor Quality (COPQ), quantifying the financial impact of measurement error to justify in-
vestment in higher-precision metrology.[8, p. 8]

DO: Execution is characterized by automation, digitalization, and interconnectivity. Automated
calibration benches perform complex procedures with minimal human intervention, dramatically re-
ducing measurement variability. Smart sensors with embedded intelligence perform continuous self-
diagnostics and can even initiate alerts when their performance degrades. The output of the calibration
is no longer a static PDF document but a machine-readable Digital Calibration Certificate (DCC).
This structured data file can be automatically ingested by manufacturing execution systems (MES),
enterprise resource planning (ERP) systems, and digital twins, eliminating manual data entry and
enabling seamless information flow.

CHECK: Verification becomes a continuous, real-time, data-intensive process. Instead of wait-
ing for a periodic check, instrument health is monitored constantly via loT streams. Big data analytics
platforms aggregate information from the entire population of instruments across an enterprise. They
can detect subtle, systemic trends that would be invisible to instrument-by-instrument analysis — for
instance, identifying that a specific instrument model underperforms globally when exposed to certain
process chemicals. The "check" is against dynamic control limits and predictive models, not just static
tolerances.

ACT: Action becomes proactive, adaptive, and systemic. The feedback loop from the "Check"
phase is immediate and its scope is enterprise-wide. The insights generated are used not just to adjust
the calibration strategy, but to drive broader business improvements. This is prescriptive action. For
example:

Procurement: Analytics showing high drift rates for a certain instrument model will trigger a
change in purchasing specifications.

Engineering: Data revealing a process measurement is consistently operating close to its toler-
ance limit can drive a product or process redesign to build in more margin.

Operations: A predictive alert of impending instrument failure allows maintenance to be sched-
uled during a planned shutdown, preventing costly, unplanned production halts.

Analysis: This phase represents a fundamental transformation of calibration from a backward-
looking verification activity into a forward-looking, strategic intelligence function. The PDCA cycle
becomes a dynamic, self-learning, and algorithmically-enhanced system embedded within the organ-
ization's cyber-physical infrastructure. Calibration is no longer merely a "cost of quality” but a stra-
tegic asset that generates actionable data for mitigating risk, optimizing processes, and creating a
competitive advantage.

Implications of the Evolution

The evolution from a compliance-driven loop to a strategic, risk-based paradigm carries pro-
found implications. The role of the metrology department and its professionals is fundamentally
changing. The focus is shifting from the physical act of calibration to the management and analysis
of measurement data. Metrologists are becoming data scientists, risk managers, and strategic advisors
who translate measurement information into actionable business intelligence. This elevates the func-
tion from a technical support cost center to a strategic partner that directly contributes to operational
excellence and risk mitigation.

The transition to the "Calibration 4.0" model is not without its hurdles. Key challenges include
the significant initial investment in digital infrastructure, the need to develop new competencies in
data science and Al within the metrology workforce, ensuring the cybersecurity of interconnected
measurement systems, and managing the cultural shift required to embrace data-driven decision-
making.
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However, several enablers can facilitate this transition. Strong leadership commitment and a
clear vision for the strategic role of metrology are paramount. The development of interoperable
standards for Digital Calibration Certificates (DCCs) will be crucial for creating seamless data eco-
systems. Finally, a modular, scalable approach to implementation can allow organizations to progres-
sively build their capabilities without prohibitive upfront costs.

A Refined PDCA Model for Modern Calibration

The contemporary PDCA cycle for calibration can be conceptualized as a strategically-oriented
loop with distinct inputs, processes, and outputs.

PLAN (Risk-Based): The 'Plan’ stage is no longer initiated by a calendar but by inputs from the
enterprise risk management system, process criticality analysis, and predictive Al models. The ob-
jective is to define a measurement assurance strategy that optimally balances cost, risk, and perfor-
mance.

DO (Automated): The 'Do’ stage is characterized by automated execution and the generation of
rich, machine-readable data (DCCs), creating a digital twin of the metrological process.

CHECK (Data-Driven): The 'Check’ stage is a continuous analytics process. It leverages big
data platforms to monitor performance in real-time and compare it against predictive models and risk
thresholds, rather than static tolerances.

ACT (Strategic): The 'Act' stage generates strategic outputs. It provides feedback to adapt the
risk models in the 'Plan’ stage, initiates predictive maintenance, informs capital expenditure on new
equipment, and provides data to engineering for process and product improvement. This creates a
powerful, self-optimizing feedback system.

This refined model transforms the PDCA cycle from a simple, tactical tool for correcting devi-
ations into a strategic framework for managing the asset of measurement information.

Conclusion

This article has systematically traced the evolution of the PDCA cycle's application in calibra-
tion, identifying three distinct phases: a compliance-driven loop, an integrated process approach, and
the contemporary strategic, risk-based paradigm. By analyzing the drivers of this evolution — namely
international standards and technological advancements — this paper provides a novel conceptual
framework for understanding the maturation of calibration from a technical necessity to a strategic
enabler. The proposed "Calibration 4.0" model reframes the PDCA cycle as a dynamic, intelligent
loop, highlighting a paradigm shift in the field of metrology. This work opens several avenues for
future research that are critical for advancing the field:

Empirical Studies: Quantitative research is needed to validate the cost-benefit analysis of im-
plementing Al-driven, predictive calibration scheduling. Studies should focus on measuring the re-
turn on investment (ROI) through reduced failures, optimized maintenance costs, and improved pro-
cess uptime.

Digital Trust and Integrity: As Digital Calibration Certificates become more prevalent, research
into the role of blockchain technology for ensuring their immutability, security, and traceability is
essential for building trust in digital metrology ecosystems.

Human Capital Development: Research is required to define the new competency models for
metrology professionals in the Industry 4.0 era. This includes identifying the necessary skills in data
analytics, Al, and risk management and developing curricula and training programs to address the
emerging skills gap.

Integration with Digital Twins: Further investigation is needed on how real-time metrological
data can be more deeply integrated with comprehensive digital twins of manufacturing processes to
enable advanced simulation, prediction and control.
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By pursuing these research avenues, the academic and industrial communities can collabora-

tively build the theoretical and practical foundations for the next generation of measurement assur-
ance systems.
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Abstract. The rapid digitalization of manufacturing has led to the convergence of cyber-physical systems, artificial
intelligence (Al), and digital twins (DTs) into a unified data-driven ecosystem. This paper explores hybrid modeling
approaches that integrate digital twins and Al techniques to optimize industrial processes and enhance decision-making
efficiency. The study emphasizes the limitations of traditional mechanistic models in handling complex, dynamic manu-
facturing environments and introduces hybrid frameworks combining physical equations with machine learning-based
predictive layers. Through comparative analysis and conceptual modeling, the research identifies how hybrid models
enable predictive maintenance, real-time optimization, and strategic agility. The findings demonstrate that such integra-
tion not only reduces process variability and downtime but also supports continuous improvement across production
systems. The proposed framework can be adapted by industrial enterprises seeking to transition toward smart manufac-
turing with enhanced operational efficiency and resilience.
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1. Introduction

In the era of Industry 4.0, industrial enterprises are undergoing a paradigm shift from traditional
automation to fully connected and intelligent production ecosystems. The introduction of Digital
Twins (DTs) -virtual replicas of physical assets -has revolutionized monitoring, control, and perfor-
mance optimization [1, pp. 20-25]. However, classical Digital Twin architectures are often limited by
deterministic modeling approaches that cannot adequately capture stochastic behaviors and nonlinear
dynamics inherent in real manufacturing environments.

Simultaneously, the rapid advancement of Artificial Intelligence (Al) and machine learning has
opened new possibilities for adaptive and predictive control [7]. Yet, purely data-driven models fre-
quently lack the interpretability and robustness required for high-stakes industrial decision-making.
To address these limitations, hybrid modeling has emerged as a promising strategy that combines the
strengths of physics-based and Al-driven methods, enabling both accuracy and flexibility in process
control and prediction.

According to recent studies by Siemens (2024), ABB (2023), and GE Digital (2022), hybrid
digital twins can shorten model calibration time by up to 60% and provide real-time predictive in-
sights that purely mechanistic or purely Al models cannot achieve [2, pp. 10-15]. Consequently, the
exploration of hybrid frameworks for process optimization and strategic decision support is not only
timely but essential for the next generation of smart manufacturing systems [5, pp. 12-18].

2. Research Objective
The main objective of this study is to design and evaluate a hybrid modeling framework that
integrates Digital Twins and Al to optimize manufacturing operations. The study aims to:
1. Identify the limitations of standalone physical or data-driven models in industrial process
modeling.
2. Develop a conceptual hybrid architecture that unifies physical simulation with Al-based
learning layers.
3. Analyze the expected performance improvements in predictive maintenance, throughput op-
timization, and operational efficiency.
4. Provide recommendations for industrial implementation using digital twin ecosystems.
This research is motivated by the need for more intelligent, adaptive, and transparent decision-
making mechanisms that can align with digital transformation strategies in the manufacturing sector.
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3. Methodology: Hybrid Modeling Framework

The methodological approach is built on three stages: (1) model formulation, (2) integration,
and (3) validation.

Stage 1 — Model Formulation:

The process begins with developing a mechanistic model based on first-principal equations that
describe process behavior (mass balance, energy transfer, kinematic models, etc.). This ensures in-
terpretability and a solid physical foundation [3].

Stage 2 — Integration with Al Models:

An Al-based learning layer (e.g., neural networks or Gaussian process regression) is trained on
operational data generated by the Digital Twin and real sensors. This layer learns residual behaviors
and nonlinear patterns not captured by the physics model. The resulting model can be represented as:

yhybrid(t) — fphys (t) + fAI(:Et: 9)

where f,nys(t)is the physical model prediction, and f; (x., @)represents the Al residual learner pa-
rameterized by 0 [4].

Stage 3 — Validation and Optimization:

The hybrid model is validated using simulation data and benchmarked against traditional ap-
proaches. Optimization objectives include minimizing energy consumption, cycle time, and mainte-
nance costs [6].

4. Results and Discussion
The results demonstrate that hybrid models outperform traditional approaches in terms of ac-
curacy, adaptability, and response time.

4.1. Comparative Analysis

A comparative study was conducted between:
o Model A: Pure physics-based Digital Twin
e Model B: Pure Al-based model

« Model C: Hybrid Digital Twin (proposed)

Comparative performance of different modeling approaches

Model Type Prediction Accuracy (%) Response Time (ms) | Downtime Reduction (%0)
Physics-based 82.4 95 10
Al-based 87.6 80 15
Hybrid (Proposed) 96.2 60 25

4.2. Performance Visualization

Figure 1 presents the improvement in predictive accuracy and operational performance.

The Hybrid Model shows a 13.8% increase in accuracy and nearly doubles the improvement in
downtime reduction compared to traditional approaches. The comparison in Figure 1 was constructed
by evaluating three model categories - physics-based, Al-based, and hybrid models — under identical
production conditions. Accuracy was calculated using the mean prediction error over 500 simulation
— real data alignment cycles. Downtime reduction was quantified based on the decrease in time lost
due to prediction errors and system instability. All three models were tested on the same dataset to
ensure consistent benchmarking. The hybrid model’s superior performance is attributed to its com-
bined use of simulation constraints and data-driven learning, which reduces error accumulation dur-
ing dynamic operating conditions.
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Figure 1. Performance comparison of physics-based, Al-based, and hybrid models
o X-axis: Model Types (Physics-based, Al-based, Hybrid)
e Y-axis: Accuracy (%) and Downtime Reduction (%)

4.3. Digital Twin-Al Integration Radar Analysis

To evaluate robustness across multiple dimensions (accuracy, interpretability, scalability, data
efficiency, real-time adaptability), a radar chart was used.

(Radar Chart Dimensions)

1. Predictive Accuracy

2. Adaptability

3. Real-time Operation

4. Interpretability

5. Data Efficiency

Figure 2 demonstrates that the hybrid model achieves the most balanced performance across all
metrics -outperforming pure Al systems in interpretability and pure physics models in adaptability.

——— Physics-based
—— Al-based
= Hybrid

Adaptability

Real-time Opé

Data Efficiency

Figure 2. Performance profile of physics-based, Al-based, and hybrid models
56



E.E.Nasirov / Proceedings 2 /2025, 54-58

Machine-building

The hybrid model demonstrates the most balanced performance across multiple dimensions-
maintaining high interpretability while achieving superior adaptability, accuracy, and real-time oper-
ation compared to traditional approaches. The radar analysis in Figure 2 was generated by normaliz-
ing each performance dimension to a 0-1 scale to allow direct comparison between model types. Five
evaluation criteria were selected based on industry benchmarking standards: predictive accuracy,
real-time adaptability, interpretability, scalability, and data efficiency. Each score represents the av-
eraged performance over 200 production cycles for physics-based, Al-based, and hybrid models. This
visualization method makes it possible to observe multidimensional robustness, where the hybrid
model shows a more uniform and balanced profile across all metrics.

4.4. Industrial Application Example

A practical implementation example is simulated for a smart assembly line (e.g., ABB’s mod-
ular robotic cell). The hybrid model continuously learns deviations between the simulated Digital
Twin and the real sensor feedback, allowing the Al layer to compensate dynamically. This results in:

« 18% reduction in mean time between failures (MTBF),

« 22% increase in resource utilization efficiency,

« 15% reduction in energy waste.

These findings highlight how hybrid architectures facilitate continuous self-optimization -a
core principle of Industry 5.0.

5. Practical Implications

The hybrid modeling framework proposed in this study can be practically implemented within exist-
ing industrial ecosystems through modular digital twin platforms. It enables manufacturing firms to
optimize energy consumption, reduce unplanned maintenance, and improve resource scheduling.
From a managerial perspective, it supports data-driven decision-making and long-term strategic plan-
ning [9]. These implications make the hybrid approach applicable not only in discrete manufacturing
but also in continuous process industries such as petrochemicals, energy systems, and automotive
production.

6. Conclusion

This study confirms that hybrid modeling provides a superior approach to integrating Digital
Twins and Al in smart manufacturing. By combining the interpretability of physics-based models
with the adaptability of Al, the proposed framework achieves enhanced predictive precision, resili-
ence, and decision support capabilities.

Future work will focus on developing real-time adaptive control layers using reinforcement
learning integrated with hybrid digital twins and applying these models in large-scale industrial case
studies (e.g., energy systems and autonomous production lines) [8].

Ultimately, hybrid intelligence offers a transformative path for manufacturing enterprises striv-
ing for operational excellence, sustainability, and strategic agility in the digital era.

7. Future Research Directions
The integration of hybrid modeling, Digital Twins, and Artificial Intelligence represents only
the initial stage of an evolving paradigm in smart manufacturing. Several research directions emerge
from the findings of this study:
1. Real-Time Adaptive Control:
Future studies should focus on developing reinforcement learning (RL)-based adaptive con-
trol layers that allow hybrid models to self-tune in real time according to environmental and
operational changes. Such architectures could significantly enhance production autonomy
and reduce the need for manual supervision.
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2. Scalable Multi-Agent Digital Twins:
The next frontier lies in connecting multiple Digital Twins across supply chain networks
using multi-agent systems. This would enable synchronized optimization of production, lo-
gistics, and maintenance operations across geographically distributed plants.

3. Explainable Al in Hybrid Models:
Another promising direction is the application of explainable artificial intelligence (XAl)
within hybrid modeling frameworks. This approach will enhance model transparency, en-
suring that Al-driven decisions in manufacturing are interpretable and trustworthy for engi-
neers and managers.

4. Integration with Sustainable Manufacturing Goals:
Hybrid modeling can be aligned with sustainability objectives by integrating environmental
and energy efficiency indicators into optimization objectives. This will allow manufacturers
to balance productivity with carbon reduction targets and energy management [10].

5. Hybrid Digital Twin Platforms for Human—Machine Collaboration:
Finally, further research should explore human-centric hybrid twins, where decision-support
systems interact intelligently with operators through augmented reality (AR) and natural lan-
guage interfaces, thus bridging human expertise with Al-driven intelligence.

Collectively, these directions indicate that hybrid modeling is not a static framework but a dy-

namic ecosystem - one that will evolve toward autonomous, explainable, and sustainable smart man-
ufacturing systems.

9.
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Abstract. The paper investigates accuracy models for the machining of conical surfaces on CNC machine tools. A
mathematical model has been developed by identifying the main factors affecting form and dimensional deviations along
the generatrix of conical surfaces, such as interpolation errors, tool geometry and wear, thermal deformations, and elastic
deflections. Experimental studies have demonstrated that the application of solid carbide tools, appropriate finishing
passes, and the use of compensation mechanisms within the CNC system significantly improve surface quality and cone
angle accuracy. The developed model can be utilized as an effective tool for the optimized machining of conical surfaces
on CNC machine tools. Furthermore, this model allows for increased productivity during the machining process and
ensures the stability of the results. The proposed approach is of significant importance for achieving both high accuracy
and efficiency in the manufacturing of conical surfaces using CNC technologies. Consequently, the model aids in opti-
mizing the planning and control of manufacturing processes.
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GIRIS

Problemin hazirk: vaziyyati

Rogomli programla idars olunan (RPI) dozgahlar konik sothlorin yiiksok dagiqliklo emals iigiin
on genis istifado olunan avadanliglardan biridir [1, s. 120-180; 2, s. 45-70; 3, s. 80-110; 4, s. 150-
200; 5, s. 50-90], [6]. Konik sothlor asason torna, frez vo coxkoordinatli RPI dozgahlarinda, homginin
torna-frez markozlorindos emal olunur [4, s. 150-200], [7, 8]. Bu tip sothlor konstruksiyanin toloblo-
rindon asili olaraq miixtalif konus bucaqlarinda formalasdirilir vo dozgahin hom koordinat
harokatlorinin doqiqliyindon, ham ds alst trayektoriyasinin diizgiin proqramlasdirilmasindan asilidir.
RPI dozgahlarinda konik sathlorin emalinda aldo edilon tipik dogiqlik 6l¢ii doqigliyi iizro IT6-I1TS;
konus bucagmin doqiqliyi tizro +(5-20) mikroradian, konusun dogurani (generatrisi) boyunca
sapmasi 2—10 mikrondur. Bu gostaricilar istifads olunan dozgahin sinfi, konstruksiyasinin sortliyi,
pastahin materiali vo alatin keyfiyyatindon asili olaraq doyisa bilor. Soth keyfiyystinin gostaricilori
is9 sothin kalo-kotiirliiyili (Ra) tizro Ra = 0.8-1.6 mkm (tomiz emal kegidi ilo birlikdo), kobud emalda
iso Ra = 3.2-6.3 mkm-dir. Bark karbidli alotlor (kasici hissasi volfram karbidi (WC) va kobalt (Co)
qarisigindan hazirlanmis ¢ox bark vo istiliyadavamli alotlor, onlara ¢ox vaxt sadaca karbid alatlor do
deyilir), yiiksok daqiqlikli RPI dozgahlar1 vo diizgiin texnoloji rejimdon istifado etmoklo Ra= 0.4 um
vo daha asagi soviyyalor do olds oluna bilar [9,10], [11, s. 25-55], [12-15].

Konik sathlorin RPI dozgahlarda emalinda rast galinen problemlar iso konus bucaginin sapmasi
(istigamot oxlart arasindaki sinxronlugun pozulmasi, dozgahm elastiki vo termiki deformasiyas,
koordinatlarin kalibrlonmasindoki xatalar), sothin kolo-kotiirlilyiiniin normadan yiiksok olmasi (kosici
alatin yeyilmasi, tomiz emal rejimlarin diizgiin se¢ilmomasi, vibrasiya, pastah va alat borkidilmosinin
geyri-kafi olmasi), forma xotalar1 (konusun dogurani boyunca geyri-baraborlik, RPI sistemindo
interpolasiya xotalari, alotin radius kompensasiyasinin sohv totbiqi), termiki tosirlora bagl doqiqlik
itkilori (uzun konik sothlorin emalinda dozgahin istilik yliklonmosi, mévgeyin doyismosi naticosindo
mikrosapmalar), pastahin elastik deformasiyasidir (uzun va nazik detallarin konik emali zamani
oyilma, kasici qiivvalorin geyri-barabor paylanmasi).
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Masalonin aktualhig

Konik sathlorin RPI dozgahlarda emali miiasir masinqayirmanin on vacib saholarindon biridir.
Ciinki konus elementlor coxlu sayda mexanizmlords — alat tutqaclarinda, val birlosmolorinda, hidrav-
lik sistemlordo, spindel baglantilarinda vo doqiq yigma tolob edon konstruksiyalarda genis istifado
olunur. Miiasir istehsalatda bu sothlorin emalina qoyulan toloblor getdikca sortlosdiyi {i¢iin doqiqglik
modellorinin islonmasi boylik oshomiyyat kosb edir.

Bu movzu yiiksok doqiqlik toloblari (texnoloji proseslorde mikron saviyyasinde doqiqlik tolob
olunur), interpolasiya vo horokat sistemlorinin inkisafi (RPI dozgahlarinin yeni nosil idaroetma sis-
temlori doqiqliyin riyazi modellosdirilmosini aktual edir), soth keyfiyyotinin yaxsilagdirilmasi
ehtiyac1 (asag1 kolo-kotiirliikk funksional baximdan hoyati ohomiyyat dasiyir), sonayedo mohsul-
darligin artirilmasi (doqiqlik modellori diizgiin se¢ilmis rejimlorin totbigine imkan verir), alot vo
dozgah xotalarinin kompensasiyasi (model osasli yanasma ilo xota monbolori analiz edilir vo
kompensasiya olunur) saboblorino gérs aktualdir.

Beloliklo, RPI dozgahlarda konik sathlorin emal dogiqlik modellarinin islonmasi hom elmi, hom
do praktiki baximdan yiiksok aktualliga malikdir vo miiasir istehsalatin somaoraliliyini artirmaga
yonalmis mithiim todqiqat istigamatidir.

METODOLOGIYA

Problemin gqoyulusu

RPI dozgahlarinda konik sathlorin emalinda miisahido olunan bir sira gotinliklor (konus buca-
ginin daqiqliyinds sapmalar, konusun dogurani boyunca forma xatalari, soth kolo-kotiirlityiiniin nor-
madan yiiksok olmas1, uzun va qalinlig1 az olan detallarin elastik deformasiyasi, RPI sisteminin kom-
pensasiya mexanizmlorinin qeyri-doqiq islomasi) belo sothlorin yiiksok doqgiqglikls alinmasini ¢atin-
losdirir vo istehsalat prosesindo slava xarclor vo vaxt itkisi yaradir.

Tadqigatin magsadi RPI dozgahlarda konik sothlorin emalina tosir edon osas faktorlari
miloyyonlosdirmak, bu faktorlarin doqiqlik gostariciloring tasirini modellosdirmok, konusun dogurani
boyunca forma vo 6l¢ii sapmalarini giymatlondirmok, emal daqiqliyini artirmaga yonalmis nozari vo
praktiki model islomokdir. Hazirlanan model konik sathlorin emalinda alot segimi, rejimlorin opti-
mallasdirilmasi, vibrasiya idaroetmosi vo RPI kompensasiya sistemlorinin diizgiin konfiqurasiyasi
ticiin asas baza rolunu oynayacaqdar.

Todqigat RPI dozgahlaronda konik sothlorin form vo 6l¢ii doqiqliyini miioyyon edon osas
faktorlarin tohlili vo bu faktorlarin nazore alinmasi ilo doqiqlik modelinin qurulmasi istigamatindo
aparilmigdir. Metodika asagidaki morhalalordon ibaratdir:

1. Konus sathinin riyazi tasviri. Konik soth generatris (konusun dogurani) vo osas diametr
osasinda riyazi olaraq modellosdirilir [12-15]. Konusun hiindiirliiyii, konusun dogurani iizro bucaq
doyismasi va alat trajektoriyasi ticlin analitik ifadoslor qurulur.

2. Alot trayektoriyasimin interpolasiyasi. RPI sistemlorindo X-Z koordinatlarinda xotti
interpolasiya asasinda konus formalasdirilir. Bu zaman interpolasiya xotasi, siirot doyismaelarinin
doguran {izrs tosiri, alotin uc radiusunun kompensasiyasi dyranilir vo modelo daxil edilir.

3. Kaosici alotin hondasi vo yeyilma modellori. Kosici alotin uc radiusu, arxa bucagi, kosici
bucagi, yeyilmo zonalar1 (VB — yan soth {lizro yeyilmo (Flank wear), KT- Qabaq iiz {izro yeyilmo
(Crater wear)) konus sathinds forma xatlaring tosir edon parametr kimi modellasdirilir.

4. Dazgahin sartliyi vo termiki xatalarin nozars alinmasi. RPi dozgahin konstruktiv elastik-
liyi, titroyiso qarsi sabitliyi, termiki deformasiyalari konusun dogurani boyunca mikrosapma Kimi
qabul edilir vo xota funksiyasina daxil olunur.

5. Eksperimental 6l¢malar. Hazirlanan modellorin sinaqdan kegirilmasi ti¢lin miixtalif konus
bucaglarinda detallar RPI torna dozgahinda emal olunur. Hor emaldan sonar konus bucagi, konusun
doguran iizro forma sapmalari, Ra soth koala-kotiirliiyti 6l¢iilorak model naticalari ilo miiqayisa edilir.
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Tadqiqat naticalari
Aparilan modellosdirmo vo eksperimental 6lgmolor noticosindo asagidaki naticolor oldo edil-
migdir (Cadval 1):

Cadval 1
Tadgiqat naticalorinin codval formatinda togdimati
. Tomiz emal kecidi ilo Forma sapmasi Konus bucagi
Faktor Olgiilon parametr Ra (mkm) (mkm) sapmas1 (°)

Interpolasiya xatas1 X-Z interpolasiya 0.8-1.2 2-7 +0.008-0.02
Alatin yeyilmosi Arxa bucagin 1.0-2.4 36 +0.01-0.015

doyismasi
Termiki deformasiya D,,azgahm I.Stlhk 0.8-1.6 5-12 +0.01

yiiklonmosi
Elastik deformasiyalar | Uzun detal oyilmosi 0.9-1.3 3-5 +0.008
Alatin radiusunun R sohvi 10-16 24 0,015
kompensasiyasi

1. Interpolasiya xotalarmin forma sapmalarmin asas monbayi oldugu miioyyonlosdirilmisdir.
Bels ki, RPI sistemindo xatti interpolasiya zamani konus doguran1 iizro 2—7 mikron sapmalar miisa-
hids olunur. Bu sapmalar konus bucaginda £0.008°-0.02° doyismaya sobab olur.

2. Alatin yeyilmosi sathin keyfiyyotino on gox tosir edon faktordur. Alstin arxa sathi yeyildikco
Ra qiymati 0.8 pm-don 2.4 um-o yiiksslir vo doguran boyunca dalgalanmalar 3 mikrona qodor artir.

3. Termiki deformasiyalar uzun konuslarda shomiyyatlidir. Dazgahin qizmasi (1stnmasi) ilo X—
Z oxlari arasinda 5-12 mikron mévqe doyismasi miisahido edilir. Bu, xiisuson uzun konik sothlordo
forma xotasina sabab olur.

4. Bork karbidli alatlorin totbiqgi soth keyfiyyatini sabitlogdirir. Bork karbid uclu alstlor ilo tomiz
emal ke¢idindo Ra 0.8-1.2 mkm intervalinda sabit saxlanilir. Tezkason alotlordo (HSS) vo asas torkibi
domir (Fe) vo karbon (C) olan, lakin yiiksok mohkomlik vo temperatur miiqavimati iiglin Volfram
(W), Vanadium (V), Molibden (Mo) vo Kobalt (Co) kimi slavalorlo méhkomlondirilmis metaldan
hazirlanmis alatlora deyilir. Bu alotlor, torkibindoki orintilor sayosindo yiiksok siiratlordo belo
deformasiyaya ugramadan islomoaya davam eds bilir) iso bu giymat 1.6-2.8 mkm arasinda doyisir.

5. Alatin radiusunun kompensasiyasi diizgiin totbiq edilmodikdo forma xotas1 artir. Bildiyimiz
kimi, kasici hissonin handasasine kasma bucag, arxa bucagq, sifirlandirma radiusu (nose radius),
alotin uc radiusunun daqiqliyi, alatin profilinin konusa uygunlugu aiddir. Masolon, ucu radiusu
lazim oldugundan boyiik vo ya kicikdirsa, konusun formasi pozulur. R kompensasiyasi sohv daxil
edildikds doguran iizra sapma 2—4 mikron, konus bucagi iizra sapma iso 0.015° togkil edir.

Sokil 1-3 do konusun dogurani iizro forma sapmalari, sath kolo-kétiirliiyii tomiz emal kegidino
gora vo konus bucaginini konusunun dogurani iizro sapmasi verilmisdir. Sokil 1-do interpolasiya
xotasi, alot yeyilmoasi vo termiki deformasiya doguran boyunca vizual olaraq tosvir edilir. Burada X
oxu konusun dogurani iizro mosafonin (mm), Y oxu iso sapmanin qiymati (mikron) verilmisdir.
Miixtalif ranglor interpolasiya xatasi, alot asinmasi vo termiki deformasiyalar1 gostorir. Sokil 2-da iso
X oxu kosma dorinliyini (mm), Y oxu iso soth kolo-kétiirliiyiinii Ra (um) gostorir. Kobud (qurmiz1
rong), yarimtomiz (narinci rong) vo tomiz (yasil) kegidlori tigiin forqli ronglordon istifads olunur.
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7t —— Interpolasiya xatasi
—— Alat asinmasi
—— Termiki deformasiya
6 -
5 -

Sapma (mikron)
=Y

0 20 40 60 80 100
Generatris boyunca masafa (mm)

Sakil 1. Konusun forma sapmalarimin konusun dogurani iizrs asililigi

0.0

Kobud Yarim-bitirma Bitirma

Sakil 2. Konusun sathinin kale-kétiirlityliniin (R,) temiz emal kegidindan asilili1
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Sakil 3. Konus bucagi sapmasinin konusun dogurani izro asililigi

Bu grafiklor RPI dozgahlarimin va alat secimlorinin konik sath keyfiyyatina tosirini vizual olaraq
niimayis etdirir vo modelin dogrulugunu tosdiqlayir.

MUZAKIRD

Oldo edilon noticolor gostarir ki, konik sothin RPI dozgahlarinda emali zamani dogigliyin osas
mohdudlagdirici faktorlari alot yeyilmosi, interpolasiya geyri-doqiqliyi vo termiki doyiskonliklordir.

Alst yeyilmosi. Yeyilmo artdiqca kasici alotin real hondssosi modeldon uzaqlasir vo forma
sapmasi artir. Bu, xiisusan konusun doguran1 boyunca dalgavari mikroprofil yaradir.

Interpolasiya xotalari. RPI sistemindo xatti interpolasiya real konus sothinin riyazi formast ilo
tam {ist-listo diigmiir. Yiiksok stirstlords bu forq daha da boyiiylir. Model bu sapmani doqiq ifads
etdiyi liclin kompensasiya imkanlarin1 genislondirir.

Termiki deformasiyalar. Dazgahin islomo miiddatine gora temperatur doyisdikca konstruktiv
elementlorin dl¢iilori dayisir. Bu doyisma konus bucagina vo konusun dogurani istiqamotina tosir edir.
Model bu effektlori nozors aldigda daha daqiq naticalor alds olunur.

Sortlik vo borkidilma. Uzun detallarin elastik oyilmasi konusun real formasmi doyiso bilor.
Modeldas elastik deformasiyanin kompensasiyasi nozars alindiqgda sapmalar minimuma enir.

Qeyd etmok lazimdir ki, bu istigamotdo miisalliflor torofindon ¢oxlu elmi todqiqat islori aparilmis
vo miihiim naticalor alinmisdir. Belo ki, N.D. Yusubov vo H.M. Abbasova totofindon istor tokalatli
emal, istorso do ¢oxalotli emal ilo bagh todqigat islorindo miixtolif parametrlori nozoro almaqla
texnoloji sistemds yaranan elastiki yerdoyismalorin hesablanmasi iiglin matris modellori yaradilmis
vo tadqiq olunmusdur [16-34]. R.Y. Dadasov iso hazirda konik sothlorin mexaniki emali zamani
yaranan qiivve balansinin miixtolif oxlarda proyeksiyalarim1i nozors almagqla texnoloji sistemda
yaranan elastiki yerdoyigsmolorin qabaqcadan prognozlasdirmaya imkan veron riyazi modellori
hazirlayir.

RPI dozgahlarinda konik sothlorin emal doqiqliyini toklif olunan metodologiya ilo hesablamaq
ticiin lazim olan eksperimental verilonlor molum olmalidir. ©gar verilonlordon bir gismi belo malum
olarsa, onda sadolosdirilmis hesabatlar aparmaq olar. Bu, asason konik sothin hondasi xotalari, alot
parametrlori vo dozgahin daqiqliyi asasinda xatalarin hesablanmasi ilo baglidir. Masalon, tutaq ki,
Tutaq ki, konik sath bize malumdur. Konusun boyiik radiusu R; = 50 mm, konusun kigik radiusu
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R, = 20 mm, konusun hiindiirlityi h = 100 mm, konus bucagi (yarim konik bucaq- konusun oxu
ilo konus sothinin arasindaki bucaqdir) o= arctan 222

, emal edilon material aliiminium, alatin uc

radiusu 7, = 2 mm —dir. Dozgahin parametrlori iso oxlar iizro belodir: 6, = 0,01 mm,§, =
0,01 mm, 6, = 0,015 mm —dir. Real qiymatlorlo hesablamani aparagq:
1. Konik sothin parametrini hesablayaq. Konik sothin radiusu z lizro doyisir:

Z Z
R(z)=R2+(Rl—Rz)-E=20+(50—20)-m=20+0,3z

z € [0,100] mm.

2. Alot radiusu vo profil xotasi. Alstin ucu
radiusa malikdir vo konik sothi emal
edorkon alatin uc radiusu sathda Kicik bir
profil xatas1 yaradir. Bu xotanin 6lciisii
alotin sotho toxundugu bucaqgla baghidir
(sokil 4). Profil xatasi {i¢lin toxmini formul
asagidaki kimi gotirtiliir:

6, =1, (1 —cos ),

Burada: ¢ — alot radiusunun soth ilo
qarsilasdig1 bucaqdir.
On pis halda, bu bucaq 90° kimi gotiiriiliir.
Bu, alstin radiusunun maksimum profil xatasi
yaratdig1 haldir.
- Bgor ¢=0"-dirso, onda &, = 0 olur, yoni
he¢ bir xata yoxdur.
- Bgor ¢=90°-dirse, onda &, = 7, olur, yani
maksimum xota yaranir.
Yoni, konusun asagi hissosindo profil xotasi
daha ¢ox, yuxari hissads iso azdir.
Qisaca olaraq belo demok olar ki, ¢ burada alat radiusunun konik sath ila yaratdig: kontakt
bucagidir vo 90° gotiiriilmosi konservativ, maksimum xata {i¢iin hesablamadir. Sonradan bu toxmini
qiymati konusun radiusuna gora azaldaraq real §, —ni hesablayiriq:

Sakil 4. Alatin konik sotha necs toxundugunu va
0, —in neca yarandigini gostoran vizual tosvir

2

8, ~ —— (toxmini alstin radiusu xotas)
2R(2)

Masalon, orta radius R,,; = (R; + R,)/2 = 35 mm.

2

2-35

O, = ~ 0,057 mm.

3. Dozhgah xatalarinin tasirini hesablayaq. Dazgah oxlar lizro xatalar1 va z oxu (profil )xatas1 konik
sotha tosir edir. Umumi xota:

Simumi = /02 + 02 + 62 + 62=1/0.057% + 0.012 + 0.01% + 0.0152=v/0.003674 ~ 0,061 mm.

Notica: Bu konik sathin emal doqiqliyi toxminan +£0.061 mm olacaq
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Naticoni qrafikle z oxu iizrs vizuallagdirmaq olar. Bunun ti¢lin z oxunu 0—100 mm araliginda
10 mm intervallarla gétiirok vo hom cadval (cadval 2), ham dos grafik formasinda (sakil 5) gostarak.

Cadval 2
Z oxu iizra konik soth xatasimnin codvol soklindo tosviri
z (mm) R(Z) (mm) 61‘ (mm) aiimumi (mm)
0 20 0.100 0.104
10 23 0.087 0.091
20 26 0.077 0.080
30 29 0.069 0.073
40 32 0.063 0.067
50 35 0.057 0.061
60 38 0.053 0.057
70 41 0.049 0.053
80 44 0.045 0.049
90 47 0.043 0.047
100 50 0.040 0.046
0,12
0,1
0,08
€
E
£ 0,06
5
0,04
0,02
0
0 20 40 60 80 100 120
z (mm)
O_total

Sakil 5. Z oxu lizra konik soth xotasinin qrafik soklinds tosviri

Sokil 5-don goriindiiyii kimi sol torofds yuxari hisso konusun asagi ucu (z=0), sag torofdo alt
hissa konusun yuxari ucu (z=100) ti¢lindiir. Ulduzlar (*) & mumi qiymeti gostorir.

Gorilindiiyli kimi, konusun asag hissasi (z=0) an ¢ox xata ilo hazirlanir, yuxartya dogru iso
doqiqlik artir.
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NOTICO
Aparilan todgigat noticesinde RPI dozgahlarda konik sathlorin yiiksok doagigliklo emal: iigiin

daqiglik modeli islonmis vo asagidaki naticalars aldo edilmisdir:

1. Konus sathinin daqgigliyina tesir edon osas faktorlar kimi interpolasiya Xatalari, alot
hondasasi va yeyilmosi, termiki deformasiyalar, elastik sapmalar miioyyanlosdirilmisdir.

2. Bu faktorlarin tasirini nazars alan riyazi model hazirlanmisdir.

3. Model eksperimentlo tosdiglonmis vo konusun dogurani iizro sapma 2-10 mikron
intervalinda olmusdur.

4. Saoth keyfiyyatini artirmaq ti¢iin tomiz emal kegidi, karbid alatlor vo vibrasiya nazarati on
effektiv tisullar kimi miioyyon edilmisdir.

5. RPI sisteminda kompensasiya mexanizmlarinin totbigi konus bucag: dogigliyini shomiyyoatli
daracado yaxsilagdirmasi fakti miioyyon edilmisdir.

Notica olarag, islonan dogiqlik modeli RPI dozgahlaranda konik sathlorin emalmin optimallas-

dirilmasi, 6l¢ii vo form Xotalarinin azaldilmasi vo soth keyfiyyatinin yaxsilagdirilmasi ti¢iin somarali
yanasma toqdim edir.
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RPi DOZGAHLARINDA KONiK SOTHLORIN EMAL DOQIQLIYININ MODELLOSDIRILMOSI

N.D.Yusubov, H.M.Abbasova, R.Y .Dadasov

Xiilasa. Mogalodo RPI (roqomli programla idars olunan) doezgahlarda konik sothlorin emalmin daqiqlik modellori

tadqiq edilmisdir. Konik sathlorin doguran boyunca forma veo 6lgii sapmalarina tasir edon asas faktorlar — interpolasiya
xatalari, alat hondasasi vo yeyilmasi, termiki deformasiyalar vo elastik sapmalar — miiayyan edilorak riyazi model
qurulmusgdur. Aparilan eksperimental todqiqatlar gostormisdir ki, sart karbidli alstlarin tatbiqi, diizgiin tomiz emal kegidi
vo RPI sistemindo kompensasiya mexanizmlarinin istifadosi soth keyfiyyatini vo konus bucagi daqigliyini shomiyyatli
doracads artirir. Hazirlanan model RPI dozgahlarda konik sothlerin optimallasdirilmis emali {igiin effektiv vasito kimi
istifado oluna bilor. Eyni zamanda, bu model emal prosesinde mohsuldarligin yiiksaldilmosine va noticelorin sabitliyinin
tomin edilmosine do imkan verir. Toklif olunan yanasma RPI texnologiyalarinda konik sothlorin istehsalinda ham yiiksok
doqiqlik, hom do somarslilik aldo etmok magsadilo miihiim shomiyyat dasiyir. Noticads, model istehsal proseslorinin
planlasdirilmasini vo idars edilmasini optimallagdirmaga komok edir.
Agar sozlar: RPI dazgahi, konik sath, daqiqlik modellari, tamiz emal, karbid alot.
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Abstract. The corrosion process is an important problem that reduces the service life of metallic structures, pipelines,
and industrial equipment, causing economic losses and environmental risks. In the modern era, the application of inno-
vative technologies plays a crucial role in combating this process. In recent years, nanomaterial-based coatings, smart
inhibitor systems, and automated versions of electrochemical and cathodic protection methods have been widely used in
corrosion protection. These technologies create more durable and self-healing protective layers on metal surfaces, ensur-
ing long-term stability under operating conditions. At the same time, digital monitoring and sensor-based tracking systems
enable real-time control of corrosion processes. The conducted analyses show that the application of innovative protection
methods increases the operational reliability of equipment, reduces maintenance costs, and significantly enhances the
safety of industrial facilities.

Keywords: corrosion protection, innovative technologies, nanomaterial-based coatings, cathodic protection systems,
smart inhibitors, sensor monitoring.
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Giris

Korroziya senaye avadanliglari, nogliyyat vasitalori vo miihondis infrastrukturunda material-
larmn istismar miiddatini mohdudlasdiran osas fiziki-kimyavi proseslordon biridir. Metal va arintilorin
miihitlo qarsiliql tosiri naticasinds bas veran kimyovi vo elektrokimyavi pargalanma onlarin mexa-
niki méhkomliyini zaifladir, goza vo sizma risklorini artirir vo texniki xidmat xarclorini yiiksoldir.
Qlobal giymotlondirmalora goras, korroziya sobabindan yaranan igtisadi itkilor UDM-in 3-4%-i hac-
mindadir ki, bu da enerji va neft-gaz sonayesi tigiin ciddi maliyys yiikii yaradir. Azarbaycanda boru
komarlari, tozyiqli qurgular vo diger metal konstruksiyalar miihitin aqressivliyino gora korroziya toh-
liikasina xiisusi hassasliq gostarir.Onanavi miihafizo tsullar1 (6rtiiklor, mexaniki tomizloma, klassik
inhibitorlar) dayiskon temperatur, tozyiq vo Kimyavi torkib soraitindo mohdud effektivlik niimayis
etdirir. Bu sobobdon miiasir sanaye daha davamli vo funksional sistemlars ehtiyac duyur. Son illards
nanomaterial osasli ortiiklor, agilli inhibitor sistemlori vo avtomatlasdirilmis katodik miihafizo
modellari korroziya nazarstinds yeni yanasma formalasdirmisdir. Bu texnologiyalar sothds yiiksok
stabilliyo malik baryer yaradaraq anonavi iisullara nisboton daha uzunmiiddatli goruma tomin edir.

Nanostruktur ortiiklor Soth enerjisinin azaldilmast vo ion diffuziyasinin mohdudlagdirilmasi
hesabina oksidlogmo prosesini longidir. Onlarin yiiksok adeziya vo asagi kegiricilik xiisusiyyatlori
sort sonaye soraitindo davamliligi artirir. Agilli inhibitorlar miihitin kimyovi aktivliyino adaptiv
reaksiya veroarak yalniz korroziya tohliikasi yarandiqda aktivlasir vo reagent sarfini optimallasdirir.
Ragomsal monitoring va sensor sobokalori iss korroziya siirati, potensial fargi vo miihit parametrlarini
real vaxt rejiminda 6lgarok goza hallarinin prognozlasdiriimasini vo texniki xidmatin optimallas-
dirllmasini miimkiin edir. Aparict sonaye qurumlart hazirda korroziyadan miihafizonin material
elmlori, elektronika vo siini intellektin inteqrasiyasina osaslanan “agilli sistem modeli”no keg¢idini
stirotlondirir. Belo yanasma yalniz konstruksiyalarin uzundmiirliiliyiinii artirmir, ham do tohliike-
sizlik, igtisadi samaralilik va ekoloji dayaniqliliq gostaricilorini yaxsilasdirir. Bu todgigatin osas suali
bels formalagdirilir: “Neft-qaz avadanliqlarinda korroziyadan miihafiza iigiin totbiq olunan innovativ
texnologiyalarin effektivliyi neco giymatlondirilo bilor?”
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Tadqigatin magsadi, masalonin qoyulusu

Bu todqgigatin magsadi senaye sahalorinds korroziyadan miihafizonin effektivliyini artirmaq
{iciin totbiq olunan innovativ texnologiyalarm elmi va texniki baximdan tahlil edilmasidir. Is ¢orgi-
vasindo miixtolif miihafizo isullarinin miiqayisali aragdirilmasi, onlarin is prinsiplarinin vo per-
formans gostaricilorinin miiayyanlogdirilmasi asas istigamatlor kimi miiayyan olunmusdur.Korroziya
neft-gaz, kimya, energetika vo metallurgiya kimi sahslords ciddi igtisadi vo texnoloji itkilors sobab
oldugu Giglin todgiqatin miihiim vazifosi mévcud miihafizo metodlarinin mohdudiyyastlorini miioyyan-
losdirmak va yeni nasil texnologiyalarin tatbiq potensialint giymatlondirmokdir. Bu magsadlo nano-
material asasli qoruyucu ortiiklorin, elektrokimyoavi miihafizo sistemlarinin vo agilli inhibitorlarin
miixtalif Sonaye soraitlorindo somoraliliyi aragdirilir vo optimal texnoloji kombinasiyanin miiayyan-
lasdirilmasi hadaflanir.

Tadqgiqatin digar moagsadlorindon biri mithafizo texnologiyalarinin enerji vo resurs samarali-
liyini artirmaqdir. Miiasir sonayeds yalniz materiallarin qorunmasi deyil, hom ds iqtisadi vo ekoloji
dayanigliligin tomin edilmasi prioritet hesab olunur. Bu kontekstds korroziya proseslarinin rogemsal
monitoring sistemlari vasitasilo izlonilmasi vo real vaxtda analizi xiisusi shamiyyat dasiyir. Sensor vo
stini intellekt texnologiyalarinin inteqrasiyast korroziya risklarinin prognozu vs idaroetms gorarla-
rinin avtomatlagdirilmasi tiglin imkan yaradir. Todgigat homginin totbiq olunan miihafizs tisullarinin
ekoloji tasirinin giymotlondirilmasini va “yasil texnologiyalar”a keg¢id imkanlarini aragdirir. Xiisusilo
toksik inhibitorlarin alternativ ekoloji tohliikosiz materiallarla ovoz edilmasi vo nanokompozit
ortiiklorin totbiqi otraf mithitin qorunmasi baximindan prioritet istiqamot Kimi nazardon kegirilir [1].

® a) Torpaq korroziyasi 67% m b) Fergli metal/ torpag muhiti 12%

® c) deqradasiya 10% d) bos coroyanlar 4%

| e) digarlari 7%

Torpaga basdirilmig borularin korroziyasinin sabablori

Eyni zamanda, korroziyadan miihafizo sistemlorinin agilli idaroetma modellorinin iglonmasi
ticiin elmi baza formalasdirilir. Bu modellar proses parametrlarina uygun adaptiv toanzimloma mexa-
nizmlorini tomin eds bilor. Todgigatin magsadlarindan biri do sonaye obyektlorinds totbig edilon
innovativ miihafizo texnologiyalarinin praktik niimunaloarinin tohlil edilmasi v laboratoriya ils real
istehsalat soraiti arasindaki farglorin miioyyanlosdirilmasidir. Sakilds torpaga basdirilmis borularda
korroziya saboblori gostorilmisdir. Tadgigatin naticasi olaraq korroziyadan miihafizonin kompleks
yanagma modeli — Kimyavi, elektrokimyavi vo mexaniki tisullarin inteqrasiyasina asaslanan sistem
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konsepsiyasi hazirlanacag. Bu model sonaye miiassisalori ti¢iin uzunmiiddatli va iqgtisadi cohatdon
somorali hall variant1 kimi ¢ixis edo bilor.

Korroziya, sonaye materiallarinin kimyavi vo elektrokimyavi deqradasiyasi naticasinds yara-
nan, avadanliglarin istismar miiddatini azaldan va goza risklorini artiran global problemdir. Xiisusilo
neft-qaz, kimya, energetika vo metallurgiya saholarinds istifads olunan metal konstruksiyalar daimi
olaraq aqressiv miihitlo tomasda olur. Bu soraitds anonavi miihafizs tisullarinin effektivliyi zaman
kecdikca azalir vo noticads texniki, igtisadi vo ekoloji problemlar yaranir. Hazirki dévrds korrozi-
yadan miihafizonin klassik tisullari-boya ortiiklori, passiv inhibitorlar vo katodik miihafiza sistemlori-
yiiksok temperatur, tozyiq va riitubat doyiskanliyi olan miihitlords istanilon saviyyada natico vermir.
Bu isa sonaye obyektlorinds gofil nasazliglarin, boru sizmalarinin vo avadanliq siradan ¢ixmalarinin
artmasina sabab olur [2].

Miiasir sonaye istehsalinda dayaniqliliq, enerji somoraliliyi vo ekoloji tohliikasizlik asas prio-
ritetlora gevrilmisdir. Bu kontekstdo ananavi miihafizs tisullarinin yerini tadrican innovativ texno-
logiyalar tutur. Lakin bu texnologiyalarin tatbigi vo somaraliliyinin giymatlondirilmasi holo do tam
sistemlosdirilmomis sahadir. Burada asas masala-texnoloji yeniliklorin praktiki totbige uygunlas-
dirilmasi va onlarin forgli sanaye soraitinds davraniginin 6yranilmasidir.

Korroziya prosesi ¢oxfaktorlu vo kompleks xarakter dasiyir: mihitin kimyovi torkibi,
temperatur, materialin strukturu, axin stirati Vo elektrokimyavi potensial kimi parametrlor bir-birina
tosir edir. Buna goro do bu prosesin qarsisini almaq {igiin vahid vo universalligi tomin edon
texnologiya yoxdur. Masalo ondan ibaratdir ki, har bir sorait {i¢iin optimal miihafiza sistemi secilmali
Vo onun uzunmiiddatli tasiri elmi cohatdon asaslandirilmalidir. Digar torafdon, korroziyadan miihafizo
sahasinds aparilan bir ¢ox todgiqatlar laboratoriya soraitindos oldo edilon noticalorlo mohdudlasir.
Realliqda iso Sonaye miihitinin miirakkabliyi vo ¢oxkomponentli tasirlori nazors alinmir. Buna goro
todqgiqatin garsisinda duran asas masalo bu texnologiyalarin real istismar soraitindo  somaraliliyini
giymotlondirmok vo tokmillosdirilmis model togdim etmokdir.

Miasir dovrdo “agilli” (smart) materiallar, nanokompozit ortiiklor Vo ragamsal monitoring
sistemlori korroziyadan miihafizods yeni imkanlar agir. Lakin bu texnologiyalarin sonaye miiassiso-
lorinda totbiqi, idaroedilmasi va igtisadi cohotdon asaslandirilmasi halo do tam &yronilmamisdir. Bu
1So todqiqatin aktualligini daha da artirir. Beloliklo, todgigatin garsisinda duran masalo - korroziyadan
miihafizo prosesinin innovativ texnologiyalar vasitosilo optimallasdirilmasi, totbiq edilon tisullarin
elmi osaslandirilmasi vo onlarin texnoloji, iqtisadi vo ekoloji baximdan istiinliiklorinin tahlil
edilmosidir. Bu magsadlo miihafizo sistemlarinin is prinsiplori, totbigq sahalari vo somoralilik goste-
ricilori genis sokildo aragdirilmalidir.

Masalanin halli iisullar1 vo aprobasiyasi

Korroziyadan miihafizo mosoalasinin holli kompleks yanagma tolob edir, ¢linki prosesin
sobablari ¢oxsaxalidir vo hom fiziki, hom kimyavi, ham do elektrokimyoavi amillorin garsiligl tosiri
ilo formalasir. Buna gors do tadqiqatda bir neg¢a istigamat iizra hall tisullarinin birgs totbigi nozardo
tutulur: material elmlori, elektrokimya, nanoteknologiya vo rogomsal nozarat sistemlori.

Ovvalca problemin noazori asaslari metal sothindo gedon oksidlosmoa vo reduksiya reaksiya-
larinin mexanizmi tahlil edilir. Bunun ti¢ilin korroziya kinetikasini tasvir edan asas tonliklor, elektrod
potensiali forglori vo miihitin pH dayarlorinin tasiri &yranilir. Bu marhalodo magsad korroziya
prosesina tasir edan dominant amillori miioyyanlosdirmakdir.

Novbati marhalodo nanomaterial asasli qoruyucu ortiiklorin totbiqi tisullar aragdirilir. Xiisusilo
TiO2, ZnO, AlOs vo SiO: kimi oksid nanohissaciklari ilo zonginlosdirilmis kompozit ortiiklor
korroziya miiqavimatini artirmaq iiglin sinaqdan kegirilir. Bu materiallar yiiksok adeziya qgabiliyyati
va kimyavi dayaniqligi ilo farglonir, ham¢inin mikrogatlarin yaranmasinin qarsisini alir.

Toadgigatin bir hissasi agilli inhibitor sistemlarinin  tatbigina yonaldilmisdir. Bu sistemlords
inhibitor molekullar1 yalniz korroziya prosesi aktivlosdiyi zaman sothlo reaksiyaya girir. Belaliklo,
hom kimyavi maddolorin sorfiyyati azalir, hom do miihitin ekoloji balansi qorunur. Bu {isul
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“stimullagdirilmis reaksiya mexanizmi” prinsipi il isloyir. ©lave olarag, elektrokimyavi vo katodik
miihafizo sistemlorinin avtomat-lasdirilmasi tadqiq olunur. Bu tisullarda qoruma potensiali sensorlar
vasitasilo real vaxtda olgiiliir vo sistem avtomatik sokildo coroyani tonzimlayir. Bu, hom enerji sarfini
azaldir, ham do metal sathinin optimal goruma saviyyassini tomin edir [3].

Ragomsal texnologiyalar da masalonin hallinde miithiim yer tutur. Sensor asasli korroziya
monitoring sistemlari vasitasilo miihit parametrlori (riitubat, temperatur, pH, ion aktivliyi) real vaxtda
geydo alinir. Toplanan molumatlar siini intellekt alqoritmlari ilo tohlil edilarok, korroziya risklori
oncadon prognozlasdirilir. Bu yanasma texniki xidmot planlarinin optimallasdirilmasina vo goza
hallarinin qarsisinin alinmasina sarait yaradir. Todqiqatin naticolori hom laboratoriya sinaqlart , ham
do sonaye soraitinds aparilan aprobasiyalar vasitasilo yoxlanilir. Laborator sinaglar zamani1 miixtalif
ortiiklarin vo inhibitorlarin duzlu, tursulu vo yiiksok temperatur miihitlords davranisi 6yranilir. Eyni
zamanda, metal niimunolorinin kiitlo itkisi, Ssth morfologiyas1 vo elektrokimyavi miigavimat
parametrlori Sl¢iiliir. Miixtalif innovativ korroziya inhibitorlarmin tasir effektivliyi cadvalds gosto-
rilmisdir [4].

Coadvalds miixtalif elmi manbolords togdim olunan innovativ korroziya miihafizo texnolo-
giyalarinin laboratoriya aprobasiyasi naticalori sistemlogdirilmisdir. Tohlil gostorir ki, forgli inhibitor
Vo Ortilk texnologiyalari miixtalif miihitlarde metal sothinin korroziya siiratini shamiyyatli doracads
azalda bilir.Agill1 inhibitorlarin kapsullasdirilmis strukturu onlarin korroziya aktivleson kimi satha
yonalmis sokilda sarbast buraxilmasina sobob olur va bu texnologiya karbon poladda 78%-o gador
goruma tomin edir. Nano-hissacik terkibli TiO: inhibitorlar1 sathin aktivlosmo enerjisini azaldaraq
turs miihitdo bels yliksok effektivlik (85%) niimayis etdirir.

Miixtolif innovativ korroziya inhibitorlarinin tosir effektivliyi

. ) ) i Korroziya
No Innov_atlY t_exno.lo_glya/ Metal névii Slnna’q’ K_onsentra— Kiitlo Iztkl§l siiroti azalmas:
inhibitor tipi miihiti siya (ppm) (mq/sm?-giin) (%)
1 | Agilli inhibitor — kapsul- Karbon
lagdirilmig signalverici NaCl 3,5% 250 0.42 78%
R polad
inhibitor
2 | Nano-hissacik torkibli Karbon Suda HCI 0
inhibitor (Ti02-nano) polad 1M 150 0.35 85%
3 | fon mayesi osaslt inhibitor Pa;'jggaz NaCl 5% 300 0.18 92%
4 | Grafen oksid SsaSI.I - Karbon Daniz 3 012 95%
goruyucu kompozit ortitk polad suyu
5 | polimer-kompozit ortiik Alagimh | CO: + H.S _ 0.09 96%
polad miihiti

fon mayesi osasli inhibitorlar daha yiiksok elektrokimyavi sabitlik gdstararok 92%-2 godar
goruma tomin etmisdir. Qrafen oksid kompozit ortiiyli vo “self-healing” polimer sistemlori on yiiksok
naticalor gostaran texnologiyalar olmus, miivafiq olaraq 95% va 96% korroziya siirati azalmasi tamin
etmisdir. Bu, onlarin sathds davamli diffuziya baryeri yaratmasi vo zadalonma zamani 6ziinii barpa
etmo gabiliyyati il izah olunur.Belslikls, miixtalif tadqiqatlarin laboratoriya naticalorinin miiqayisasi
gostarir ki, innovativ inhibitor vo ortiik texnologiyalarinin totbigi metal konstruksiyalarin istismar
miiddetinin artirilmasinda miihiim imkanlar yaradir.

Aprobasiyanin ikinci morholosi real sonaye obyektlorindo hayata kegirilir. Burada tacriiba
niimunoalori (metal boru seqgmentlori vo reaktor divarlari) miixtalif miihafizo tisullari ilo islonir va
miioyyon miiddot orzinds istismara buraxilir. Toplanan naticalor gostorir ki, innovativ goruyucu
sistemlorin totbiqi ilo korroziya dorinliyi 30-50% azalmuis, texniki xidmaot intervallari isa 1,5-2 dofo
uzanmigdir. Tatbig olunan sistemlorin effektivliyi soth analizlori  (SEM, EDS vo XRD iisullari)
vasitasilo giymatlondirilir. Bu analizlor metal sathindaki qoruyucu tobagenin galinligini, tarkibini vo
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mikrostrukturu miioyyan etmoys imkan verir. Naticolor gostorir ki, nanokompozit ortiiklor daha
homogen va moasamasiz struktur yaradir ki, bu da onlarin yiiksok davamliligini izah edir [5].

Umumilikds, aparilmis aprobasiyalar gostarir ki, korroziyadan miihafizado innovativ texno-
logiyalarin totbiqi yalniz material sothinin dayanigligini artirmir, ham ds iqtisadi va ekoloji tistiin-
liklor yaradir. Beloliklo, bu todqiqat praktiki baximdan totbiq edilo bilon, etibarli vo davamli hall
modelini toklif edir.

Natica

Miiasir sonaye sahslorindo korroziya proseslori avadanliglarin dayaniqligina vo istismar
miiddatino birbasa tosir gdstorir. Innovativ texnologiyalarm tatbiqi korroziyanin qarsisin1 almaqda
ononavi tsullardan daha effektiv vo uzunomiirlii naticalor verir. Nanomaterial osasli qoruyucu
ortiiklar sothlo daha giiclii bag quraraq materialin mexaniki vo Kimyavi davamliligini artirir. Katodik
Vo anod miihafizs sistemlorinin avtomatlagdirilmasi enerji somaraliliyini vo nozarst doqiqliyini artirir.
Sensor vo loT texnologiyalarinin tatbigi real vaxtda korroziya doracasinin monitoringini tomin edir.
Bu yanagmalar istismar xarclorinin azalmasina vo gaza risklarinin minimuma endirilmasina sorait
yaradir. Innovativ metodlar hom ekoloji, ham do igtisadi baximdan davamli inkisaf prinsiplarine
uygundur. Sonaye miiassisalorinds bu texnologiyalarin totbiqi mohsuldarligin vo tohliikasizliyin
yiiksalmasine sabab olur. Umumilikdo, korroziyadan miihafizados innovativ texnologiyalar galocakdo
material miihondisliyinin asas istigamatlorindan biri olacaqdir.
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Xiilasa. Korroziya prosesi metallik konstruksiyalarin, boru kamarlarinin ve sanaye avadanliglarmin istismar miidde-
tini azaldan, igtisadi zararlara va ekoloji risklora sebob olan miihiim problemdir. Miiasir dévrde bu prosesls miibarizs
aparmagq U¢iin innovativ texnologiyalarin tatbiqi xtisusi shamiyyat kasb edir. Son illards korroziyadan miihafizeds nano-
material asash ortiiklor, agilli (smart) inhibitor sistemlari, elektrokimyavi vo katodik miihafizs lisullarinin avtomatlag-
dinllmus versiyalari genis totbiq olunur. Bu texnologiyalar metal sathinds daha davamli vo 6ziinii barpa edoan goruyucu
toboge formalagdiraraq, istismar soraitinde uzunmiiddetli sabitlik tomin edir. Eyni zamanda regomsal monitoring vo
sensor asasl izloma sistemlori vasitasilo korroziya proseslorinin real vaxtda nazaroti miimkiin olur. Aparilmis tohlillor
gostarir ki, innovativ mithafizo tisullarinin totbiqi avadanliglarin istismar etibarliligini artirir, texniki xidmat xarclorini
azaldir va sonaye obyektlorinin tohliikssizliyini shamiyyatli daracods yiiksaldir.

Agar séozlar: korroziyadan miihafiza, innovativ texnologiyalar, nanomaterial asashi ortiiklar, katodik miihafizo sistem-
lori, agilli inhibitorlar va sensor nazarati.
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Abstract. In the article, it is stated that the evaluation of the activity of transport types from the transports carried out
in the transport enterprises engaged in the transport provision of tourism is carried out according to the level of perfor-
mance of the indicators characterizing the transport services, and it is shown that the interests of the development of
tourism in the form of transport services appear in a contradictory form with a number of plan indicators. It is stated that
it is also appropriate to take into account the indicator of "general economic efficiency in passenger transport”, which is
put forward as the final financial result of the work of all enterprises serving passenger transportation, in the planning
process. The use of the general economic efficiency indicator in the mentioned economic practice leads to the requirement
of organizational separation of the "passenger transport" sub-field in passenger transport types. In this regard, it is pro-
posed to apply the "general economic efficiency" indicator to all types of transport used in the field of tourism logistics.

Keywords: tourism logistics, transport provision of tourism, transport enterprises, transport logistics, "general eco-
nomic efficiency" indicator.
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Giris. Molumdur ki, noqgliyyatin turizmin inkisafindaki imkanlari, turistlore tokco noqliyyat
xidmatlarinin toklif edilmasi ilo kifayotlonmir. Nogliyyat logistikasinda turizmin 6zii yerdoyisma,
qonagparvarlik, aylonco, hamg¢inin qidalanma xidmatlori do daxil olmagqla, sayahot va istirahat edon
insanlara kompleks xidmatlor toklif edir. Qeyd edilonlordon basqa noaqliyyat logistikasi soyahotgilor
ticiin bir sira digor xidmatlor do togkil etmok imkanina malikdir. Sirf logistik turizm modvqeyindon
baxdiqda, sornigin naqgliyyatina ancaq horokot torkibi kimi yanagsmaq olmaz. 9gor limumilikdo
nogliyyatla sornisin dasimalar1 hoyata kegirilmozso, onda foaliyyot gostormasi lazim vo miimkiin
olmayan bir sira miiassisalors do ehtiyac qalmaz.

Mbasalonin qoyulusu. Hazirda foaliyyotds olan tosorriifat hesabi soraitinde her bir méveud
miiassisanin tasarriifat-igtisadi gostaricilorinin naticalorini doqiq miisyyan etmaya cohd gostormayin
qanunauygunlugu, nogliyyatin toskilati strukturunun ortaya cixmasinin vacibliyi naticosindo
imumilikds biitiin sornisindasima kompleksinin somaraliliyinin qiymstlondirilmasi vacibliyinin
nazars alimmasi tolobinin reallagdirilmasina gatirib ¢ixartdi. Ona goérs do 6z movcudluglarina gore
haqigaton borclu olduglart sornigin axiindan tamamils asilt olan bir sira miistoqil miiassisalor
yaranmis oldu. Bu ciir miiessisalors asagidakilar aid etmok miimkiindiir:

— vagzallar, sornisin agentliklori, aeroportlar, stansiyalar, pavilyonlar, sahil-liman korpiisiine

aid tosarriifatin torkibindoki yeriistii stansiya tipli miiossisolor;

— turist-ekskursiya idarasi, mehmanxana, istirahot otagi, baqajin saxlanma kamerasi, dncodon

biletlorin satis kassast;

— miixtalif naqliyyat ndvlorinds toskil olunan ticarat va ictimai iago miiossisolori vo s.

Qeyd edilon bu miiassisalarin iginin naticalori, hazirda turizmin noqliyyat tominati ilo mosgul
olan miixtalif nogliyyat vasitolorinin faaliyyatlorinin iqtisadi somaraliliyinin qiymatlondirilmasi
zamani nazars alinir [1, s. 76-88; 2, 5. 111-118 ].

Masalanin halli. Turizmin nagliyyat tominati ilo masgul olan naqliyyat névlarinin faaliyyatinin
qiymatlondirilmasi, birinci ndvbada bilavasito noqgliyyat xidmaotlorini xarakterizo edon gdstaricilorin
yerino yetirilmo soviyyosino goro aparilir. Ancaq nozors almaq lazimdir ki, nogliyyat xidmatlori
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soklinds turizmin inkisaf etdirilmo maraqlari, bir sira plan gostaricilari ilo ziddiyyastli formada ¢ixis
edir. Masalon, sornisin daginmasinda naqliyyatin isinin sornigin-kilometrlorlo (sorn-km) ifado edil-
masi, naqliyyatin horokat siiratinin artirtlmasi vo naqliyyat vasitolorinin dovriyyasinin siiratlondiril-
mosindon ashidir. Nogliyyat logistikasinda turistlors yiiksok xidmot gdstorilmasi moagsadi ilo miioyyon
mantagalorde dayanma-durmalarin davamiyyet miiddati miihiim rol oynadigindan, bu da naqliyyatin
isinin azalmasina vo onun maya doyorinin artmasina sabob olur. Ona goéro do, turistloro xidmaot
gostorilon zaman noqliyyat isinin qiymatlondirilmosi moagsadi ilo digor meyarlardan da istifado etmok
lazimdir. Masolon, bu magsadls nogliyyatin gordiiyii isi “gotirilmis sorn-km” 6l¢ii vahidi ilo qiymat-
londirilmosi daha moagsadouygun sayilir. Yoni, turizm logistikasinda istifade olunan naqliyyatin
gordiiyli isin hor sorn-km-lo miqdari, adi halda movcud olan sornisin dasimalarina nisboton daha
yliksok olmasi anlamina golir. Bu da turizmin inkisafi ilo slagodar olaraq bu sahoyo xidmot edon
naqliyyat idarslorinin xalis nogliyyat isinin miqdarinda onlarin uduzmalarina gotirib ¢ixarir. Qeyd
edilonlori nozors alaraq, naqliyyat tosorriifatlarinin planlarinda turist dasimalari ilo bagli goriilon igin
hacmi vo galacak logistik nogliyyat turizminin inkisafini xarakterizo edon bazi digor gostoricilorin do
olave olunmasi vacib sayilir.

Qeyd edilonlordon basqa, ¢ay sornisin gomilorinin foaliyyatlori prosesindo yaranan golirlor
tokcoa sornisinlorin daginmasi ilo bagli olmur. Yoni, bu halda golirlor yiiklorin dasgimmasindan vo
“digor” yigimlardan da oldo edilir. Bu baximdan da, timumilikdo su naqliyyatinin vo saornisin
donanmasinin iginin qiymatlondirilmosi magsadi ilo timumi bir kompleks gostaricinin totbiq edilmo
vacibliyi ortaya ¢ixir. Hazirda, sornisin donanmasinda yiiklorin vo baqajin daginmasindan vo “digor”
yigimlardan slds edilon galirlor nazors alinmur. “Digor” yigimlar dedikdo, buraya vanna otagindan vo
ya dusdan sornisinlorin istifads etmoslorine goro ddonislorin hoyata kecirilmasi aid edilir. Molumdur
ki, tranzit dagimalar1 ilo mosgul olan gomilords dus kabinslorinin moveudlugu, istirahat vo rahatliq
ticlin salonun olmas1 saviyyasi qodor vacibdir. Qeyd edilon hor iki hal {i¢iin bels otaglarin saxlanilmasi
xarclari, sarniginlorin dasinmasina ¢okilon xarclors aid edilir. Bunlarin arasinda yaranan forq, yalniz
bu xarclorin avazinin qaytarilmasi lisulu ilo alagodardir. Yoni, sornisindon dusdan istifadoyo goro
olava ddonis tolob olunsa da, gomido salondan istirahat {igiin istifado xorci biletin doyorina daxil edilir.
Su naqliyyati ilo sarnisin dagimalarindan oldo olunan golirdon geyd edilon xidmotlore géra alinan
moblagin ixtisara salmasina iso heg bir asas yoxdur.

Yuxarida qeyd olunanlardan bels natico ¢ixarmaq olar ki, timumilikde vo ya okser hallarda
sarnisin dagimalarina xidmat edon biitlin miiassisalorin isinin yekun maliyys noticosi kimi iroli
stiriilon “sornisin noqliyyatinda iimumi iqtisadi somere” gostoricisinin planlagdirilma prosesindo
nazara alinmasi magsadouygun sayilmalidir. Ona gora da, golirlor baximindan bu gostariciys edilon
yollayislara, sornigin naqliyyatina aid olan kassalarda satilmis biletlors uygun olaraq ohalidon vo
maocburi sigorta yigimlarinin mablogindon golon biitiin iimumi goalir daxil olunmalidir. Hazirda bu ciir
yigimlar sornigin dasimalarindan olde olunan golirdon ¢ixarilaraq, siorta sirkstlorinin hesabina
kogiirtiliir. Sigorta sirkotlorinin hesabina iso nagliyyat miiassisalorindo hoyata kegirilon dagimalardan
6z madaxil monbasi olan miioyyon moblagin do ayrilmasi nozords tutulur. Sarnisin bilet alarkon, onun
miivafiq qiymatini tosdiq etmokls, ona gostorilocok xidmatin istehlak doyarinin siorta qiymatinin bir
hissasini do tosdiq etmis olur vo bununlada o, eyni zamanda si§ortalanma hiiququ da slds edo bilir.

Belaliklo do, dovlet biidcasine sigorta yigiminin mablagi, sornisin naqliyyatinin xidmaot
dayerinin hayata kegirilmasinin naticasi kimi daxil oldundugundan, onun rentabelliyinin miioyyan
edilmosindo bu mosolo miitloq nozors alinmalidir. Slbatto ki, imumi iqtisadi somoralilik gostori-
cisinin tobligatinin aparilmasi, sarnisinlora xidmat gostorma prosesinds istirak edon biitlin tosorriifat
bolmalarinin isinin ayrica planlasdirilmasi vo qiymatlondirilmasi talabini istisna etmir. Qeyd edilon
tosarriifat tocriibasinde timumi iqtisadi samaroalik gostaricisinin istifade olunmasi, sarnisin noqliyyat
novlorinds “sornisin noqgliyyati” altsahosinin togkilati cohotdon ayrilmasi anlamina gatirib ¢ixarir. Ona
gora do, “limumi iqtisadi samaralilik” gdstaricisinin turizm logistikas1 sahasindo do istifade edilon
biitlin naqliyyat ndvlorinds totbiq olunmasi mogsodouygun sayilmalidir.
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Olkomizdo turizm logistikasinin galocok inkisafina tosir edocok osas amillorden biri da, soyahot
yerlorindo turistlorin yerlosdirilmosi mogsadilo lazim golon maddi-texniki bazanin tokmillogdiril-
mosidir. Belo maddi-texniki bazanin togkil edilmosi yiiksok xarclorlo basa goldiyindon, turistlorin
soyahot mokanlarinda rahat yerlosdirilmasi {i¢iin slave yasayis yerlorinin togkil edilmasi vo onlardan
ilboyunca, xiisuson do movsiimlor arasindaki dovrlarde maqsadyonlii istifado olunma talabi yaranir.
Hazirda bu mosalonin miisbat holl edilmasine nail olmaq magsadiylo turizm sahasinds istifads edilon
movcud nogliyyat vasitolorindon turizmin mdovsiimlorarast tonozziili dovrlorindo turistlorin
yerlosdirilmasi tiglin istifado etmoklo nail olmaq miimkiindiir [3, s. 211-222; 4, c. 332-333].

Molumdur ki, turist dagimalar1 zamani qatarlarin reyslorinin davametmo miiddoatlorinds geyri-
miintozomliyin yaranmasina baxmayarag, “mokik” reyslorin toskil edilmasi ilo, oksaor hallarda horokot
torkiblorinin mohsuldarliginin 2-3 dofs yiiksaldilmasine imkan yaratmaq miimkiindiir. Yoni, “mokik”
tisulla gatar ilk reysini basa c¢atdirdib turistlori istirahat diisorgasine gotirdikdon sonra, son
montagadon ekskursiya miiddsti basa ¢atmis turist qrupunu oks reysls baslangic mantagoys geriys
qaytarir vo yeno orada bos dayanmadan baslangic mantagodon ndvbati turist grupunu istirahat
diisorgasina gatirir. Bu iisulu demiryol naqliyyatinda istifads etmokls, turizmin inkisaf etdirilmo
imkanlarin1 daha da artirmaq miimkiindiir. Domiryol naqliyyatinda oldugu kimi, doniz naqliyyatinda
da payiz-qis dovriinds (aprel-iyun vo sentyabr-oktyabr aylari) togkil olunmus turizm mdvstimii inkigaf
etmokdadir. Belo reyslor isti (Araliq vo Qara donizlordo, Afrika sahillorinds vo s.) zonalara da toskil
olunur. Daniz gomilorinds toskil olunan turist reyslari - adi vo doniz kruizinin togkilinin on miitoraqqi
formalarindan biri sayilan xatti reysloridir.

Turizm soyahotlori zamani ovvalcodon nozordo tutulan hor hansi yasayis montoqosindo
turistlorin maragina sabob olan vo qonagparvarliyin soviyyasi ila saciyyalonan bir ne¢o saatdan bir
ne¢o giind goador uzun miiddstli dayanmalar moveud ola bilir. Turizm soyahatlorindo uzun miiddotli
dayanmalarin digor bir sabob iso dayanma zamani gozintinin uzun miiddst davam etmasi ilo olaqodar
olaraq soyahot miiddatinds turistlors tobiotin qoynunda rahat istirahot etmok imkaninin verilmosi ilo
baglidir. Cay noaqliyyat: ilo gozintilordo bu ciir dayanmalar “yasil duracaqlar” adlanir. “Yasil
duracaqar® anlayis1 belo mogsad dasiyan dayanacaqlar ii¢lin basqa turizm naqliyyatt névlorinds do
genis istifado edilir [5, c. 281-286].

Su turizmi inkisaf etdikco “yasil duracaglar’in avadanliglasdirilmasi maosalolori koskin gokildo
0zlinili biiruzs verir. Su turizmi sahasinds bazi saholords sahilo yanalma korpiilorinin, hamg¢inin bir
stra orazilorda xtisusi sahil tasarriifatlarinin olmamasi vo bu masals ila bagh turistlorin istirahastinin
lazzimi soviyyodo togskil edilmo imkanlarinin tam odenilmomesi, turizm logistikasinda haql
naraziliglara sobab olur. Bu mosalonin halli yollarindan biri kimi, artiq daimi istismardan ¢ixarilmis
Sornisin gomilorinin belo istirahot yerlorindo istifadosinin moagsadouygun olmasini geyd etmok
lazimdir. Bunun ii¢lin belo gomilordo restoranlarin tochizat bazasi yaradilmaqla, olavo olaraq
paltarlarin vo ayaqqabilarin tocili tomir islori, modoni moisot osyalarinin vo suvenirlorin satisi,
homginin turistlorin istifado etmolori tigilin idman lovazimatlarinin verilmosi vo s. kimi tam xidmot
kompleksi togkil edilo bilor. Gamidaki otaqlarin miiayyan hissasindan turist bazas1 vo pansionat kimi
ds istifado etmok miimkiindiir.

Yerlosdirmo vasitosi kimi, istismardan konarlagdirilmis sornisin gomilorindon daha ¢ox istifado
edilir. Onu da nozors almaq lazimdir ki, su naqliyyat donanmasinin yenilosdirilmasilo baglh
sornisindagima xotlorindo istismarint basa vurmus c¢oxlu sayda gomilor istismardan c¢ixarilir.
Molumdur ki, k6hnalmis gomilorin tam asash tomiri yiliksok amak tutumuna malik olan bir prosesdir.
O da molumdur ki, bu igo sorf olunan masraflor, gominin lagv edilms doyerindon yiiksok alinir. Bu
sabobdon do, gomi donanmasi belo gomilori su nogliyyatinda mévcud olan digor miiassisalorin
balansina vermoyo calisir. Belo miiossisolor iso bu gomilordon istirahot evi, turist bazasi,
profilaktoriya va s. magsadlar ti¢iin istifads edirlor. Belaliklo da, su nagliyyatinin sarnisin donanma
gomilarinin geyri-naqliyyat vasitasi kimi istifado olunmasi, ictimaiyyat torafindon miisbat qarsilanmis
olur [6, s. 396-400].
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Gomi-mehmanxananin imumi maliyya noticalori, yasamaq ti¢iin kayutlarda yerlorin veril-
mosindon vo “digor” omoliyyatlardan oldo olunan golirlo, gominin saxlanmasina ¢okilon xorclorin
forqi kimi toyin olunur. Belo gomilords turistlorin yagsamasindan aldo olunan golirin moblagi, toklif
edilon yerin qiymotindon vo bunlardan sornisinlorin istifado soyiyyosindon asili olur. Oslinda belo
xidmatlar iiclin miioyyen edilon qiymatlords parakondsliyin aradan qaldirilmast magsadi ilo kommu-
nal mehmanxanalarda nazordo tutulan 6donis normalarina uygun olaraq bu ciir gomi-mehmanxa-
nalardaki yerlor iiciin do 6donis haqqr miiayyen edilmalidir. Hom do belo mehmanxanada yera gora
nozords tutulan 6donis, ndmranin doracosindon vo rahathq soviyyasindon asili olmalidir .

Turizm logistikasinda yiiksak saviyyada tagkil olunmus konkret vo moagsadyonlii reklam isi do,
bu saho barado olan molumatlarin shali arasinda daha genis yayilmasina vo bu masalos ilo bagl onlarin
hartarafli yararlanmasina genis imkanlar agir. Masalon, su va ya hava naqliyyat névlsrinde endirimli
tariflorin totbiq olunmasina baxmayaraq, bu nogliyyat vasitolorinin salonlari sornisinlorlo tam
dolmadan reyss ¢ixma hallari da movcud olur. Oslinds bu nagliyyat névlarinin gedis haqqinda edilon
endirimlor sorniginlori maraqlandirmali vo bu filirsotdon onlar yararlanmali idilor [7, s. 111-119].
Ancaq, gedis haqqinda edilon endirimlor barado moalumatlarin mogsadyonlii reklam vasitasilo ohaliys
catdirilmamasi sababindon hom ohali, hom ds naqliyyat miiessisalari ziyana maruz qalirlar. Ona gore
do turizm logistikasinda istifads edilon su (doniz, ¢ay, boyiik su abarlar1 vo g6l), domir yolu, hava vo
avtomobil naqliyyat ndvlorinin reklamlarinda istirahot mokaninda turistlorin yerlosdirilms imkanlari
(mehmanxanalarda vo ya naqliyyat vasitolorindoki imkanlara uygun olaraq), soyahat qiymatlori, bu
naqliyyat névlorino aid horakat vasitolorinin yola diisms vaxti vo onlarin asas horokot istigamatlori
boyunca turistlori maraqlandiracaq diqqgeatalayiq yerlor barodo molumatlar miitloq sorh olunmalidir.

Natica. Turizmin naqgliyyat tominati ilo moasgul olan naqliyyat miiossisolorinds hoyata kegirilon
dasimalardan noqgliyyat novlorinin foaliyystinin qiymstlondirilmasi, naqliyyat xidmatlorini xarak-
terizo edon gostaricilorin yering yetirilmo soviyyasino gors aparilir. Ancaq nazors almaq lazimdir ki,
noqliyyat xidmetlori soklindo turizmin inkisaf etdirilmo maraqlari, bir sira plan gostoricilori ilo
ziddiyyatli formada 6ziinii bliruzs verir. Yuxarida geyd olunanlardan bels natico ¢ixarmaq olar ki,
iimumilikds vo ya oksar hallarda sornisin dasimalarina xidmaot edon biitiin miiassisalorin isinin yekun
maliyo naticosi kimi irali siirilon “sornisin noqliyyatinda timumi iqtisadi somora” gostaricisinin
planlasdirilma prosesindo nozoro alinmasi mogsadouygun sayilmalidir. Dovlot biidcosine sigorta
y1giminin moblagi, sarnigin naqliyyatinin xidmot doyarinin hoyata keg¢irilmasinin noticesi kimi daxil
oldundugundan, onun rentabelliyinin miioyyon edilmosindo bu masalo miitloq nozora alinmalidir.
Olbatto ki, iimumi iqtisadi somaralilik gostericisinin tobligatinin aparilmasi, sorniginlora xidmot
goOstorma prosesindo istirak edon biitiin tosorriifat bolmolorinin iginin ayrica planlasdirilmasi vo
qiymatlondirilmosi tolobini istisna etmir. Qeyd edilon tesaorriifat tocriibesinde limumi iqtisadi
somaralik gostaricisinin istifads olunmasi, sornisin naqliyyat ndvlerinde “sornisin nagliyyat1”
altsahosinin togkilati cohotdon ayrilmasi mogsadsuygun anlamina gatirib ¢ixarir. Bu baximdan da,
iimumi iqtisadi somoralilik” gostoricisi turizm logistikast sahosindo do istifado edilon biitiin
naqliyyat ndvlorinds totbiq olunmasi magsadauygun sayilmalidir.
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TURIZM LOGISTIiKASININ NOQLIiYYAT TOMINATINDAKI TOSORRUFATLARDAN
KOMPLEKS iSTIFADO TODBIRLORININ GENiSLONDIiRiLMOSi

H.M.9hmadov, Q.N.Axundov

Xiilasa. Mogalods turizmin noqgliyyat tominati ilo mesgul olan naqliyyat miisssisalorindo hoyata kegirilon dasima-
lardan noqgliyyat névlorinin faaliyyatinin qiymstlondirilmosi, naqliyyat xidmatlorini xarakterizo edon gostericilorin yerino
yetirilmo soviyyosine goro aparildigi qeyd edilmoklos, noqliyyat xidmaotlori goklinde turizmin inkisaf etdirilmo maraq-
larinin bir sira plan gostoricilori ilo ziddiyyetli formada ¢ixis etdiyi gostorilir. Sernisin dasimalarina xidmet edon biitiin
miiossisalorin iginin yekun maliyo naticosi kimi irali sliriilon “sornisin naqliyyatinda iimumi iqtisadi somora” gdstaricisinin
planlasdirilma prosesindo nozors alinmasinin da moagsadouygun oldugu bildirilir. Qeyd edilon tosarriifat tocriibasindo
timumi iqtisadi somarslik gdstaricisinin istifads olunmasi, sarnigin naqliyyat novlerinds “sernisin naqliyyati” altsahasinin
togkilati cohotdon ayrilmasi tolobinin anlamina gatirib ¢ixarir. Bu baximdan da, “lmumi iqtisadi somoralilik” gostori-
cisinin turizm logistikasi sahasindo do istifads edilon biitiin naqliyyat névlorinds totbiq olunmasi toklif olunur.

Agar sézlor: turizm logistikasi, turizmin naqliyyat tominati, naqliyyat miiassisalori, naqliyyat logistikasi, “‘timumi
iqtisadi samaralilik” gostoricisi.
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Abstract. The Caspian Basin is becoming an essential hub in the Belt and Road Initiative (BRI) and the Trans-Caspian
International Transport Route (TITR), linking Asian and European markets. While physical infrastructure in the region
has advanced, regulatory and institutional frameworks for Big Data governance remain fragmented. This paper investi-
gates the policy and regulatory implications of Big Data governance in Azerbaijan, Kazakhstan, Russia, Turkmenistan,
and Iran, focusing on seaports as digital gateways to global supply chains. Through comparative policy analysis, cross-
case coding, and benchmarking against international frameworks such as those of the European Union, the International
Maritime Organization, and the World Trade Organization, four persistent challenges are identified: fragmented regula-
tions, weak compliance, institutional limitations, and cybersecurity vulnerabilities. The study extends the Strategic Data
Alignment Framework (SDAF) — originally designed to align corporate strategies with Big Data governance — into the
policy-regulatory sphere. Findings show that regulatory convergence can serve as a strategic resource for Caspian ports.
A five-point roadmap is proposed to promote harmonization, strengthen cybersecurity, and enhance digital corridor inte-
gration.

Keywords: Big Data Governance; Caspian Basin Ports; Belt and Road Initiative (BRI); Trans-Caspian International
Transport Route (TITR); Strategic Data Alignment Framework (SDAF); Regulatory Convergence; Maritime Cybersecu-
rity; Port Community Systems.

© 2025 Azerbaijan Technical University. All rights reserved.

I. Introduction

The Caspian Basin has gained increasing importance as a strategic transport corridor, particu-
larly within the framework of the Belt and Road Initiative (BRI) and the Trans-Caspian International
Transport Route (TITR). Ports such as Baku in Azerbaijan, Aktau and Kuryk in Kazakhstan, and
Astrakhan in Russia serve as gateways for Eurasian trade, connecting inland supply chains to global
maritime networks. In parallel with infrastructure investments, effective digital governance has be-
come essential to ensure interoperability, efficiency, and resilience of port operations [1], [2].

Despite this progress, the regulatory and institutional frameworks governing Big Data remain
fragmented across the Caspian states. Different national strategies often lead to misalignment in data-
sharing practices, inconsistent compliance with international standards, and vulnerabilities in cyber-
security systems [3 — 5]. These gaps hinder the development of trusted digital corridors and reduce
the competitiveness of Caspian ports in comparison with their European and East Asian counterparts.

This paper addresses these gaps by extending the Strategic Data Alignment Framework—
originally developed to align corporate strategies with Big Data governance [6] and further opera-
tionalized in practice [7] — into the policy and regulatory domain. By applying the SDAF lens at the
state and regional level, the study investigates how regulatory convergence can function as a strategic
resource for regional competitiveness.

The purpose of this research is to analyze the policy and regulatory implications of Big Data
governance for Caspian Basin ports and propose a roadmap toward harmonization. The study applies
comparative policy analysis and cross-case coding, benchmarked against the European Union’s Dig-
ital Transport and Logistics Forum (DTLF), the International Maritime Organization’s Facilitation
(FAL) Convention, and the World Trade Organization’s digital trade principles.

The central research question is: How can harmonized Big Data governance frameworks
enhance the competitiveness and global integration of Caspian Basin ports?
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By addressing this question, the paper contributes to both theory and practice. Theoretically, it
extends SDAF to the policy-regulatory domain, while also framing regulatory convergence as a val-
uable, rare, inimitable, and non-substitutable (VRIN) resource under the Resource-Based View [8].
Practically, it provides a five-point roadmap for regional cooperation, aligning Caspian ports more
closely with international digital trade standards.

Il. Related Work

Big Data Governance in Ports

Big Data governance has become a central enabler of efficiency, competitiveness, and innova-
tion in maritime transport. Studies emphasize that advanced data analytics and governance frame-
works enhance decision-making, optimize resource allocation, and support business model innova-
tion [9]. The digital transformation of maritime transport demonstrates how ports that successfully
integrate Big Data into operations can achieve greater sustainability, agility, and resilience [10].

Comparative Governance Models

Global policy frameworks illustrate the benefits of regulatory harmonization. The European
Union’s Digital Transport and Logistics Forum (DTLF) promotes electronic documentation and in-
teroperability across borders [11]. The International Maritime Organization’s Facilitation (FAL) Con-
vention similarly seeks to streamline reporting formalities and reduce data bottlenecks in shipping.
Despite these efforts, emerging markets still face barriers including weak institutional capacity, siloed
regulations, and inconsistent compliance [8].

Caspian Basin Challenges

The Caspian Basin presents unique institutional and regulatory complexities. Azerbaijan has
adopted digital trade policies to strengthen its role as a logistics hub [1], while Kazakhstan’s Aktau
and Kuryk ports highlight the opportunities and vulnerabilities of relying on BRI digital platforms
[2]. At the same time, smaller ports across the region face resource constraints and lack harmonized
governance mechanisms [3], [4]. Concerns over data sovereignty further complicate cooperation, par-
ticularly in Russia and Iran [4].

Theoretical Framework: SDAF and RBV

The Strategic Data Alignment Framework was introduced by Alekberli [6] and Alekberli
and Haussmann [7]. Alekberli [6] as a model to align corporate strategies with Big Data governance,
addressing the gap between strategic intent and data management capabilities. This framework was
further operationalized through practical guidelines by from Alekberli [6] and Alekberli and Hauss-
mann [7], demonstrating its applicability to organizational settings in Caspian Basin ports. Building
on this foundation, the present study extends SDAF into the policy-regulatory domain, exploring how
alignment across states can generate systemic value.

From a theoretical standpoint, the Resource-Based View (RBV) provides additional grounding.
Regulatory convergence is conceptualized here as a strategic asset that meets the VRIN criteria: val-
uable, rare, inimitable, and non-substitutable [8]. This perspective underscores the importance of har-
monized governance as a driver of sustainable competitive advantage in regional port systems.

I11. Methods (Research Methodology)

Research Design

This study adopts a qualitative comparative policy analysis to examine Big Data governance
frameworks in the Caspian Basin. The design was chosen because the research question concerns
institutional and regulatory alignment, which requires contextual interpretation of laws, strategies,
and frameworks rather than purely quantitative indicators [12].

79



R.Z.Alekberli / Proceedings 2 /2025, 78-85

Transport

Data Sources

Primary sources of data included:

« National strategies and policies: Azerbaijan’s Digital Trade Strategy, Kazakhstan’s Digital
Kazakhstan program, Russia’s Digital Economy framework, Iran’s ICT Roadmap, and Turk-
menistan’s transport modernization strategy [13-17].

« Regional agreements: TRACECA policy documents and Caspian Economic Forum resolu-
tions [18].

e International standards: The EU’s Digital Transport and Logistics Forum (DTLF), the
IMO’s Facilitation (FAL) Convention, and WTO digital trade principles [19].

Secondary sources included peer-reviewed literature (2020-2024) addressing digitalization,

port governance, and regional integration challenges [6], [7], [20].
Data Analysis
Policies were examined using thematic coding [21]. The following categories were applied:
1. Data-sharing and interoperability
2. Compliance with international standards
3. Cybersecurity and data protection
4. Institutional cooperation and governance capacity
Cross-case coding enabled comparison across Azerbaijan, Kazakhstan, Russia, Iran, and Turk-
menistan [13-17].

Benchmarking

Each country’s policies were benchmarked against international frameworks to measure the
degree of alignment. EU DTLF served as the baseline for interoperability and electronic documenta-
tion; IMO FAL for facilitation standards; and WTO digital trade rules for transparency and cross-
border exchange [13-17].

Validation

To enhance credibility, findings were reviewed with experts from Azerbaijan’s Baku Interna-
tional Sea Trade Port and Kazakhstan’s Aktau Port. Feedback was incorporated to refine coding and
contextual interpretations [13-17].

Triangulation across national, regional, and international sources ensured reliability.

Theoretical Integration

The analysis was guided by the Strategic Data Alignment Framework, initially developed by

Alekberli [6] and extended into practice by Alekberli and Haussmann [7]. Here, SDAF is adapted to
assess policy-regulatory alignment, providing a structured lens for evaluating whether governance
practices align with strategic trade objectives.

IV. Results

Regulatory Fragmentation

Comparative analysis revealed that each Caspian state has developed its own national digital
strategies, but these remain largely siloed. Azerbaijan emphasizes trade facilitation and digital cus-
toms integration, Kazakhstan focuses on embedding BRI platforms through Digital Kazakhstan, Rus-
sia enforces sovereignty-driven data policies, while Iran and Turkmenistan prioritize national security
and state control. The absence of a regional governance mechanism prevents harmonization, caus-
ing duplication of reporting, increased transaction costs, and delays in port logistics [4], [22].

Weak Compliance with International Standards
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Benchmarking against international frameworks demonstrated partial and inconsistent adop-
tion of the IMO’s Facilitation (FAL) Convention and the EU’s Digital Transport and Logistics Fo-
rum (DTLF). Azerbaijan has made progress with digital customs systems but remains limited in cross-
border interoperability [23]. Kazakhstan has adopted select electronic documentation systems but
lacks harmonization with EU standards [23]. Russia enforces localized compliance that diverges from
international expectations, while Iran and Turkmenistan have yet to adopt structured compliance
mechanisms [23].

Institutional Capacity Gaps

Small and medium-sized ports in the Caspian Basin continue to struggle with institutional
weaknesses [23-25]. Case coding revealed limited digital expertise, insufficient budgets, and out-
dated IT systems. As a result, national strategies are not fully implemented at the operational level
[3], [5]. Institutional inertia further slows adaptation to international standards, reducing the ability
of Caspian ports to integrate into global trade networks.

Cybersecurity Vulnerabilities

Cybersecurity frameworks across Caspian states are unevenly enforced, creating risks for port
operations. Russia prioritizes digital sovereignty, but its closed architecture limits cross-border data
exchange. Azerbaijan and Kazakhstan have begun adopting international cyber norms, yet enforce-
ment remains weak. Iran and Turkmenistan have security-centric systems that restrict cooperation.
These fragmented approaches leave the region vulnerable to cyberattacks, ransomware, and data
breaches in critical maritime infrastructure [26], [27].

Case Study Insights

o Baku International Sea Trade Port (Azerbaijan): Positioned as a smart logistics hub with
growing investment in port community systems (PCS). However, lack of regional harmoni-
zation reduces its potential as a digital corridor leader [1].

« Aktau and Kuryk Ports (Kazakhstan): Benefit from integration with BRI trade corridors
but remain dependent on Chinese digital platforms, creating sovereignty concerns and lim-
iting interoperability with EU systems [2].

« Astrakhan Port (Russia): Operates under sovereignty-first governance, prioritizing national
control over interoperability. This approach undermines cross-border data-sharing and weak-
ens Russia’s role in regional digital integration [4].

V. Discussion

SDAF as a Policy-Regulatory Framework

The results confirm that SDAF offers a robust foundation for assessing regulatory convergence
in the Caspian Basin. Originally introduced by Alekberli [6] and Alekberli and Haussmann [7]. to
align corporate strategies with Big Data governance, and operationalized through applied guidelines
by from Alekberli and Alekberli and Haussmann, the framework is extended here to the policy and
regulatory domain [6], [7].

SDAF emphasizes four interdependent dimensions: strategic alignment, governance mecha-
nisms, institutional cooperation, and compliance standards. When applied at the state and re-
gional level, these dimensions highlight why Caspian states experience persistent fragmentation. Stra-
tegic priorities often diverge across countries, governance rules are inconsistent, institutions lack re-
sources, and compliance with international standards remains partial [6], [7].
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Structured Strategic Data Alignment Framework.
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e Adapted from Alekberli and Alekberli and Haussmann [6], [7]. The framework illustrates
how strategic alignment, governance mechanisms, institutional cooperation, and compliance
standards interact when applied beyond the corporate level into regional policy contexts.

Strategic Data Alignment Framework extended to policy and regulatory governance in the Cas-

pian Basin.

Six-step SDAF guideline for aligning corporate strategy with Big Data governance

‘ Strategic Data Alignment Framework (SDAF) ‘

| 6-Step structured guideline for aligning Big Data Governance with Corporate Strategy. ‘

y \ / \ y \ / ) /
|' ) wmp | N _ 3 | N
. 2 3 4 .
N N \ ‘ . / N
Understanding = o Integration of Big Communication Capacity Building LTI
Corporate Strategy i) Data Strategy and Collaboration and Training Lol fo L
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Objectives: Governance Structure: Goals: Communication: Monitoring:
Implement training
Understand the primary Create a structure that Ensure that the Big Data Develop clear programs to enhance data Regularly monitor the

goals and strategic
direction of the
organization.

Stakeholder
Engagement:

Engage with key
stakeholders, including
executives and
department heads, to
gather insights into
strategic priorities.

includes roles and
responsibilities for data
governance.

Data
Stewardship:

Appoint data stewards and
owners responsible for
overseeing data quality,

security, and compliance.

Strategy aligns with the
corporate strategy's
objectives.

Data-Driven Decision
Making:

Promote a culture of data-
driven decision-making
across the organization.

communication channels
between data teams and
business units.

Regular
Meetings:

Hold regular alignment
meetings to ensure
continuous alignment of
data initiatives with
business goals.
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o Adapted from Alekberli and Alekberli and Haussmann [6], [7]. The guideline illustrates six
sequential steps for implementing the Strategic Data Alignment Framework (SDAF): (1)
defining strategic objectives, (2) mapping data governance priorities, (3) establishing reg-
ulatory and compliance mechanisms, (4) integrating institutional cooperation, (5) monitor-
ing performance through digital metrics, and (6) continuous alignment and feedback. While
originally developed for corporate environments, the model is extended here to the policy-
regulatory domain of the Caspian Basin, providing a structured pathway for harmonized
digital governance.

Structured Strategic Data Alignment guideline

This figure illustrates how SDAF provides a structured pathway from fragmented strategies to

harmonized governance, emphasizing alignment as the bridge between national policies and global
digital trade standards.

RBV Lens: Regulatory Convergence as a Strategic Resource

The Resource-Based View (RBV) provides additional theoretical grounding. Regulatory con-

vergence meets the VVRIN criteria [7], [8]:

« Valuable: It reduces costs, accelerates cargo clearance, and improves resilience.

« Rare: Few regional corridors achieve true regulatory harmonization.

« Inimitable: Convergence requires long-term cooperation and path dependency, making it
difficult to replicate.

« Non-substitutable: No technical substitute exists for harmonized policy frameworks.

Thus, regulatory convergence can be conceptualized as a strategic intangible resource, ena-

bling Caspian ports to achieve sustainable competitive advantage.

Policy Implications

The study’s findings have significant implications for policymakers and regional stakeholders:

1. Regional Coordination: Establishing a Caspian Digital Port Forum would institutionalize
dialogue and align digital strategies.

2. Port Community Systems (PCS): A regional PCS could reduce duplication and improve
interoperability across borders.

3. International Alignment: Adoption of EU DTLF standards, IMO FAL requirements, and
WTO digital trade principles would strengthen global trust.

4. Cybersecurity Harmonization: Shared frameworks for maritime cybersecurity would re-
duce vulnerabilities and enhance resilience.

5. Pilot Cooperation Projects: Joint initiatives—such as digital corridor pilots between Azer-
baijan and Kazakhstan—would demonstrate feasibility and build momentum for broader re-
forms.

Together, these policy actions would not only reduce fragmentation but also position Caspian

ports as trusted digital corridors linking the Belt and Road Initiative with the EU’s TEN-T system.

Conclusion

This study examined the policy and regulatory implications of Big Data governance in the
Caspian Basin, focusing on ports as strategic nodes within the Belt and Road Initiative (BRI) and the
Trans-Caspian International Transport Route (TITR). Despite growing investments in physical infra-
structure, the findings show that digital governance across the region remains fragmented. Divergent
national policies, inconsistent compliance with international standards, limited institutional capacity,
and cybersecurity vulnerabilities hinder the ability of Caspian ports to function as integrated digital
corridors.
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Theoretically, the paper makes two major contributions. First, it extends the Strategic Data
Alignment Framework —originally developed to align corporate strat—into the policy and regula-
tory domain. Second, it reframes regulatory convergence as a strategic VRIN resource under the
Resource-Based View [8], highlighting its potential to deliver sustainable competitive advantage for
regional ports [6], [7].

Practically, the study proposes a five-point roadmap:

Establishing a Caspian Digital Port Forum.
Developing a regional Port Community System (PCS).
Aligning policies with EU, IMO, and WTO standards.
Implementing harmonized cybersecurity frameworks.

. Launching pilot cooperation projects.

If adopted, these measures would position Caspian ports as trusted digital corridors, strength-
ening their integration into global supply chains and enhancing resilience in the face of geopolitical
and technological challenges.

Future research should expand this analysis by incorporating quantitative performance met-
rics, exploring comparisons with other regional corridors such as the Black Sea or Adriatic, and
conducting longitudinal studies to track the effectiveness of governance reforms over time.
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Abstract. Personalized drug selection requires balancing therapeutic efficacy, adverse events, drug interactions, and
cost—objectives that are inherently conflicting. This study proposes a hybrid architecture integrating Mamdani fuzzy infer-
ence, ensemble machine learning, NSGA-II optimization, and Fuzzy DIBR Il ranking for multi-objective pharmacotherapy.
The Mamdani system encodes eight clinical safety rules to filter unsuitable patient-drug pairs based on renal and hepatic
function. Random Forest and XGBoost models trained on 44,692 pairs achieve AUC-ROC of 0.871 and 0.907 for efficacy
and adverse event prediction, respectively. NSGA-I1 generates nine unigque Pareto-optimal prescriptions over 30 generations.
Fuzzy DIBR Il elicits criterion weights from physician preferences modeled as triangular fuzzy numbers (¢ = 0.7), yield-
ing w, = 0.387 (efficacy), w, = 0.302 (safety), ws = 0.205 (interactions), w, = 0.105 (cost). The top-ranked pre-
scription achieves 84.4% efficacy, 39.4% adverse events, 11.6% interaction severity, and 608.60 AZN cost. Results demon-
strate clinically interpretable multi-criteria recommendations with explicit trade-off quantification.

Keywords: multi-objective optimization, fuzzy inference, NSGA-II, fuzzy DIBR II; personalized medicine.
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Introduction. Clinical pharmacotherapy is a complex multi-criteria decision problem that re-
quires clinicians to simultaneously balance therapeutic efficacy, adverse event risk, drug—drug inter-
actions, and treatment cost while respecting patient-specific physiological constraints [1]. EXisting
drug selection practices rely mainly on clinical guidelines and physician experience, typically opti-
mizing one dominant criterion and handling the others implicitly or via ad hoc rules [2].

Multi-objective optimization offers a principled way to generate sets of Pareto-optimal pre-
scriptions that represent distinct trade-off strategies instead of enforcing fixed preferences a priori.
Evolutionary algorithms such as NSGA-I11 provide efficient search and diversity maintenance, but by
themselves do not address two key clinical requirements: enforcing patient-specific safety constraints
and translating Pareto sets into actionable recommendations aligned with uncertain clinician prefer-
ences. Fuzzy logic and fuzzy MCDM methods are well-suited to encode linguistic clinical knowledge
and model uncertainty, while ensemble machine learning can provide robust data-driven predictions
of efficacy and adverse events.

This study proposes a hybrid five-stage decision-support architecture that integrates Mamdani
fuzzy safety filtering, ensemble machine learning (Random Forest and XGBoost) for patient-specific
outcome prediction, NSGA-II-based multi-objective optimization, and Fuzzy DIBR Il for uncer-
tainty-aware preference modeling [3]. Personalized drug selection is formulated as a constrained four-
objective problem that maximizes efficacy and minimizes adverse events, drug—drug interaction se-
verity, and cost under fuzzy safety constraints [4]. Experimental evaluation on a synthesized data yet
clinically realistic dataset with 1,000 patients and 50 drugs shows that the framework can generate
diverse Pareto-optimal multi-drug prescriptions and rank them into clinically interpretable strategies,
with the top solution achieving high predicted efficacy while maintaining acceptable safety and cost.

Related works. Multi-objective evolutionary algorithms have been used in healthcare for prob-
lems such as radiotherapy planning, chemotherapy scheduling, and dose optimization, where trade-
offs between tumor control and toxicity are critical. These studies demonstrate the value of Pareto-
based optimization but typically treat continuous dosing variables, rely on deterministic objective
functions, and do not incorporate patient-specific pharmacological safety constraints or discrete
multi-drug selection. Fuzzy logic has a long history in medical diagnosis and risk assessment, ena-
bling robust handling of imprecise laboratory values and linguistic clinical rules [5]. Mamdani-type
fuzzy systems and neuro-fuzzy models have achieved high diagnostic accuracy [6, pp. 177-179].
Several studies have shown that Random Forest, gradient boosting and graph-based models can ac-
curately predict drug response and adverse events from clinical and omics data.
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Multi-criteria decision-making methods such as AHP, TOPSIS, PROMETHEE, and their fuzzy
extensions have been applied to drug and health technology evaluation, showing how structured cri-
teria weighting can support formulary and reimbursement decisions [7]. However, these methods
usually rely on precise or simple fuzzy weights and do not explicitly represent uncertainty in prefer-
ence ratios. The DIBR family introduces ratio-based weight elicitation with a stronger theoretical
basis and recent fuzzy extensions, but has not yet been applied to pharmacotherapy to jointly capture
uncertainty in fuzzy preference ratios.

Mathematical modelling of multi-criteria drug selection. Let D = {d,, d,, ..., d,,} denote the
set of available drugs and p a fixed patient. A prescription is represented by a binary decision vector
X = [xq, X3, ..., x,]T € {0,1}", where x; = 1 indicates that the drug d; is included in the regimen and
x; = 0 otherwise. The number of selected drugs is constrained by the cardinality condition

n

1< xll = ) %<5 (1)

i=1

reflecting clinical practice in which only a limited number of concurrent medications is acceptable.
For each patient-drug pair (p,d;) a fuzzy safety system produces a scalar safety score
Stuzzy(P, d;) € [0,1]. This score combines age, renal and hepatic function, and drug-specific toxicity
into a continuous measure of suitability. The following hard safety constraint is imposed,
Stuzzy () di) = Tafery, VI such that x; = 1, where T, = 0.5 is a clinically chosen threshold.

Drugs violating this inequality are excluded from any admissible prescription. The quality of a
prescription x is assessed through four criteria: expected therapeutic efficacy, risk of adverse events,
severity of drug-drug interactions, and total treatment cost. These are modeled as objective functions
fi(X),j = 1,...,4, to be minimized simultaneously.

Machine learning models provide patient-specific probabilities P.(p, d;) of achieving suf-
ficient clinical response and P, (p,d;) of experiencing a clinically relevant adverse event. Let
J(x) = {i: x; = 1} denote the index set of selected drugs. The first two objectives are defined as

1 N

fix) = —mi;o Peee(p, d;), (2)
1 N

£.09 = oo iegz@ B.(p,dy), 3)

so that minimizing f; corresponds to maximizing mean efficacy, whereas minimizing f, reduces
the average probability of adverse events across all prescribed drugs. Potential pharmacological
conflicts between drugs are modeled through a symmetric interaction matrix — drug-drug interaction
- DDI € [0,1]™*", where DDI;; quantifies the normalized severity of the interaction between drugs

d; and d;. For any prescription containing at least two drugs, the interaction objective is

x) = 2 Z DDI 4
™) = I —D | 7z )

i,jeI(x)
i<j

representing the mean pairwise interaction severity; for single-drug prescriptions, f5(x) is set to zero.
Let C(d;) > 0 denote the monetary cost of the drug d; and C,.; a reference value used for
normalization (in the experiments, C,. = 200 AZN). The cost objective is given by

1
fix) = afi;(x) c(dy), (5)
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which scales the total cost to a dimensionless quantity of order one, facilitating joint optimization
with the other criteria. The multi-criteria drug selection problem for a patient p can therefore be writ-
ten compactly as the constrained multi-objective program,

e, F() = [/1(X), 20, f5 ), fa()]" (6)
1< ”xlll = S'Sfuzzy(p' dl) = Tsafety ,Vi€e f](X) (7)

A prescription x™ is said to Pareto-dominate another prescription x(® if

fi(x®) < £(xP),vj € {1,2,3,4}, (8)

and the inequality is strict for at least one objective. The set of all non-dominated feasible prescrip-
tions constitutes the patient-specific Pareto set. Subsequent sections describe how this formal model
is instantiated within a hybrid fuzzy-evolutionary decision-making framework that generates, evalu-
ates, and ranks Pareto-optimal multi-drug prescriptions.

Hybrid fuzzy—evolutionary decision-making framework. The fuzzy safety module employs
triangular membership functions defined as:

(0, ifx <a;
fﬁ ifa <x <b;
tri(x;a,b,c) =1 ._ ©)
== ifth<x<g¢;
c—b
0, ifx > c;

where a < b < c represent the lower bound, modal value, and upper bound, respectively. Three input
linguistic variables are defined as x,, € [18,90] years for a lifetime, xgpr € [15,120]
mL/min/1.73m? for Glomerular Filtration Rate (GFR) and, x,st € [10,150] U/L for Aspartate
Aminotransferase (AST). Each variable uses three fuzzy sets with triangular membership functions
in Table 1.

Table 1
Partitioning of variables into three fuzzy sets using triangular membership functions
Lifetime GFR AST
Hyoung () = tri(x; 18,18,40) Hpoor (X) = tri(x; 15,15,45) Unormal (X) = tri(x; 10,10,40)
”middle(x) = tri(x; 30,55,70) .umoderate(x) = tri(x; 35'60!85) #elevated(x) = tri(X; 30!60'90)
Helderty (X) = tri(x; 60,90,90) Pnormal (X) = tri(x; 75,120,120) Hnigh (X) = tri(x; 80,150,150)

The output variable, safety score s € [0,1], is partitioned into three fuzzy sets, tynsare(S) =
tri(s; 0,0,0.4), Umarginal($) = tri(s; 0.3,0.5,0.7) and, pg,¢(s) = tri(s; 0.6,1.0,1.0). The knowledge
base consists of eight IF-THEN rules encoding clinical safety constraints:

Ru: IF age is young AND GFR is normal AND AST is normal THEN safety is safe

R:: IF age is elderly AND GFR is poor THEN safety is unsafe

Rs: IF GFR is poor AND AST is high THEN safety is unsafe

Ra: IF age is middle AND GFR is moderate AND AST is elevated THEN safety is marginal
Rs: IF age is young AND GFR is poor THEN safety is marginal

Rs: IF age is elderly AND GFR is normal AND AST is normal THEN safety is safe

R~ IF age is middle AND GFR is normal THEN safety is safe

Rs: IF age is elderly AND AST is high THEN safety is unsafe
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For the input tuple (xX,ge, XGrr, XastT), the firing strength a; of rule R, is computed using the
minimum t-norm:
ay = min{ua, , (Xage), Ly, (XGrr) Hay, (Xast) } (10)

where Aj; denotes the antecedent fuzzy set for the variable i in rule k. The aggregated output mem-
bership function is obtained via maximum aggregation:

Hage(5) = max (min(a, ke, ()} (1)

where C, is the consequent fuzzy set of the rule k. Centroid defuzzification produces the crisp base
safety score:

fol S'Hagg(s) ds Z)er S Hage(S)) (12)

Sh = -3 =~ N
ase fO uagg(s) ds 2j=1 Hagg(sj)

where N = 1000 discretization points are used for numerical integration. The base safety score is
adjusted for drug-specific toxicity profiles:

Sfuzzy(pl d) = maX{O' Sbase — A(p' d)} (13)
where the penalty term is:

A(pr d) = BlTnephro(d) ' H(xGFR < 60) + ﬁzThepato(d) ' H(xAST > 60) + B3Tterato(d) ' Hpregnant (14)

with penalty coefficients, §; = 0.5, 5, = 0.6, 3 = 1.0 and T.(d) € {0,1} indicating drug toxicity
characteristics. For each safety-eligible patient—drug pair (p, d), a 10-dimensional feature vector is
constructed:

z = [age,BMI,GFR,AST,HbA Ic,severity, Ep,ee (d), Rpase (d), C(d),class(d)]” (15)

where patient features include age, body mass index (BMI), glomerular filtration rate (GFR), aspar-
tate aminotransferase (AST), glycated hemoglobin (HbAlc), and disease severity grade. Addition-
ally, drug features comprises on baseline efficacy Ey,..(d), baseline adverse event risk Ry,..(d), and
cost C(d). A Random Forest classifier with T = 100 decision trees and maximum depth hp,,x = 20
predicts the probability of high efficacy:

Pur(z) = = X7y he(2) (16)

where h,: R1® — {0,1} is the t-th decision tree trained on a bootstrap sample via Gini impurity mini-
mization:
|Sel

Gini(S) =1 — Yeeos (ﬁ)2 (17)

for a node sample set S with class subsets S, and S;. An XGBoost classifier with K = 100 boosting
iterations, maximum depth 6, and learning rate n = 0.1 models adverse event probability:

P(z) = 0(ZK; fi(@) (18)
where a(+) is the sigmoid function, and f;, minimizes the regularized objective:
train o= A eaves
L0 = g7 20y, 55T 4 fie(20) + YTieaves + 5215 W) (19)
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with logistic loss:
(y,9) = —ylog (¢(¥)) — (1 —y)log (1 — a(P)) (20)

complexity penalty y, and L? regularization parameter A. For two candidate solutions x* and x®,
solution x(*) Pareto-dominates x® (denoted x™ < x)) if and only if:

f;xD) < f;(x@) forall j € {1,2,3,4} (21)
3k € {1,2,34}: fi xV) < £, (xP) (22)

Let F. denote the set (front) of solutions that share the same non-domination rank r, where rank
is computed with respect to all objective values {f; (x), f2(x), f3(X), fa(x)} in the current population.
The first front F, thus contains all non-dominated solutions, i.e., all x for which there exists no other
solution y such that y < x. Non dominated sorting iteratively identifies F,,F, --- by counting, for
each solution, how many other solutions dominate it and grouping solutions with the same rank into
the corresponding front F,.. For solution i in front F, the crowding distance CD; quantifies how iso-
lated this solution is from its neighbors in objective space:

fj(i+1)—fj(f—1)
f]_max_fjmm

CD; = j?=1 (23)
where, within front F, solutions are sorted by objective j, f;(i + 1) and f;(i — 1) denote the objec-
tive values of the immediate neighbors of solution i along dimension j, and boundary solutions in F
receive CD; = oo to ensure their preservation. For this, NSGA-II operates with a population size
N,,, = 50 and evolves over ¢ = 30 generations [8]. Each individual is represented as a binary vector
of length equal to the number of safety-eligible drugs for the patient. Each individual is initialized by
randomly selecting 1-5 drugs from the safety-eligible set. Binary tournament selection based on non-
domination rank and crowding distance [9, pp. 45-52]. Bit-flip mutation with probability p,, = 0.3.
If the mutation violates cardinality constraints (||x]||; € [1,5]), the offspring is rejected. Combined
parent and offspring populations are sorted by non-domination rank and crowding distance; the top
N, solutions survive to the next generation.

Physician preferences over criteria {C;, C,, C3, C,} = {Efficacy, Safety, Interactions, Cost} are
modeled via pairwise preference ratios represented as triangular fuzzy numbers:

6;; = (6}, 0]},6% (24)

with confidence-dependent bounds:

0} = 671(1 —0.20),0% = 6]} (1 + 0.20) (25)

where ¢ € [0,1] quantifies preference certainty. The preference ordering Efficacy > Safety >
Interactions > Cost is encoded with modal values 613 = 1.3, 875 = 1.5, 65} = 2.0, and confidence
parameter o = 0.7. For DIBR Il weight computation, cumulative preference ratios are computed via
fuzzy multiplication [10, pp. 72-96]:

é13 = élz X é23' é14 = é13 X é34 (26)
Fuzzy weights are derived from the preference structure:
o ~ ~_ ~_ ~_ 111
Wy = [1 DL D65 D 9141] (27)
W] == Wj—l @ é(]—l)]ﬂ] = 2,3,4 (28)
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where (0 denotes fuzzy division. Graded mean defuzzification converts fuzzy weights to crisp values:

aj+dam+ay

GM(4) = +— (29)
Normalized crisp weights are obtained via [11]:
_ GMW))
Wi S, aMGw (30)
For each Pareto solution i, objectives are normalized via min—max scaling [12]:
- dg—d™™ . .
dij = —ma—mm if Cj is benefit criterion (31)
aj®*-dj
_ d;-nax—dij . . . .
dij = —ma—mm if Cj is cost criterion (32)
aj**-dj
where d;; is the value of the criterion j for solution i. The final aggregated score is:
Score; = Y1.1 w;d;; (33)

As aresult of DIBR Il weight ranking, solutions are ranked in descending order of Score;, with
the top-ranked prescription representing the optimal balance of all criteria under the specified physi-
cian preferences [13].

Experimental results. The proposed hybrid framework was evaluated on a synthetic clinical
dataset constructed to emulate realistic pharmacotherapy scenarios under full experimental control.
The dataset comprises 1,000 patients with clinically plausible distributions for age, BMI, GFR, AST,
and HbA1c, and 50 drugs defined by baseline efficacy, adverse event risk, cost, binary toxicity indi-
cators, and a symmetric drug—drug interaction matrix representing low to moderate interaction sever-
ity. Applying the Mamdani fuzzy safety filter with threshold 754f.¢, = 0.5 to all 50,000 patient-drug
pairs yielded 44,692 safety-eligible combinations, which were split 80/20 into 35,754 training and
8,938 test instances for ensemble modelling, with predictive performance summarized in Table 2.

A representative test patient with age 62.5 years, GFR 63.1 mL/min/1.73m?, and AST 10.0 U/L
was selected for detailed analysis. Fuzzy safety assessment indicated that all 50 drugs satisfied the
safety threshold for this patient, enabling exploration of the full drug space. NSGA-II was executed
with population size N,,, = 50 for G = 30 generations. The evolutionary process exhibited con-
sistent improvement in Pareto front quality, with the hypervolume indicator increasing from 0.412
(generation 1) to 0.584 (generation 30), indicating effective convergence and diversity maintenance.
The final population contained 20 non-dominated solutions in the raw Pareto front. Application of
duplicate removal based on binary prescription vector comparison reduced this to 9 unique Pareto-
optimal prescriptions, representing a 55% duplication rate typical of evolutionary algorithms on dis-
crete combinatorial problems.

Table 2
Predictive Performance of Ensemble Machine Learning Models
Model Task AUC-ROC Accuracy Precision Recall
Random Forest Efficacy 0.871 0.794 0.782 0.801
XGBoost Adverse Events 0.907 0.829 0.815 0.838
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In the figure given below, illustrates key trade-offs on the Pareto front between efficacy,
safety, and cost. High-efficacy prescriptions (efficacy > 0.80) show increased adverse event risk
(=0.35-0.42), whereas ultra-safe options (adverse events < 0.15) reach only moderate efficacy
(=0.45-0.50). High-efficacy regimens are also more expensive (=550-610 AZN), while lower-cost
alternatives (<250 AZN) do not systematically worsen safety, and all prescriptions keep drug—drug
interaction severity below 0.15, reflecting the moderate interaction matrix.

Parelo Fronl Anal;
A

- Trade-afls Belween Objeclives

*"“ - * v:ru’. e "‘,{_,

©

Pareto Front Analysis — Trade-offs Between Objectives

Drug count analysis shows that 4- and 5-drug regimens dominate the Pareto set (7 of 9 solu-
tions), indicating that multi-drug combinations provide better coverage of the objective space. Physi-
cian preferences were modeled via fuzzy triangular numbers with the ordering Efficacy > , Safety >,
Interactions > Cost, and confidence parameter ¢ = 0.7, yielding crisp weightsw, = 0.387,w, =
0.302, w3 = 0.205, w, = 0.105, which emphasize efficacy and safety while assigning lower
importance to cost. The top five Pareto-optimal prescriptions, together with their objective values
and qualitative clinical interpretations, are summarized in Table 3.

Table 3
Top Five Prescription Recommendations with Clinical Profiles

Rank | DIBR Score | Efficacy | Adverse Events | DDI | Cost (AZN) | Drugs Clinical Profile
1 0.599 84.4% 39.4% 11.6% 608.6 5 High-efficacy, aggressive
2 0.545 45.8% 12.9% 12.0% 241.2 4 Budget-constrained
3 0.525 82.6% 40.0% 12.6% 593.3 5 High-efficacy alternative
4 0.478 48.9% 7.7% 13.3% 499.2 5 Ultra-safe, elderly
5 0.417 45.9% 10.9% 13.8% 419.8 5 Balanced, general use

Quantitative analysis of the Pareto front confirms fundamental trade-offs in multi-criteria
drug selection. The efficacy—safety relationship shows a strong negative correlation (Spearman
p = —0.78,p < 0.01), where increasing mean efficacy from 45% to 85% leads to a 3.1-fold rise
in adverse event probability (from 12.9% to 40.0%). The efficacy—cost correlation is moderate
(p = 0.61,p = 0.03), with high-efficacy solutions (>80%) costing on average 2.4x more than
moderate-efficacy regimens (<50%), whereas safety and cost are only weakly correlated (p =
0.23, p = 0.18), indicating that budget limits do not inherently require higher adverse event
risk. Drug—drug interaction severity remains relatively uniform (coefficient of variation 18.3%),
suggesting that the interaction matrix design and cardinality constraints effectively restrict harmful
combinations across Pareto-optimal prescriptions.
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Conclusion and future works. This study presented a hybrid decision-support framework
for multi-criteria drug selection that jointly optimizes efficacy, safety, drug—drug interactions, and
cost at the individual patient level. The architecture combines a Mamdani fuzzy safety filter, en-
semble machine learning for outcome prediction, NSGA-II for multi-objective optimization, and
Fuzzy DIBR 1l for preference-based ranking, yielding interpretable Pareto-optimal prescriptions
instead of a single opaque recommendation. Experimental evaluation on a synthesized data but
clinically realistic dataset demonstrated that the framework can generate diverse treatment options
with clearly quantified trade-offs aligned with physician priorities. Future work will include vali-
dation on real-world electronic health record and prescription data to better capture rare adverse
events and complex interaction patterns, as well as the development of interactive tools for dynamic
physician preference elicitation. Further research directions involve integrating uncertainty-aware
or robust optimization techniques and extending the framework to high-risk, polypharmacy-inten-
sive domains such as oncology.
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Abstract. Models of the ring antenna array were developed and the main characteristics of this antenna array were
analyzed. The results obtained suggest that the considered variants of the microwave ring antenna array with discrete
scanning of azimuthal radiation patterns, taking into account weight, dimensions and electrical characteristics, look prom-
ising for use in equipment of radiocommunication, radar and radio control systems. Also, a method for correcting the
distortions of the direction diagrams of the ring antenna array, formed as a result of the interaction, was proposed. To
implement this technique, an algorithm was developed for changing the amplitude distribution of the electromagnetic
field strength from the phase distribution of the electromagnetic field strength to compensate for the distortion of the
parameters resulting from the deviation in the radiation diagram.
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Giris

Miiasir dovrde miixtalif sahalorinde miixtalif texniki vasito va sistemlor genis totbig olunur [1, 2].
Bir torofdon radio ils idars olunan miixtalif bazalara malik pilotsuz nagliyyat vasitalari, digor torafdon
iSo Wi-Max standartinin geniszolaql naqilsiz girigsino asaslanan radio sistemlori xiisusilo segilir.
Tamamilo forqli goriinon bu vasito vo sistemlora maraq, radiokanallarin hom pilotsuz nagliyyat
vasitalorinin radioidaroetmo sistemlorinds, hom do geniszolaqli naqilsiz ¢ixis ti¢iin radio sistem-
larinds istifadasi ilo slagadardir. Buna gora do, bu sistemlorin etibarliligi va isloma keyfiyyati tokca
faktiki gobuledici radio avadanliginin xiisusiyystlorindon deyil, hom ds antena gidalandirici qurgu-
larmin parametrlori — siialanma diagramlarinin qurulusu vo xarakteristikalari, giiclondirmo amsallari
Vo antenanin slialanma diaqramlarina nazaret imkanlar ilo six baglidir. Pilotsuz ugus aparatlarinin
idaroetms va rabito sistemlorinin, eloco do geniszolaqli naqilsiz ¢ixis sistemlorinin avadanliglarinda
miixtolif antenalar istifads olunur [3, 4]. Bu antenalar hom mokan iizra sabit olan dairovi, sektor va
iyno formali sialanma diaqramlarina, hom do elektriklo idars olunan siialanma diaqramina malik ola
bilar.

Idaroetmo vo rabito sistemlorinin avadanliglarina qoyulan ¢oki, dl¢ii va giymat taloblarinin,
eloco do bu sistemlarin tezlik genisliyi, sas-kily soviyyasi Vo miidaxiloys davamliligi, homginin
funksionalligina artan ehtiyac, antena texnologiyalarinin daim tokmillosdirilmasini zoruri edir. Bu
kontekstdos xiisusi maraq doguran halqa antena gofaslori, dairavi, coxsiiali, sabit vo skan edan sektor
tipli stialanma diaqramlarinin formalasdirilmasia imkan verir. Bu da bazi totbiq sahalorinds sabit
stialanma diagramina malik antenalarin ugurla ovoz olunmasini tomin edir.

Burada stasionar vo mobil geniszolaqli naqilsiz giris avadanliq sistemlorinds, hamginin
radionazarat va pilotsuz nagliyyat vasitalorinin rabits sistemlarinds istifads tigiin nozordo tutulmus
azimutal siialanma diaqramlarini elektrik signallart ilo doyisdirilon mikrodalgali dairovi antena
gofaslori islonib hazirlanmasi vo tadqiqi olmusdur. Asagida miizakirs olunan dairavi antena gafoslori
3,4-3,7 QHs tezlik diapazonu li¢iin hazirlanmigdir.

Dairavi antena gafasinin modellasdirilmasi

Dairavi antena gofosi, silindrik antena gofosinin yalniz bir Saviyyado yerlogon siialandirici
elementlordan ibarat varianti kimi nazardon kegirilo bilor (sokil 1).
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Adi passiv dairavi antena gafasinin azimut miistovisinds siialanma diagramlarinin elektrik skani
adoton asagidaki tisullarla hoyata kegirilir: fazali antena qoafaslorinin faza doyisdiricilarinin tatbiqi [5,
6], xilisusi matris vo ya linzalar vasitosilo miiayyan istigamotdos siialandirict sahalorin morhalali
tonzimlonmasi, ekskliiziv siialanma va linzalarin se¢ilmosi, homginin diskret ke¢idli skan sistemino
malik dairavi antena gofaslorinds soyuducularin istifadasi. Bundan slave, passiv halqali mikrodalgali
antena gofaslorinin iki variant1 nazardon kegirilir: idars olunan faza doyisdiricilarindan istifads edarak
stialanma digaramarinin faza skanlama ilo, sokil 2, a va kegid elementlari asasinda qurulmus agarlar-
dan istifado etmoklo, sokil 2, b.

ZA

Sakil 1. Dairavi antena gofosi

Dairavi simmetriya sayasinds halga antena gofaslori demok olar ki, dairavi (qofas miistovisinda)
stialanma digaramar1 oldo etmays, hamg¢inin 314° daxilindo XOY miistovisindo skan edildikds
formas1 doyismoz saxlanila bilon skan bucagi sektoru va ya hotta iynasokilli siialanma digaramari
yaratmaga imkan verir [7]. Mikrodalgali dairovi fazali antena qofoslori ¢ox kigik bucaq addimi ilo
stialanma digaramarinin dairavi skanini (yonlondirmoni) tomin edo bilor [8].

Eyni zamanda, anonovi fazali antena gafoslorinin ciddi ¢atismazliglar1 da méveuddur — mikro-
dalgali yarimkegirici faza doyisdiricilorindos yiiksok istilik itkisi, bu da fazali antena qofaslorinin
samaraliliyini va giiclondirma gabiliyystini mahdudlasdirir, homginin idaraetms sisteminin miirak-
kobliyina sabab olur [9].

Diskret kegidli stialanma diagrami skanina malik halga antena qofaslori daha sads idaraetms
sistemina, agarlarda daha az istilik itkilorina, buna miivafiq olaraq daha yiiksok samaralilik va giic-
londirma gabiliyyatino malikdir. Lakin bu gofaslor, gofos elementlorinin sayindan asili olaraq miioy-
yan bucaq addimu ilo diskret skan tomin edir. Bununla bels, bu xiisusiyyat belo halga antena gofas-
larinin bir ¢ox real idaroetma va rabits sistemlarinds istifadasine mane olmur [10].

Burada mikrodalgali dairovi antena gofaslorinin iki variantinin iglonib hazirlanmasi va simul-
yasiya naticalari toqdim olunur: saquli asimmetrik vibratordan ibarat 8 vo 16 elementli asagiprofilli
halga antena gofaslori va Xatti zolaqli antena qofaslorindon ibarot 8 elementli halga antena massivi
gofasi. Dairavi antena gofoslori azimutal istigamotds on az1 6-8 dB giiclondirmo amsali aldo etmok
iglin hesablanmisdir.

Vibratordan ibarat dairovi mikrodalgali antena qofasi sokil 3-do tosvir edilmisdir, burada: 1 —
ekran; 2 — silindrik reflektor; 3 — stialandirici; 4 — koaksial birlosdirici; Re — ekran radiusudur; Rp vo
Hp, - reflektorun radiusu va hiindiirlityii; R koordinatlarin baglangicindan emitentin saquli oxuna qadar
olan masafadir; 6 va ¢ miisahido M ndqtasina istigamati tayin edon meridional vo azimutal bucaqlardir
(M' — M noqtasinin XOY {ifiiqi miistavisine proyeksiyasidir).

Dairavi antena gafasinin dizayn parametrlori [11, 12]-da tasvir olunan metod asasinda hesablan-
migdir. Bu zaman nazors alinmisdir ki, masalon, azimutal miistovids stialanma diagramlarinin diskret
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skani 22,5° bucaq addimi ilo aparildiqda, ¢, siialanma diaqraminin eni on azi 22,5° olmalidir ki,
gonsu bucaq istiqgamatlorindoki siialanma diaqramlar1 -3 dB-don asagi olmayan soviyyads list-iisto
diissiin.

Sakil 2. Fazali (a) vo diskret (b) kegidli skan sistemina malik paralel giic
ayiricili passiv dairavi antena gofaslorinin quruluslar

Noticada miiayyan edilmisdir: Ri = 47 mm — dairavi antena gafasinin elementlarinin yerlogdiyi
dairanin radiusu; L =295 mm — halga antena gofasinin elementlorinin yerlasdiyi ¢evro uzunlugu; N —
stialandiricilarin say1, onlarin arasindaki masafo nazars alinmagqla, AL = Amin / 2-don ¢ox olmamalidir.
Burada Amin minimal is¢i dalga uzunlugudur va 3,6 QHs tezliyinds 83,3 mm-o borabardir. Buna asasan,
N = L/AL = 7 miiayyan edilmisdir. Lakin halga antena gofasinin elementlorinin paralel gidalandirma
sxemini daha rahat qurmagq {igiin elementlorin say1 8-o gador artirilmigdir.

Niimunos olaraq, saquli siialandiricilardan ibarat halga antena gofasinin iki variantini nazordon
kegirok: dairavi va kardioid formali azimutal siialanma diagramina malik olan variantlar. Sakil 4-da
halga antena gofasinin normallasdirilmis siialanma diaqramlar1 gostorilmisdir. Bu diaqramlar, 3,5
QHs orta is¢i tezliyi ti¢iin, sifir azimut istiqgamatinds, [13, 14]-da verilmis tonliklora asason, barabar
amplitudlu hayacanlanma nozors alinaraq hesablanmigdir. Halga antena gafaslinin elementlorindaki
Carayanlarin faza qiymatlori: 0°, 58°, 197°, 337°, 395°, 337°, 197°, 58° kimi hesablanmisdir. Sakil 4-
don goriindilyii kimi, hor iki variantin azimutal sialanma diaqrami kifayot godor dar olub toxminan
32° enindadir. Lakin yan slialanma saviyyasinin, xiisusilo do arxa siialanma saviyyosi yiiksokdir vo
toxminon -5 dB toskil edir.
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Sakil 3. Vibratorlu dairavi antena qofasi

Gozlonildiyi kimi, barabar amplitudlu hayacanlanma zamani fazali skan prosesi aparildiqda,
halga antena gofasinin hor iki variantinda daimi yan siialanma soviyyasi yiiksok olur. Bu iso,
gobuledici kanalin yiiksok sas-kiiya davamliligini tamin etmok va idarosetmo va ya rabito sisteminin
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otiiriicti kanalinda yan siialanma soviyyasini asagi saxlamaq baximindan gobuledilmazdir. Tabii ki,
halga antena qofasinin elementlorinin geyri-barabar hayacanlanmasi halinda daimi yan siialanma
Soviyyasi azaldila bilar [3, 4]. Lakin bu halda siiaformalasdirma sisteminin ahomiyyatli doracods
miirokkablogmasi va naticads antena siialanma giicliniin azalmasi bas veracoak.

, 1o % 80 00 N w0
10 EX L y

— o

120 —~—_ ®

3

46 \ .

Sakil 4. Halga antena gofasinin istigamatlilik diaqramlarinin niimunslori: dairovi siialanma
diagramina malik siialandiricilardan ibarat variant (a) vo kardioid siialanma diaqramina malik
stialandiricilardan ibarat variant (b)

Sokil 5-do kardioid siialanma diagramina malik siialandiricilardan ibarat sokkiz elementli halga
antena gofasinin siialanma diaqramlar1 géstorilmisdir. Hesablamalar halqa antena gafasinds bir va iKi
qonsu siialandiricinin eyni amplitud vo fazali corayanla hayacanlandirtlmasi hali {iglin apartlmigdr.

Sokil 5-don goriindiiyii kimi: bir siialandiric1 hayacanlandirildigda, sialanma diaqraminin eni
134° toskil edir. Iki siialandiric hoyacanlandirildiqda, siialanma diagrami 66°-ya qadar daralir vo arxa
istigamotdo darin sénmolor miisahido edilir. Ug siialandirici hoyacanlandirildiqda, siialanma diagrami
54°-yo qodoar daralir, bu iso dairavi antena gofasinin istiqamotliliyini artirir, lakin idaroetma sxeminin
xeyli miirokkoblogsmasino sobob olur.

%0 b

) b)

Sakil 5. Halgavari antena gofosinin siialanma digramlari: bir aktiv siialanma (a) vo iki bitigik aktiv siialanma ilo (b)

Belaliklo, sektoral (bucaqli araliqda) stialanma diaqramlarinin skan edilmasi rejiminds praktiki
istifadoyos goldikds, qonsu siialandirici ciitlorinin hayacanlandirilmasi rejimindos isloyan diskret
kecidli skana malik halqa antena qofasi daha calbedici goriiniir. Xiisusilo do mikrodalga agarlarindaki
istilik itkilorinin faza doyisdiricilarindokindan bir ne¢a desibel daha az olmasi bu variant {istiin edir.
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Halga antena gofas modelinin parametrlori: 3,5 QHs orta tezlik ii¢lin radiusunun hesablanmis
giymati Ri =47 mm; reflektordan emitentin saquli oxuna qadar olan masafa (Amin/4) 21 mm; reflektorun
radiusu Rp=26 mm; siialandiricinin saquli oxundan ekranin konarina qadar olan mosafo (Amin/4) 21
mm; ekran radiusu Re = 68 mm; reflektor hiindiirlityti Hp 1,2 Amin/4=31,5 mm-o borabor gotiirtiliir.
Vibrator elementlorinin nominal giris miigavimati 50 Om-dur.

Simulyasiya HFSS programi vasitasilo hoyata kegirilmisdir. Sokil 6-da halgavi antena goafasinin
bir ciit bitigik aktiv elementinin aktiv durgun dalga nisbatinin tezlik xiisusiyyatlori gostarilir (uygun
yiiklor qalanlarin girislorine baghdir). Bu halda minimum dayaniqli dalga nisbati = 1,07 orta is
tezliyinda aldo edilir vo 3,36-3,68 QHs tezlik diapazonunda daimi dalga nisbati 1,5-don ¢ox deyil.

Bir ciit aktiv element (1 va 2) vaziyyatinds dairavi antena goafasinin stialanma digaramari sokil
7-do gostarilmisdir. Sakil 7, a-da gostarilon azimut siialanma sxemlorine asasan goriiniir ki, stialanma
sxemlarinin eni toxminon 65° taskil edir ki, bu da an az1 4,5 dB giiclandirmo amsali saviyyasinds skan
edorkon qonsu azimut istigamatlorinds siialanma digaramarinin dst-iisto diismoasi ii¢lin kifayot
godardir. Bu halda, azimut miistavisinds halgovi antena gofasinin giiclondirmo amsali 6,2 dB toskil
edir, maksimum giymat (7,2 dB) 26° yiiksaklik bucagi ilo alda edilir (sokil 7, b).
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Sakil 6. Dairavi antena gofasinin iki bitisik aktiv elementinin girislarinds aktiv durgun
dalga omsalinin tezlik xiisusiyyotlori
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Sokil 7. 1ki aktiv element iiciin 3,4 vo 3,6 QHs tezliklords halgovi antenna gofoslinin
azimutal (a) vo meridional (b) siialanma niimunalori
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Oldos edilan naticalars asasan bela gonasta galmak olar ki, yuxarida miizakira olunan vibrator-
dan ibarat halga antena goafaslori mobil Wi-Max sisteminds abunagi terminal antenasi kimi istifado
edilo bilor. Bu, siialanma diaqramlarinin baza stansiyasina yonaldilmis voziyystdo saxlanmasini
tomin etmak ti¢iin nozards tutulur. Bundan slave, yeriistii vo hava pilotsuz ugus aparatlarinin idara-
etmo sistemlorinin avadanliglarinda, nisbaton kigik giiclondirma omsali talob olunan hallarda effektiv
totbiq edils bilar. Giiclondirms amsali 8-10 dB-dan yiiksok olan vo asagi yan siialanma saviyyasina
malik antenalara ehtiyac duyulan hallarda, meridional miistavids siialanma diaqramlarinin daralma-
smni1 tamin edan vo bununla da istigamatlilik va giiclondirmo amsalini artiran saquli antena gofaslorin-
don ibarat halga antena gofaslarinin istifadosi magsodsuygundur.

3,4-3,6 QHs tezlik diapazonu ii¢iin nazordo tutulmus mikrodalgali zolagli halga massivi,
stialanma diaqramini bucaqli araliqda skan edan rejiminds an az1 14 dB giiclondirma oalds etmok iiglin
dizayn edilmisdir. Bu mogsadls, halga antena gofoasi bucaqli araligla kollinear antenalar soklinda
diiztilmiis sakkiz elementdoan ibaratdir.

Dairavi halga antena gofosi sisteminin omsali (dairovi antena gofasindaki biitiin stialandirici
elementlorin birgo tosirini miisyyan edon adadi Vo ya riyazi faktor), biitiin fordi siialandirict element-
lorin elektromagnit saholorinin toplanmasi yolu ilo hesablanir. Bu halda, halga antena gofasinin
miistavisinda yerloson vo koordinatlari Xn,yn 0lan har bir element {igiin faza yerdoyismoasi asagidaki
diistur asasinda miiayyon edilir:

Yy = 57,3 k- (x, - sin(v) - cos(v) - sin(g)), 1)

burada k dalga odadi; Xn, yn — miivafiq olaraq X oxu (azimut miistavisi) vo Y oxu boyunca (yiiksaklik
miistovisi) siialandiricinin yerlosdiyi koordinatlar; ¢ — y Vo z oxlar1 arasindaki bucaq, vektor yz
miistovisina proyeksiyaya ortoqonaldir; 9 — x oxu ilo yz miistovisi arasindaki bucaqdir.

Elektrik skan etmonin antena gofasinin parametrlorina tosirinin tohlili yasti ¢ox elementli aktiv
fazali antena qofosli tizorinds aparilmigdir. Qafas diskret faza doyisdiricilari ilo signal 6tiirms yolla-
rindan istifado edir, diskretlik doracasi 5,625 daracadir. Tahlil sonlu elementlor metodundan istifado
etmoklo kompiiter dostokli dizayn sisteminds aparilmisdir. Asagida analizin qrafik formada naticalori
togdim olunur: borabar faza paylanmasina malik halga antena gofosinin hesablanmig siialanma
diagramlar1 sokil 8-do gostorilmisdir. Hiindiirliik miistavisinda naticalor togdim olunmamisdir, ¢iinki
texniki spesifikasiyaya osason, konaragixma £10 doraco daxilinds tolob olunur vo naticads olavo
tonzimloma talob olunmur.

Realized Gain Plot 1

Name Theta Ang Mag
m1 | 360.0000] -0.0000 | 32,8935
m2__| 357.2000| -2.8000 | 195885
m3 | 26000 | 28000 | 19.4700
m4 | 349.4000 -10.6000 19.6311
m5 | 106000 | 10.6000 | 19.7112

m6 | 359.2000| -0.8000 | 30.1789
m7 0.8000 | 0.8000 | 30.1456
m8 | 356.8000| -3.2000 | 30.0362
m3 32000 | 32000 | 30.0371

-60

Sokil 8. Barabar faza paylanmast ilo antena gofesinin stialanma diagrami

Sokil 8-do azimut va yiiksoklikda 9 QHs tezliyinds antena gofasinin siialanma diaqraminin bol-
molori gostarilmisdir. Yiiksoklikds stialandiricilarin sayinin az olmasi sababindon sonraki analizlor
yalniz azimutda aparilmisdir. Goriindiyi kimi, asas siia normadan konara ¢ixdiqda siialanma sxemi-
nin xiisusiyyatlori doyisir.
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Sokil 8-don goriindiiyii kimi, elektron skanlama naticasinds sliasinin normadan konara ¢gixmast
osas siialanma diaqraminin enins Vo daimi yan siialanma saviyyalorins birbasa tosir gostorir. Stia 60
doracaya godoar yerdoyisdikda gazanc 6,45 dB azalir, yan siialanma soviyyasi 1 dB pislesir va 0,5
Saviyyasinds asas siialnma saviyyasinin eni iki dofadon ¢ox artir.

Stialanma diaqraminin xarakteristikalarini diizoltmak tigiin, elektromagnit sahasinin intensivli-
yinin “kosinus kvadrati tizorinds baza” amplitud paylanmasinin istifadasi toklif edilir, ¢iinki bu iisul
baza hiindiirliiyiliniin se¢ilmasi baximindan on ¢evik metoddur:

Aym = (Ax + (1 — Ax)cos? (E — "—n)> X

2 N-1 @)
X (Ay + (1 — Ay)cos? (g — ;—T_nl)),

burada Ax, Ay — miivafiq olaraq X Vo y oxlar1 boyunca postamentin hiindiirliiyii; n, m — miivafiq olaraq
X Vo y oxlart boyunca yerlason emitentlorin moarkoazlori arasindaki masafadir; N, M — miivafiq olaraq
X Vo Yy oxlar1 boyunca yerloson stialandiricilarin sayidir.

Amplitud paylanmasinin antenanin xarakteristikalarina tosirini tohlil etmok iiciin X oxu boyunca
postamentin sabit qiymatlori gotiirildi: 0,5; 0,3; 0,15; 0,1; Y oxu boyunca: 0,5; 0,3; 0,1; 0,05; 0,01.
Sakil 9-da altliq tizorinds kvadrat kosinus amplitud paylanmasinin qrafik tosviri gostorilmisdir.
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Sakil 9. Althq tizarinds kvadrat kosinus amplitud paylanmasinin grafik tosviri

Borabor faza paylanmasi {igiin postamentda ilkin kosinus-kvadrat amplitud paylanmasini miioy-
yan etmok, sonra siia firlanmasi {igiin hesablanmig faza paylanmalarmin xiisusiyyatlorinin tohrifini
tohlil etmok lazimdir. Hor bir siia istigamati tiglin postament hiindiirliiyli se¢imi antena sabokasinin
son xiisusiyyatlorini tayin edocokdir.

Sakil 9-dan bels natico ¢ixir ki, galdirma miistovisindo mdvcud olan siialandiricilarin say1 (8
odod) amplituda paylanmalarinin totbiq imkanlari1 mohdudlasdirir. Stialanma diagqraminin
diizaliglorinin dogiqliyini artirmagin bir yolu siialandiricilarin saymi artirmaqdir.

Natica

Holgavi antena gofasinin modellori hazirlanmis vo bu antena gofasinin osas xarakteristikalarinin
tohlili aparilmigdir. Alinmis naticalor onu demoys asas verir ki, ¢oki, 6l¢ii vo elektrik xiisusiyyatlori
nozars alinmaqla azimutal sialanma sxemloarinin diskret skanlanmasi ilo mikrodalgali halga antena
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gofasinin nozordon kegirilon variantlar1 radiorabito, radiolokasiya vo radionazarst sistemlorinin
avadanliglarinda istifads tiglin perspektivli gortiniir. Hom do hazirlanmis halgovi antena gofasinin
istigamatlonma diaqramlariin tohriflorinin aradan galdirilmasi tglin isul toklif edilmisdir. Bu
texnikani hoyata kecirmok tiglin istigamotlonms diagraminda tohriflori kompensasiya etmak {igiin
elektromagnit sahasinin giiciiniin amplitud paylanmasinin elektromaqnit sahasinin giiciiniin faza
paylanmasindan doyisdirilmasi alqoritmi hazirlanmisdir.
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MiKRODALGA DiIAPAZONUNDA iSLOYON FAZLASDIRILMIS ANTENA QOFOSININ
MODELLOSDIRILMOSI

M.A.Abdullayev

Xiilasa. Halgavi antena gafasinin modellari hazirlanmig va bu antena gofesinin asas xarakteristikalarinin tohlili aparil-
migdir. Alinmig naticalor onu demaya asas verir ki, ¢oki, 6l¢ii va elektrik xiisusiyyatlori nazors alinmagqla azimutal siialan-
ma sxemlarinin diskret skanlanmasi ilo mikrodalgali halga antena gafasinin nazarden kegirilon variantlar radiorabits,
radiolokasiya va radionszarat sistemlarinin avadanliglarinda istifade tgiin perspektivli goriintir. Hom ds hazirlanmig
holgovi antena goafasinin istigamatlonms diagramlarinin tohriflorinin aradan galdirilmasi tigiin tisul toklif edilmisdir. Bu
texnikan1 hayata kegirmok {igiin istigamoatlonms diagraminda tohriflori kompensasiya etmok ti¢iin elektromagnit sahasinin
giictiniin amplitud paylanmasmin elektromaqnit sahosinin giiciiniin faza paylanmasindan doyisdirilmasi algoritmi
hazirlanmisdir.
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Giris. PUA -larin Umumi Tohliikasizlik Problemlori

Pilotsuz ugus aparatlart (PUA) va ya dronlar, osyalarmn interneti (IoT) ekosisteminin agilli
masinlari kimi goxsayli sahalorda genis totbiq tapmisdir. Onlar agilli nagliyyat sistemlorindon tutmus,
harbi totbiglors, tocili xilasetmadan otraf miihitin monitoringina gadar ¢oxsayl real vaxt xidmotlori
gostorir [1]. Bu cihazlarin asag1 qiymati vo gevik amoliyyat gabiliyyati onlarin populyarliginin asas
sobabidir [8]. Lakin, molumatlarin ictimai rabito kanallar1 vasitasilo miibadilasi [10, 11, 12] vo PUA
-larin tez-tez tohliikali va ya nozaroatsiz bolgalords yerlosdirilmasi [3, 18] onlar1 bir sira tohliikasizlik
hiicumlarina qars1 miidafiasiz edir (Cadval).

Tohliikasizlik problemlari asason névbati kateqoriyalara ayrilir: 1) Sabaka asash hiicumlar:
PUA, PUA-lar arasinda vo ya PUA ilo yer stansiyasi arasinda Otiiriillon mesajlar toglid, sessiya
acarinin agiqlanmasi, mesajin tokrarlanmasi, ortada adam (MitM) hiicumlari, izloma vo dinlomo
hiicumlarina moruz galir [4, 13, 14]. 2) Fiziki als ke¢irma hiicumlari: PUA-nin fiziki olaraq alo
kegirilmasi halinda, onun yaddasinda saxlanilan moxfi tohliikasizlik parametrlori ogurlana bilar. Bu
da biitiin sistem tigiin maxfilik va tohliikasizlik pozuntularina sobab olur [3, 15, 16].

PUA sistemlarinda tahliikasizlik talablari
PUA sistemi real vaxth koordinasiya tolob edon ¢oxqatl arxitektura tizorinds qurulmusdur.
Bu sistemlords asas tohliikasizlik taloblori asagidakilardir:
- Autentifikasiya va identifikasiya — PUA va yer stansiyasi arasinda qarsiliqli taninma.
- Maxfilik va malumatin gizliliyi — ugus koordinatlari, sensor malumatlari, komanda
paketlorinin sifrlonmasi.
- Biitovliik — molumatin doyisdirilmasinin qgarsisinin alinmasi.
- Yiingiil¢aki hesablama — mohdud enerji va prosessor giiciine uygun kriptoqrafiya.
- Fiziki tahliikasizlik — cihazin alo kecirilmasi va reverse engineering hiicumlarina
davamliliq
Bu toloblor miixtalif protokollarin asas dizayn motivlorini formalasdirir.
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PUA tahliikasizlik protokollarinin mévcud yanasmalari

ECC (Elliptic Curve Cryptography) PUA sobakalorinds an genis istifado olunan asimmetrik
kriptoqrafiya mexanizmidir, ¢iinki qisa agarla yiiksok tohliikasizlik toamin edir. [1]-do ECC va sim-
metrik acar asasli protokol taqdim olunur. ECC-nin se¢imi, Rivest-Shamir-Adleman (RSA) algoritmi
kimi digor asimmetrik sifralomo alqoritmlori ilo miigayisads nisbaton daha qisa agar olgiilari ilo
mioyyan edilmisdir. [5]-do ugurlu identifikasiyadan sonra hor iki torof tohliikasiz rabits ti¢iin gizli
sessiya agar1 yaradilmasina baxilir. PUA sistemindoki bu vacib problemi hall etmok tigiin TCALAS
adlanan yeni bir zaman etimadnamasins asaslanan anonim yiingiil istifadagi identifikasiyas: mexa-
nizmi hazirlamisdir. Daha az vaxt vo resurs Sarfiyyati ilo [6]-da tohliikasizlik problemlarinin 6hdo-
sindan golmak tigiin [5]-do toklif edilmis dron sobakalari li¢iin miivaqqsti etimadnamoys asaslanan
anonim yiingiil identifikasiya sxemi (TCALAS) izlanila bilonliys vo ogurlanmis dogrulayict hiicum-
larina qars1 zaif oldugundan, homginin miqyaslana bilmadiyindan tokmillagdirilmisdir. [6]-da yiingiil
simmetrik agar primitivlarindon vo miivaqqoti etimadnamaloardon istifado edorak tokmillosdirilmis
sxem (iTCALAS) toklif olunur. Taklif olunan sxem yiingiillityli qoruyub saxlayaraq izloma Vo ogur-
lanmis dogrulayici da daxil olmagla bir ¢ox moalum hiicumlara qarsi tohliikasizlik tamin edir.
iTCALAS miqyaslanmant genislondirir vo IoD (dronlarin interneti) mihitindo bir ne¢o ugus
zonast/klaster oldugda islays bilir. [4]-ds loD tatbiglarindaki bu problemlori hall etmok tigiin serverin
komoayi ilo istifadagi ilo giris aldo edilmis PUA arasinda yeni bir autentifikasiya vo agar razilasma
sxemi toqdim edilir. istifadaci ilo PUA arasinda ugurlu qarsiligh autentifikasiyadan sonra qurulan
sessiya acari, onlara miixtalif molum hiicumlarin diismon torafindon garsisinin alinmasi tgiin
tohliikasiz sokilda alage qurmaga komok edir. [7]-ds IoD miihitinds etibarli rabitani tamin etmok ti¢iin
somoarali Dogrulanmis Sessiya Acarinin Qurulmasi (ASKE) yanagsmasini talob edir. Magalods loD
tictin Moxfiliyi Qoruyan ASKE sxemi (PASKE-IoD) toqdim edilir. PASKE-lIoD, ASKE marhalasini
yerina yetirmak ti¢iin Dogrulanmis Sifraloma ibtidai "ASCON" va hes funksiyasindan "ASCON-hes"
istifado edir.

[8]-do malumatlarin mobil cihaz vasitasilo toplana bilocoyi miioyyan noqtalora qurasdiriimis
sensorlar1 olan nazaratsiz bir miihit nazoardon kegirilir. Bu cihaz aslinde PUA-dir. ©Ovvalca bunun tigiin
uygun bir arxitektura, homg¢inin yerini doyiso bilon dron vasitssilo cihazlar va bulud arasinda tohlii-
kosiz rabito qurmaq ti¢iin yiingiil bir protokol hazirlanmigdir. Protokol hamginin mesaji rabitado sifro-
lomok ticiin istifads edilon Fiziki Klonlanmayan Funksiyanin (PUF) iistiinliiklorindon istifads edir.

[9]-da IKT vo Internetin artan populyarligi, PUA Nogliyyat Vasitalorinin Ad-hoc Sobokasine
(VANET) alverisli komoak toklif etmasine va yoldaki alagesiz seqmentlar arasinda 6tiirmo qovsaginin
rolunu hayata kegirmasine imkan yaratmisdir. Bu ssenarido, rabito nagliyyat vasitolori arasinda PUA-
larla (V2U) hoyata kegirilir vo sonradan PUA ilo dastoklonan VANET -5 ¢evrilir. PUA ila dastoklonan
VANET istifadagilora real vaxt malumatlarina, xiisusan do mévcud mobil sobakalardan istifads edan
agilli sohorlordo monitoring molumatlarina daxil olmaga imkan verir. Buna baxmayaraq, rabito
infrastrukturunun agiq tobiotina goéra, nagliyyat vasitalorinin yiiksok horokatliliyi, tohliikesizlik va
moxfilik mahdudiyyatlori PUA ilo doastoklonon VANET-in osas narahatliglaridir. Bu ssenarilordo
Darin Oyranmo Algoritmlori (DLA) PUA ilo dostoklonon VANET-in tohliikesizliyi, moxfiliyi vo
marsrutlasdirma masalalarinds tasirli rol oynaya bilor. Bunu nozars alarag, PUA ilo dastoklonan
VANET iiclin DLA osasl1 agar miibadilasi protokolu hazirlamislar.

[10]-da miistaqil olaraq hossas molumat toplayan PUA miihiti {iglin S-IoD ¢argivasi togdim
olunur. Dogrulama protokolunun hesablama xarclorini azaltmagq tigiin yiingiil moaxfiliyi goruyan sxem
(L-PPS) toqdim olunur. Toklif olunan L-PPS, etibarli identifikasiya miiddati ilo IoT cihazlari arasinda
mohkamlik tamin etmak tiglin konstruktivdir.

[11]-do PMAP adli yiingiil vo maxfiliyi qoruyan qarsiliqh identifikasiya vo acar razilagma
protokolu toklif edilir. Sonuncu, qarsiliglt identifikasiyan1 dostoklomak vo loD sistemindoki rabito
qurumlari arasinda tohliikasiz sessiya agari yaratmagq tiglin fiziki klonlanmayan funksiyadan va xaotik
sistemdon istifads edir. PMAP iki sxemdon ibaratdir: 1) PMAPD2Z (dron va zona xidmat tominat-
¢isini qarsiligli olaraq tasdigloyan va tohliikasiz sessiya agarlarini yaradan) vo 2) PMAPD2D (dronlari
qarsiligli olaraq tasdigloyan va tohliikosiz sessiya agarlarini yaradan).
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[12]-da xiisusan do harbi soraitde PUA rabito protokolunun tohliikssizlik sartlori aragdirilmisdir.
Daha da shomiyyatlisi, PUA-lar arasinda vo PUA ilo Yeriistii Idaroetmo Stansiyas1 (YIS) arasinda
rabitonin tohliikasizliyini tamin edon tohliikasizlik protokolu (iki alt protokolla) toklif olunur. Bu
protokol, imumi tohliikasizlik talablarindon slava, tahliikasiz harbi rabits {igiin vacib olan miikommal
irali maxfilik va radd edilmomo prinsiplarina nail olur.

[13]-ds toklif olunan protokol, kriptografik XOR, tohliikasiz rabits ii¢iin hes funksiyasi vo
unikal cihazdan asili identifikasiya generasiyasi li¢iin fiziki olaraq klonlanmayan funksiyadan (PUF)
Vo fiziki hiicumlarin garsisini almagq ti¢iin yiingiil tohliikasizlik hallindan istifads edir. Bu miistaqil
protokol olava rabito vo hesablama resurslari tolob etmoadon cihazdan cihaza va cihazdan servera
identifikasiyan1 hoyata kecira bilor vo bu da forgli protokollara olan ehtiyaci aradan qaldirir.

[14]-do blokgeyn texnologiyasiin totbigi vo yiingiil kriptoqrafik algoritmlarin kombinasi-
yasinin IoT sobokoalorindo tohliikesizliyi artirmaq lgiin istifado edilo bilocoyini miioyyan etmayi
hodafloyir. IoT cihazt mahdud emal va enerji tutumuna malik oldugundan tohliikasiz malumatlarin
otiirtilmasinds problem yasamayacaq. Movcud adabiyyat vasitasilo maxfilik vo identifikasiyani tamin
etmok tiglin IoT tatbiglori {iglin uygun simmetrik sifrolomo va hes funksiyalar1 da daxil olmagla bir
nego ylingiil sifraloms tisulu miizakira olunur. Bundan slava, magalads blok¢eynds agilli miigavilo-
lorin tatbiginin tohdidlors vaxtinda reaksiya veran vo kiberhiicumlarin qarsisini alan avtomatlagdirma
ticlin tohliikasizlik siyasatlorinin tomin edilmasino neco imkan verdiyi nozordon kegirilir. Bu
texnologiyalar birlikdoa problemlors gars: giiclii miidafis mexanizmi tomin edir ki, bu da loT-nu daha
qorunmus va istifads {igiin tohliikasiz edir. Toklif olunan hoallin miqyasliligi, ssmaraliliyi vo miimkiin-
liyii do bu mogalads toqdim edilmisdir vo belaliklo, togdim olunan hallin effektivliyi potensial real
diinya IoT sistemlari kimi xidmat etmok {igilin aragdirilmigdir.

[15]-da IoT arxitekturasinin har bir montigi tobagasi tigiin miimkiin bir hall toklif edilir. Bundan
alavo, sifroloma mexanizmini, maxfiliyin markozlosdirilmamasini, tohliikasiz rabitoni, yiingiil kripto-
grafik protokolu va biitiin tohliikasizlik tohdidlarine garsi hall yollarinin niimayisi hazirlanmigdir.

Mogalslardo istifads edilon todqiqat mévzular: vo texnologiyalar

. . . Olagadar
Mbovzu / Texnologiya Tasvir istinadlar
Autentifikasiya vo PUA-lar, yeriistii idarsetma stansiyalar1 vo digar [oT qurgulari arasinda [1-16]
Umumi Tohliikesizlik | rabitonin genis yayilms kibertohliikolors garsi qorunmast.

Post-Kvant Hom klassik, ham da kvant kompiiter hiicumlarina qarst davamli olmasi tigiin | [2, 4, 9]
Kriptografiya (PQC) nozardo tutulmus kriptografik algoritmlar.
Blokgeyn PUA sobokalarinds tohliikasizliyin vo malumat biitvliiyiintin artirilmasi [3,7,10]
Texnologiyast magsadilo morkazlosdirilmamis vo saxtalasdirilmasi ¢atin reyestrlordan

istifada.
Aparat Saviyyali Yiingiil vo klonlanmasi ¢atin autentifikasiya mexanizmlori tigiin fiziki [10]
Tohliikasizlik klonlanmayan funksiyalardan istifads.
(PUF-lar)
Hibrid vo Kvant Aut- | Galocokdo davamli tohliikasizliyin tomin edilmasi {iglin kvant davaml [10]
entifikasiyasi mexanizmlorin (masalon, QKD) Klassik sistemlorls inteqrasiyasi.

[16]-da Kvant hesablamasinin ortaya ¢ixmasi loT-no asaslanan istehlakg1 elektronikasi cihazla-
rinda kohno kriptografik protokollarin tohliikesizliyini ciddi sokildo tohdid edir. Bunlar sonaye
idaroetma sistemlori, agilli sobokalor va sahiyys kimi vacib infrastrukturlarin osas komponentloridir.
Xiisusila, bu is dorin 6yranmoa metodlarini post-kvant kriptoqrafiyasi (PQC) ila birlogdirmakls 10T-
nin klassik vo kvant asasl kiberhiicumlara qars1 miigavimatini necs giiclondirmayi arasdirir. IoT
istehlak¢1 cihazlarinda acar miibadilasi, sifroloma va identifikasiya proseslorini qorumaq iiglin biz
gofoas asasli, hes asasli vo kod asasli kriptoqrafiya da daxil olmagla kvanta davamli kriptografik alqo-
ritmlordon istifado etmoayo davam edilocokdir. Real vaxt rejimindo anomaliya askarlanmasi vo
cavablandirma imkanlarini tomin etmok tigiin PQC-ni darin 6yranmays asaslanan miidaxilo askar-
lama sistemlori ilo birlagdiran hibrid tohliikesizlik ¢orgivasi toklif edilir. Metodologiya goalocokds 10T
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sistemlori daxilinds kvant hiicumlari il alagali tohliikasiz rabits vo malumat miibadilasini tomin edir
Vo Miidaxilo Askarlama Sistemi (IDS) modellarinin yeni hiicum vektorlarina uygunlagsmasina imkan
vermak ii¢iin zamanla davamli dyronmodoan istifado edir. PQC toatbiginin ¢atin olacagi resursla
mohdud olan 0T voaziyyatlarini nozars alarag, konar hesablama qovsaqlarinda vo Osyalarin Interneti
cihazlarinda yerlogdirmok ti¢lin yiingiil vo uygun olan PQC hallari ligiin optimallagdirilmis alqo-
ritmlor toklif edilir,

Tadgiqat yeniliklarinin analizi

Son illords PUA saonaye, hokumot vo akademiya tarofindon ohomiyyatli doracads diggat vo
populyarliq qazanmisdir. Siiratli inkisafi vo miilki hava mokanina yerlosdirilmasi ilo PUA-lar mal-
larin ¢atdirilmasi, axtarig-xilasetma va noqliyyatin monitoringi daxil olmaqla miixtalif totbiglords
mithiim rol oynayir. Ugurlu va etibarli ugus missiyasi ligiin PUA-larin identifikasiya modellari vasi-
tosilo tohliikasiz rabito tomin etmok vacibdir. Bu ciir taloblori 6domak tiglin adobiyyatlarda ¢oxsayli
identifikasiya mexanizmlori toklif edilmisdir. On alt1 forgli mogalodon istifado edoarok PUA iden-
tifikasiyasi isinin tohliikasizliyi tohlil edilir. Tohlil gostoririk ki, PUA identifikasiyasi sxemlorinin
oksoriyyati rabits xarclori baximidan yiingiildiir. Lakin, saxlama xarci vo ya enerji istehlaki bir ¢ox
identifikasiya todqiqatlar1 torafindon bildirilmir. Daha sonra, tohliikssizlik tohlilindo genis istifado
olunan formal modellari (yoni, riyazi model vasitasilo identifikasiya protokolunun miicarrad tasvir-
lori) askar edilir, halbuki todqiqatlarin oksariyyatindo PUA sistemlorini hodof ala bilocok bir ¢ox
hiicumlar shats olunmur. Homginin, tohliikasiz va etibarli PUA identifikasiya sxemlorinin hazirlan-
masi vo totbiqi tigiin hoall edilmali olan g¢atinliklor vurgulanir. Nohayat, golocok todqiqatlar ii¢iin
perspektivli istigamotlori motivasiya etmok ii¢iin PUA-larin identifikasiya strategiyalari tizro oldo
edilon darslor iimumilagdilir.
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2018-2024-cii illorde PUA-larin kibertohliikasizliyi ils alagali nagrlor

Sokildon goriindilyii kimi, son yeddi ildo PUA-larin kibertohliikasizliyinin tadqiqatina digqot
nozaragarpacaq doracads yiiksalmisdir. 2018 va 2019 illor arasinda artim on faiz togkil etsa do, yeddi
il arzindos inkisaf altmis faizo godor yiiksalmisdir. Artim inkisafda olan sahoys golocokds daha ¢ox
todqiqatgilarin diggoatini yonaldacayini voa mévcud bosluglarin aradan qaldirilmasina ehtiyac oldugu-
nu gostarir.

PUA sistemlarinin tahliika modeli

PUA kommunikasiya kanallar1 bir ne¢o hiicuma moruz gala bilar:

- Replay attack — kohno kadrlardan istifado edorok sistemin aldadilmasi

- MITM (Man-in-the-Middle) — PUA sistemins aid olan elementlor arasinda rabito
kanallarina qosularaq malumatin doyisdirilmasi

- GPS spoofing / jamming — naviqasiyanin pozulmasi

- Key extraction attacks — kriptoqrafik acarlarmnin ogurlanmasi
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- Firmware injection — zararli program tominatinin yiikklonmasi

PUA -lar tigiin tohliiko modelinin fargi odur Ki:

- Komprometasiya real fiziki insidentlara gatira bilar.

- Resurs mahdudlugu (CPU, enerji) klassik kripto protokollar1 tatbiqini ¢atinlosdirir.
- Harakatli node-lar geriya-qaytarilan gecikmaya hossasdir.

Kriptoqrafik miidafio mexanizmlari

Tadgiqgatgilar, geyd olunan tohliikasizlik problemlorini hall etmoak va resurslart mshdud olan
dronlar tigiin uygun hallor toklif etmok mogsadilo miixtalif yiingiil tohliikesizlik protokollar:
hazirlamiglar. Bu protokollar asason asagidaki texnologiyalara osaslanir:

Simmetrik va Elliptik Oyrilar Osash Sifraloma

PUA rabitosindo on ¢ox totbiq olunan iisullardan biri simmetrik agar vo Elliptic Curve
Cryptography (ECC) birlosmasidir. [1]-do toklif edilon protokol, simmetrik acarin ECC vasitasilo
tohliikesiz miibadilosini tomin etmoklo hesablama yiikiinii azaldir vo yiiksok siiratli malumat
Otiirmoasini qoruyur. Bu yanasma hom do ugus zamani real vaxt rejiminds sifrolonmis molumat
oOtiirtilmasi tictin uygundur [1, 10].

Yiingiil Autentifikasiya va A¢ar Miibadilasi Protokollart

[4]-ds ToD miihitinds uzaqdan istifadagi autentifikasiyasi va agar razilagmasi liglin yiingiil sxem
toklif etmisdir. Bu protokol hesablama xarclarini minimuma endirir vo garsiligli autentifikasiyani
tomin edir. Eyni istigamatdo miivaqgsti etimadnamalors asaslanan anonim autentifikasiya (TCALAS)
sistemi ilo soxsiyyatin maxfiliyini qorumaga nail olmuslar [5]. [7]-do PASKE-IoD adli protokolu isa
hom moxfilik, ham dos autentifikasiyani birlagdirorok malumat miibadilasini daha etibarli edir.

PUF Osasl Tahliikasizlik

PUF texnologiyasi son illordo PUA tohliikosizliyindo effektiv yanagma kimi formalasir. PUF,
yarimkegirici cihazlarin fiziki xiisusiyyatlorindan istifads edarok har bir cihaz ti¢lin unikal vo klonlan-
masi ¢atin olan "rogomsal barmagq izi" yaradir. [8]-do CoMSeC++ protokolunda PUF-lardan istifados
etmoklo unikal cihaz identifikasiyasini tomin etmis vo hiicuma davamli autentifikasiya sistemi togqdim
etmislor. Eyni prinsiplor PLAKE protokolunda da totbiq olunaraq [13], agar miibadilasinin saxtalagdi-
rilmasinin qarsisini almigdir. [8, 10, 13]-do toklif olunan protokollar PUF-dan istifads edarak, hotta
fiziki olo kegirmo halinda bela, maxfi agarlarin sizdirilmasinin garsisini alir vo méhkom miidafio
tomin edir.

Blokg¢eyn va Paylanmuis Etibar Mexanizmlari

Blokgeyn osasli yanagmalar, xiisusils tohliikasiz malumat Gtiirtilmasi vo soffaf autentifikasiya
tigtin perspektivli sayilir. [15] gostorir ki, ylingiil blokgeyn modellari ilo kriptografik amaliyyatlar
arasinda tarazliq saxlanila bilor. Bu yanasma dronlarin idarasetmosinds markazsizlogmis etibar sistem-
larinin tatbigins imkan yaradir. [14, 15]-ds qeyd olundugu kimi, blokcheyn dron sobokalarinds malu-
matin biitovlilytinii qorumagq, tohliikasiz acarlarin miibadilasini asanlagdirmaq va gorarlarin izlonil-
masi {i¢iin istifado edilir.

Siini Intellekt va Darin Oyranma Osaslt Tohliikasizlik

Yeni todqigatlarda dorin Syronmoa modellori ilo post-kvant kriptoqrafiyasinin birlogmasi
dronlarin galocok miidafis sistemlari tiglin iimidverici istiqgamat sayilir [16]. Bu yanasma real vaxtda
hiicum agkarlanmasi vo adaptiv cavab mexanizmlarinin inkisafina sorait yaradir.

Tadgiqat bosluqglar: vo inkisaf istiqamatlari

Maéoveud masalalor miiayyan tohliikasizlik problemlarini hall etss do, texnologiyanin inkisafi ilo
yeni tohdidlor ortaya ¢ixir. Bunlardan an Kritiki, kvant hesablamanin tohliikasizlik ti¢lin tohdididir.
Giiclii kvant kompiiterlori hazirda foD sobokolorinin tohliikasizliyinin osasini toskil edon bir ¢ox
ananavi kriptografik alqoritmi, o ciimladon ECC sindira bilar . Bu, biitiin miidafis olunan malumat-
larin moxfiliyinin va biitévliiyiiniin tohliiko altina qoyulmasi potensialina malikdir.
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Kvant-Sonras1 Kriptografiya (PQC): Kvant hiicumlarina qarsi1 davamli olan kriptoqrafik
algoritmlar iizorindo islor davam edir. [16]-da qeyd olundugu kimi, PQC-nin IoT cihazlar ils integra-
siyasi, o climlodon PUA -lar, onlarin tohliikasizliyini galacok tohdidlar garsisinda qorumagq ti¢iin vacib
bir addimdir. Bu, Dronlarin Kvant Interneti (IoQD) kimi yeni anlayislarin yaranmasina sobob olur.

[oQD va Hibrid Autentifikasiya Modellori: ioQD, kvant rabitosi (masolon, kvant acari
paylanmasi - QKD) kimi kvant texnologiyalari ilo tochiz edilmis PUA sobokalorini ifads edir. Osas
cotinlik, klassik PUA-larla kvant PUA-larinin birgs isloya bilacayi hibrid autentifikasiya modells-
rinin yaradilmasidir. Bu, iki forgli texnologiyani birlogdiran vo tohliikasiz sokildo qarsiligli slageni
tomin edan yeni protokollarin islonib hazirlanmasini tolob edir.

Enerji optimizasiyas1 baximindan PUA-larin ¢oxunun batareya ehtiyati mahduddur. Bu sobabls
kriptografik omaliyyatlarin enerji optimizasiyasi halo ds agiq qalan problemdir. 6G vo massiv 10T ilo
integrasiya goalocok PUA-lar 6G sobokolori ilo birlikdo isloyacok vo asagi gecikmoali goxsayl
baglantilar talob edacok. Homginin, siini intellekt asasli hiicumlardan miidafia PUA-larin kiberfiziki
tobioti onlarm Masin Oyronmasi-osasli hiicumlardan qorunmasini tolob edir

Notica

PUA-lar ii¢iin tohliikesizlik protokollar: siirotlo inkisaf edon todgigat sahesidir. ioD genis
imkanlar togdim etss do, ictimai rabito kanallar1 vo fiziki hiicumlar kimi miirokkab tohliikasizlik
problemlori ilo {izlosir. Hazirki yanagsmalar miisyyan Saviyyads tohliikasizlik tomin etso do, formal
dogrulama, enerji optimizasiyasi vo post-kvant kriptoqrafiyanin tatbigi halo do arasdirma tolob edir.
Bu icmal miiasir protokollar1 sistemli sokildo miiqayiso edir vo golocok todgigat istigamatlorini
miioyyan edir. Tadgiqatgilar, ECC, PUF va blokcheyn kimi yiingiil kriptoqrafiya vo autentifikasiya
protokollart ilo bu problemlars gismon hall tapmislar. Lakin, kvant hesablamanin yiiksalisi, mévcud
kriptografik sistemlor ii¢iin yeni tohdid yaradir. Buna goéro do, golocok tadgigatlar PQC tatbigina,
klassik vo kvant dron sobokolori arasinda tohliikasiz olagani tamin edoacok hibrid autentifikasiya
modellorinin islonib hazirlanmasima yénaldilmalidir. Bu yanasma, ioD sistemlorinin uzunmiiddatli
tohliikasizliyini vo davamliligini tomin edacokdir.
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PUA-larda KRIPTOQRAFIK PROTOKOLLAR
SAHOSINDO MOVCUD YANASMALARIN ANALIZi

I.H.Qahramanova

Xiilasa. Pilotsuz ugus aparatlarinin siiratlo artan istifadssi onlarin rabito vo idaraetmo sistemlorinin kibertohliikosiz-
liyini kritik mosaloys ¢evirmigdir. PUA-lar harbi, sonaye, logistika, vo miilki saholords genis totbiq olunduguna goro,
onlarm tohliikasiz rabits kanallarinin tomin edilmosi strateji ohomiyyat dasiyir. Enerji-effektiv vo hesablama baximindan
yiingiil autentifikasiya protokolu, hamginin tohliikasiz rabitonin tomoli olan etibarli kriptoqrafik agar miibadiloasi protokol-
larmin iglonib hazirlanmasina talobat vardir. Buna gors do funksional arxitektura vo molumat miibadilosi modellarinin
elmi osaslarla 6yronilmasi sistemin etibarliligi, miqyaslana bilmasi va kibertshliikasizliyinin tominatinda ssas rol oynayir.
Bu icmal mogalads méveud autentifikasiya vo sifroloma protokollari, eloco da yiingiil kriptografiya, PUF osash auten-
tifikasiya vo blok¢eyn texnologiyalarmin PUA tohliikasizliyinds rolu tahlil olunur. Hamginin golocok tadgigat istiga-
motlari — post-kvant kriptoqrafiyasi vo siini intellektls inteqrasiya olunmus tohliikasizlik mexanizmlori miizakirs edilir.
Acar sozlar: PUA, Elliptic Curve Cryptography, yiingiil kriptoqrafik protokollar, post-kvant kriptografiyast, blokceyn
texnologiyalari.
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3. Cratbs nomkHa ObITH O(hOpMIIEHA B CJIEAYIOIIEM MOPSAIKE: Ha3BaHUE CTaTbU — IOCEpeNHE, 3ariaB-
HBIMH OyKBaMH, >KHPHBIM IIpU(TOM, B KOHIE IyCTas CTpPOKa; UMs, (aMHUIHS M OTYECTBO ABTOPOB
JIOJDKHBI OBITH HAIMCAHBI Y€TKO — MIOCEPEINHE, KUPHBIM MPU(TOM; MECTO pabOThI, TOPOA, CTpaHa U aJi-
pec AIIEKTPOHHO MOUTH aBTOPOB — KypcuBoM; Homepa ORCID aBTOpOB — nmocepeiiHe KypcHB, B KOHIIE
myctasi ctpoka; pestome (MuH. 100 cno, makc. 200 cioB); kitoueBbIe ciioBa (3-5 cOB) — KypCHBOM; BBe-
JICHUE W OCTaJIbHBIC TIO3ar0JIOBKH — CJIEBa, YKUPHBIM HIPUPTOM, ITycTasi CTPOKa B HaJale.
Haspanue crathu, umsi, pamMuaIns ¥ OTYECTBO aBTOPOB, AHHOTAIIMS M KJIIOUEBBIE CJIOBA JOJKHBI OBbITH
MIPE/ICTaBJICHbI HA S3bIKE CTATbU U HA aHTIUICKOM s3bIKe. ECiiu cTaThs HamucaHa Ha aHTJIMHCKOM SI3BIKE,
BBIIICYKA3aHHOE JOJKHO ObITh HAIMCaHO TOJIBKO HA aHIJIMHCKOM SI3bIKE.
4. bubnuorpadus: Ha3BaHHE KAXKAOTO IUTUPYEMOTO UCTOYHUKA HYMEPYETCs] B COOTBETCTBHHU C MOPS/I-
KOM €ro HCII0JIb30BaHUs B cTaThe, 6e3 nepeBosa. CCbUIKM B TEKCTE JIaHbI CIIEAYIOIIUM 00pa3oM:
— ecJM IUTHpYyeMast paboTa SIBJISIETCS )KYPHAJIbHBIM MaTepHaIOM, OHA YKa3bIBAETCS B KBaIPATHBIX CKOO-
Kax BHYTpH TekcTta (Hanpumep, [3]). B ciircke nmurepatypbl yKka3bIBatOTCs (paMUITHS U MHUITHAIIBI aBTOPOB
paboThl, Ha3BaHKHE PaOOTHI, HA3BAHUE JKypHAJIa, TOJ U3JaHUS, CEPHSI WIM HOMEP, CTPAHHUIIBL.
Hanpumep, 3. Amanos F0.A. O mMeronuke onpeaeneHns HANPSHKECHUH, BO3HUKAIOIINX B 30HE KOHTAKTa
MeTaia ¢ abpasuBoM. Hayunslie Tpynst A3TY, 2021, Nel, c. 65-71.
— €CJIM CChUIOYHAs paboTa SABJISETCS KHUKHBIM MaTepUaioM, HOMEp CChUIKU U MEKCTPaHUYHbIN UHTEp-
BaJl pabOTHI B KHUTE YKA3bIBAIOTCS B KBAJIPATHBIX CKOOKAX BHYTPHU TekcTa (Hampumep, [9, ¢. 120-122]).
B cnincke nureparypbl ykaszbIBatoTCs (haMuiIKs 1 MHUIMAIBI aBTOPOB, Ha3BaHKUE MPOU3BECHMS, Ha3BaHUE
ropoja, HAMMEHOBAaHHUE U3/aTeNbCTBA, FOJ] U3/IaHMsl, 00I1ee KOJMYECTBO CTPAHUL] KHUTH.
Hanpuwmep, 9. xymmynos C.I'. [Ipunarue ynpasiendeckux pemenuil. baky, «HIIM Oo6pa3oBanuey,
2010, 160 c.
5. Tabnu1bl ¥ PUCYHKH B CTaThe HyMEPYIOTCS: TaOInIa — HaJl TaOIUIeH, KypCUBOM, CIIpaBa (Harmpumep,
Tabnuya 1), pUCyHOK — TOJT PUCYHKOM, KYpPCHBOM, ITOcepearHe (Harpumep, Puc. 1.), TaOIHAIIBI JOHKHBI
OBITH OTJENICHBI OT TEKCTOBOM YacTH (CBEpXY M CHHU3Y) IMYCTBHIMH CTpOoKamH. TaOmuIpl cieayer pa3Me-
[IaTh HETIOCPEJICTBEHHO B TEKCTe cTaThu. Kaxxias Tabiuna JOKHA UMETh CBOM 3arosioBOK. EaMHUIIBI
M3MEpEHMs T0JKHBI OBbITh yKa3aHbl B Tabnuuax. M300paxeHus 10JKHBI ObITh YETKUMH U MIPEICTaBIATh
co00if eTMHBIN 00BEKT (MCKYCCTBEHHAS IPYNIHUPOBKA OTJEIbHBIX U300paKeHU He TOMMYyCKaeTCs).
6. Equnauib u3MepeHus, UCI0JIb3yeMbIe€ B CTaThe, JOHKHBI COOTBETCTBOBATH MEXIYHAPOIHON CUCTEME
enuHuI n3Mepenus. Kpome npuHSTHIX coB (M T.JA. U T.I1.), HEJIb3s UCII0JIb30BaTh COKpPAIEHHBIE CIIOBA.
7. ®opmyinbl komnuiupyrores: B Microsoft Equation o crannaptasiM napamerpam. Hymepyrorcest TOIbKO
(dopmyIbl, ncnonb3yembie B Tekcte. Homep hopmyiisl yka3pIBatoTCs B CKOOKax CIIpaBa.
8. Ilpu oTmpaBKe CTaTby B PENAKIMIO YKa3bIBAIOTCA CBEACHUS 00 aBTOpax: (paMuius, UMs, OTYECTBO,
ydeHast CTeleHb, Y4eHOe 3BaHue, MecTO paboThl, JOIKHOCTH, HoMep ORCID, pa3zen, k KOTOpoMy OTHO-
CHUTCS CTaThs, HOMEp TesnedoHa U aapec dJIEKTPOHHOU NMoYThI. Takke He0OX0JMMO YKa3aTh aapec.
9. Crarbu, NOCTYNUBIINE B PEAKOJIIETHIO, IEPEAIOTCS HA PEIIEH3UPOBAHKE, TIOYYHUBIIHE TIOJIO0KUTEIb-
HBIE€ OT3BIBBI CTAThU, PEKOMEHAYIOTCS K Iy OIMKAII|H.
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